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Preface

his text aims to address key topics in the design and building of financial models, so

that such models are appropriate to decision support, are transparent and flexible.
It aims to address the issues that are generally applicable in many applications, high-
lighting several core themes:

Building models that meet their decision-support role.

Designing models so that sensitivity analysis can be conducted as relevant, and
which meet core requirements for flexibility.

Minimising the complexity, subject to the model meeting the core requirements.
Structuring models to have an effective layout and flow, with audit (dependency)
paths as short as possible.

Focusing on the creation of transparency.

Using Excel functions and functionality (and perhaps VBA/macros) in the most
effective and appropriate way (requiring one to have a good knowledge of the
possibilities and options available).

Employing problem-solving skills in an integrated way.

The work is structured into six Parts:

Part I presents a framework to describe modelling processes, discusses the role of
models in decision support and summarises some key themes and best practices.
Part IT discusses model design, focusing on sensitivity and flexibility requirements,
and the optimisation of data structures and layout.

Part III covers the process of building models, focusing on maximising transpar-
ency, using the appropriate Excel functions, and creating models which are error-
free and easy to audit.

Part IV covers sensitivity and scenario analysis, simulation and optimisation.

Part V provides practical examples of the use of Excel functions and functionality
in financial modelling.

Part VI covers an introduction to VBA and its key areas of application within
financial modelling.

Note that Part V and Part VI are relevant on a stand-alone basis and could be read
before the other Parts. This allows the earlier Parts of the text to focus on the general
issues relating to model design, build and use, even as, on occasion, they refer to the
later Parts.

XXV



Xxvi PREFACE

This text builds on some key principles that were also a core aspect of the author’s
earlier work Financial Modelling in Practice: A Concise Guide for Intermediate and
Advanced Level (John Wiley & Sons, 2008), especially that of using sensitivity thought
processes as a model design tool. However, the discussion here is more extensive and
detailed, reflecting the author’s enhanced view of these topics that has been gained
through the decade since the publication of the earlier work. Indeed, this text is
approximately three times the length of that of the corresponding elements of the
earlier work (i.e. of Chapters 1, 2 and 6 in that work). Note that, unlike the earlier
work, this text does not aim to treat specific applications in depth (such as financial
statements, valuation, options and real options). Further, the topic of risk, uncertainty
and simulation modelling is covered only briefly, since the author’s Business Risk
Modelling in Practice: Using Excel, VBA and @RISK (John Wiley & Sons, 2015)
provides a detailed treatment of this topic.

The website associated with this text contains approximately 235 Excel files
(screen-clips of most of which are shown in the text). These are an integral part of this
work, and it will generally be necessary to refer to these files in order to gain the max-
imum benefit from reading this text.
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INTRODUCTION

This chapter provides an overview of financial modelling, including its objectives,
stages and processes. The discussion sets the context and frameworks that are used in
much of the subsequent text.

CONTEXT AND OBJECTIVES

A model is a numerical or mathematical representation of a real-life situation. A finan-
cial model is one which relates to business and finance contexts. The typical objectives
of financial modelling include to support decisions relating to business plans and fore-
casts, to the design, evaluation and selection of projects, to resource allocation and
portfolio optimisation, to value corporations, assets, contracts and financial instru-
ments, and to support financing decisions.

In fact, there is no generally accepted (standardised) definition of financial model-
ling. For some, it is a highly pragmatic set of activities, essentially consisting of the build-
ing of Excel worksheets. For others, it is a mainly conceptual activity, whose focus is on
the use of mathematical equations to express the relationships between the variables in
a system, and for which the platform (e.g. Excel) that is used to solve such equations is
not of relevance. In this text, we aim to integrate theory and practice as much as possible.

THE STAGES OF MODELLING

The modelling process can be considered as consisting of several stages, as shown in
Figure 1.1.
The key characteristics of each stage include:

Specification: This involves describing the real-life situation, either qualitatively
or as a set of equations. In any case, at this stage one should also consider the
overall objectives and decision-making needs, and capture the core elements of

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 3
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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/ \
Specified -
Model Decision
Implemented
Real World Model
—— T

FIGURE 1.1 A Generic Framework for Stages of the Modelling Process

the behaviour of the real-world situation. One should also address issues relat-
ing to the desired scope of model validity, the level of accuracy required and the
trade-offs that are acceptable to avoid excessive complexity whilst providing an
adequate basis for decision support.

Implementation: This is the process to translate the specification into numerical
values, by conducting calculations based on assumed input values. For the pur-
poses of this text, the calculations are assumed to be in Excel, perhaps also using
additional compatible functionality (such as VBA macros, Excel add-ins, optimisa-
tion algorithms, links to external databases and so on).

Decision support: A model should appropriately support the decision. However, as
a simplification of the real-life situation, a model by itself is almost never sufficient.
A key challenge in building and using models to greatest effect is to ensure that the
process and outputs provide a value-added decision-support guide (not least by
providing insight, reducing biases or correcting invalid assumptions that may be
inherent in less-rigorous decision processes), whilst recognising the limitations of
the model and the modelling process.

Note that in many practical cases, no explicit specification step is conducted;
rather, knowledge of a situation is used to build an Excel workbook directly. Since
Excel does not calculate incorrectly, such a model can never truly be “(externally)
validated”: the model specification is the model itself (i.e. as captured within the
formulae used in Excel). Although such “self-validation” is in principle a significant
weakness of these pragmatic approaches, the use of a highly formalised specification
stage is often not practical (especially if one is working under tight deadlines, or
one believes that the situation is generally well-understood). Some of the techniques
discussed in this text (such as sensitivity-driven model design and the following of
other best practices) are particularly important to support robust modelling pro-
cesses, even where little or no documented specification has taken place or is prac-
tically possible.

BACKWARD THINKING AND FORWARD CALCULATION PROCESSES

The modelling process is essentially two-directional (see Figure 1.2):

A “backward thought process”, in which one considers a variable of interest (the
model output) and defines its underlying, or causal, factors. This is a qualitative
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process, corresponding to reading Figure 1.2 from left to right. For example, cash
flow may be represented as being determined from revenue and cost, each of which
may be determined by their own causal factors (e.g. revenue is determined by price
and volume). As a qualitative process, at this stage, the precise the nature of the
relationships may not yet be made clear: only that the relationships exist.

A “forward-calculation process”, in which one which starts with the assumed val-
ues of the final set of causal factors (the “model inputs”) and builds the required
calculations to determine the values of the intermediate variables and final outputs.
This is a numerical process corresponding to reading Figure 1.2 from right to left.
It involves defining the nature of the relationships sufficiently precisely that they
can be implemented in quantitative formulae. That is, inputs are used to calculate
the intermediate variables, which are used to calculate the outputs. For example,
revenue would be calculated (from an assumed price and volume), and cost (based
on fixed and variable costs and volume), with the cash flow as the final output.

Note that the process is likely to contain several iterations: items that may initially
be numerical inputs may be chosen to be replaced by calculations (which are deter-
mined from new numerical inputs), thus creating a model with more input variables
and detail. For example, rather than being a single figure, volume could be split by
product group. In principle, one may continue the process indefinitely (i.e. repeatedly
replacing hard-coded numerical inputs with intermediate calculations). Of course, the
potential process of creating more and more detail must stop at some point:

For the simple reason of practicality.

To ensure accuracy. Although the creation of more detail would lead one to expect
to have a more accurate model, this is not always the case: a detailed model will
require more information to calibrate correctly (for example, to estimate the values
of all the inputs). Further, the capturing of the relationships between these inputs
will become progressively more complex as more detail is added.

The “optimal” level of detail at which a model should be built is not a trivial ques-
tion, but is discussed further in Chapter 4.

It may be of interest to note that this framework is slightly simplified (albeit cov-
ering the large majority of cases in typical Excel contexts):

In some applications (notably sequential optimisation of a time series, and decision
trees), the calculations are required to be conducted both forward and backward,

Output Intermediate Inputs
Price
Cash Flow Volume
\ Variable
Cost
Fixed

FIGURE 1.2 Modelling as a Combination of a Backward Thought Process and a Forward
Calculation Process
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as the optimal behaviour at an earlier time depends on considering all the future
consequences of each potential decision.

In econometrics, some equations may be of an equilibrium nature, i.e. they contain
the same variable(s) on both sides of an equation(s). In such cases, the logic flow
is not directional, and will potentially give rise to circular references in the imple-
mented models.



2

Using Models in Decision Support

INTRODUCTION

This chapter summarises the main benefits and challenges of using models in decision
support. Where significant amounts of money are at stake, or the choice of the most
appropriate decision option is important for some other reason, it is often taken as a
given that the building of a model would be useful. However, it is important to under-
stand the specific sources of benefits, and the challenges and potential weaknesses of
modelling processes. Doing so will help to support a more robust basis for decision-
making, and reduce the likelihood that the outputs are misinterpreted, misused, or
assumed to apply to a context for which the model was not designed.

BENEFITS OF USING MODELS

This section highlights the key benefits potentially achievable by the use of models.

Providing Numerical Information

A model calculates the possible values of variables that are considered important in
the context of the decision at hand. Of course, this information is often of paramount
importance, especially when committing resources, budgeting and so on.

Nevertheless, the calculation of the numerical values of key variables is not the
only reason to build models; the modelling process often has an important exploratory
and insight-generating aspect (see later in this section). In fact, many insights can often
be generated early in the overall process, whereas numerical values tend to be of most
use later on.

Capturing Influencing Factors and Relationships

The process of building a model should force a consideration of which factors influence
the situation, including which are most important. Whilst such reflections may be of an

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 7
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intuitive or qualitative nature (at the early stages), much insight can be gained through
the use of a quantitative process. The quantification of the relationships requires one
to consider the nature of the relationships in a very precise way (e.g. whether a change
in one would impact another and by how much, whether such a change is linear or
non-linear, whether other variables are also affected, or whether there are (partially)
common causal factors between variables, and so on).

Generating Insight and Forming Hypotheses

The modelling process should highlight areas where one’s knowledge is incomplete,
what further actions could be taken to improve this, as well as what data is needed.
This can be valuable in its own right. In fact, a model is effectively an explicit record
of the assumptions and of the (hypothesised) relationships between items (which may
change as further knowledge is developed). The process therefore provides a structured
approach to develop a better understanding. It often uncovers many assumptions that
are being made implicitly (and which may be imprecisely understood or incorrect), as
well as identifying the assumptions that are required and appropriate. As such, both
the qualitative and the quantitative aspects of the process should provide new insights
and identify issues for further exploration.

The overlooking or underestimation of these exploratory aspects is one of the
main inefficiencies in many modelling processes, which are often delegated to junior
staff who are competent in “doing the numbers”, but who may not have the experi-
ence, or lack sufficient project exposure, authority, or the credibility to identify and
report many of the key insights, especially those that may challenge current assump-
tions. Thus, many possible insights are either lost or are simply never generated in the
first place. Where a model produces results that are not readily explained intuitively,
there are two generic cases:

It is over-simplified, highly inaccurate or wrong in some important way. For exam-
ple, key variables may have been left out, dependencies not correctly captured, or
the assumptions used for the values of variables may be wrong or poorly estimated.
It is essentially correct, but provides results which are not intuitive. In such sit-
uations, the modelling process can be used to adapt, explore and generate new
insights, so that ultimately both the intuition and the model’s outputs become
aligned. This can be a value-added process, particularly if it highlights areas where
one’s initial intuition may be lacking.

In this context, the following well-known quotes come to mind:

“Plans are useless, but planning is everything” (Eisenhower).
“Every model is wrong, some are useful” (Box).
“Perfection is the enemy of the good” (Voltaire).

Decision Levers, Scenarios, Uncertainties, Optimisation, Risk Mitigation
and Project Design

When conducted rigorously, the modelling process distinguishes factors which are con-
trollable from those which are not. It may also highlight that some items are partially
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controllable, but require further actions that may not (currently) be reflected in the
planning nor in the model (e.g. the introduction of risk mitigation actions). Ultimately,
controllable items correspond to potential decisions that should be taken in an optimal
way, and non-controllable items are those which are risky or subject to uncertainty.
The use of sensitivity, scenario and risk techniques can also provide insight into the
extent of possible exposure if a decision were to proceed as planned, lead to modifi-
cations to the project or decision design, and allow one to find an optimal decision or
project structure.

Improving Working Processes, Enhanced Communications and Precise
Data Requirements

A model provides a structured framework to take information from subject matter spe-
cialists or experts. It can help to define precisely the information requirements, which
improves the effectiveness of the research and collection process to obtain such infor-
mation. The overall process and results should also help to improve communications,
due to the insights and transparency generated, as well as creating a clear structure for
common working and co-ordination.

CHALLENGES IN USING MODELS

This section highlights the key challenges faced when using models in decision support.

The Nature of Model Error

Models are, by nature, simplifications of (and approximations to) the real-world.
Errors can be introduced at each stage (as presented in Figure 1.1):

Specification error. This is the difference between the behaviour of the real-world
situation and that captured within the specification or intentions of the model
(sometimes this individual part is referred to as “model risk” or “model error”).
Although one may often be able to provide a reasonable intuitive assessment of the
nature of some such errors, it is extremely challenging to provide a robust quanti-
fication, simply because the nature of the real world is not fully known. (By defi-
nition, the ability to precisely define and calculate model error would only arise if
such error were fully understood, in which case, it could essentially be captured in
a revised model, with error then having been eliminated.) Further, whilst one may
be aware of some simplifications that the model contains compared to the real-life
situation, there are almost certainly possible behaviours of the real-life situation
that are not known about. In a sense, one must essentially “hope” that the model is
a sufficiently accurate representation for the purposes at hand. Of course, a good
intuition, repeated empirical observations and large data sets can increase the like-
lihood that a conceptual model is correct (and improve one’s confidence in it), but
ultimately there will be some residual uncertainty (“black swans” or “unknown
unknowns”, for example).
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Implementation error. This is the difference between the specified model (as
conceived or intended) and the model as implemented. Such errors could result
by mistake (calculation error) or due to subtler issues, such as the use of a discrete
time axis in Excel (when events in fact materialise in continuous time), or of a finite
time axis (instead of an unlimited one). Errors also arise frequently in which a
model calculates correctly in the base case, but not in other cases (due to mistakes,
or overlooking key aspects of the behaviour of the situation).

Decision error. This is the idea that a decision that is made based on the results
of a model could be inappropriate. It captures the (lack of) effectiveness of the
decision-making process, including a lack of understanding of a model and its
limitations. Note that a poor outcome following a decision does not necessarily
imply that the decision was poor, nor does a good outcome imply that the decision
was the correct choice.

Some types of model error relate to multiple process stages (rather than a
single one), including where insufficient attention is given to scenarios, risk and
uncertainties.

Inherent Ambiguity and Circularity of Reasoning

The modelling process is inherently ambiguous: in order to specify or build a model,
one must already understand the situation reasonably well. However, the model and
modelling process can provide benefit only to the extent that the initial understanding
is imperfect. (By definition, were a perfect understanding to exist even before a model
is built, then no model would be required, since there would be no way to improve the
understanding further!)

This ambiguity also creates potentially uncertainty around the meaning of the
model outputs: indeed, in the first instance, the outputs provides information only
about the model (rather than the real-life situation). It may also create a circularity in
the reasoning: when conducting sensitivity analysis, one may conclude that a specific
variable is important, whereas the importance of a variable (e.g. as determined from
running sensitivity analysis) directly reflects the assumptions used and the implicit
logic that is embedded within the model.

Inconsistent Scope or Alignment of Decision and NModel

Every model has a limited scope of validity. Typically, assumptions about the context
have been made that are implicit or not well documented. Such implicit assumptions
are easy to overlook, which may result in a model being invalid, or becoming so when
it is applied to a different situation. For example, an estimate of the construction cost
for a project may use the implicit assumption about the geographic location of the
project. If such assumptions are insufficiently documented (or are implicit and not at
all documented), then the use of the model in a subsequent project in a new geographic
location may be invalid, for it is likely that that new line items or other structural
changes are necessary, yet some or all of these may be overlooked.
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The Presence on Biases, Imperfect Testing, False Positives and Negatives

Decisions (or input assumptions and model formulae) may be biased in ways that
favours a particular outcome or ignore important factors or risks. Biases may have
several generic forms:

Motivational or political. These are where one has some incentive to deliberately
bias a process, a set of results, or assumptions used.

Cognitive. These are inherent to the human psyche, and often believed to have
arisen for evolutionary reasons. They include the bias toward optimism, anchoring
to an initial view, or making a different decision if the information is presented in
terms of making gains versus avoiding losses.

Structural. These relate to situation in which the modelling approach, methodology
or implementation platform inherently creates biases. For example, the use of fixed
input values to drive calculations can be regarded as an approach that is typically
structurally biased (for the purposes of economic analysis and decision-making):
where model inputs are set at their most likely values, the output will generally not
show its true most likely value. Further, the mean (average) of the output is gener-
ally the single most important quantity for financial decision-making, yet this can
typically not be shown as a valid model case. A detailed discussion of such topics
is beyond the scope of this text, but is contained in the author’s Business Risk and
Simulation Modelling in Practice (John Wiley & Sons, 2015).

One may consider that the use of a model to support a decision is rather like per-
forming any other form of test. A perfect test would be one which results not only in
genuinely good projects being (always) indicated as good, but also in genuinely bad
ones (always) being indicated as bad. In practice, modelling processes seem to have a
high false-negative rate (i.e. projects which are in fact bad are not detected as such),
so that such projects are not ruled out or stopped sufficiently early. False positives
are also rare (that is, where there is a good project, but the model indicates that it is
a bad one).

Balancing Intuition with Rationality

Most decisions are made using a combination of intuition and rational considerations,
with varying degrees of balance between these.
Intuitive approaches are typically characterised by:

Gut feel, experience and biases.

Rapid decision-making, with a bias to reinforce initial conclusions and reject
counter-narratives.

Ignoring or discounting items that are complex or not understood well.

Little (formalised) thinking about risks, uncertainties and unknowns.

Little (formalised) decision processes or governance procedures.

Lack of transparency into decision criteria and the importance placed on var-
ious items.

Seeking input from only a small set of people, rather than from a diverse group.
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At its best, intuitive decision-making can be powerful and effective, i.e. a low
investment nevertheless resulting in a good decision.
By contrast, rational approaches are characterised by:

Non-reliance on personal biases.

Strong reliance on analysis, models and frameworks.

Objective, holistic and considered thinking.

Self-critical: ongoing attempts to look for flaws and possible improvements in the
process and the analysis.

Openness to independent review and discussion.

Formalised processes and decision governance.

Setting objectives and creating higher levels of transparency into explicit deci-
sion criteria.

A desire to consider all factors that may be relevant, to incorporate alternative
viewpoints and the needs of different stakeholders and to achieve diverse input
from various sources.

Explicitly searching out more information and a wide variety of diverse inputs, and
the collection of data or expert judgement.

Openness to use alternative tools and techniques where they may be appropriate.
Willingness to invest more in time, processes, tools and communication.
Exposing, challenging, overcoming or minimising biases that are often present in
situations where insufficient reflection or analysis has taken place.

(Usually) with some quantification and prioritisation.

(Ideally) with an appropriate consideration of factors that may lead to goals being
compromised (risks and uncertainties).

It is probably fair to say that intuition is generally the dominant force in terms
of how decisions are made in practice: a course of action that “feels wrong” to a
decision-maker (but is apparently supported by rational analysis) is unlikely to be
accepted. Similarly, a course of action that “feels right” to a decision-maker will rarely
be rejected, even if the analysis would recommend doing so. Where the rational and
intuitive approaches diverge in their initial reccommendations, one may either find areas
where the decision-makers’ intuition may be incorrect, or where the rational analysis
is incomplete, or is based on incorrect assumptions about the decision-maker’s pref-
erences or the decision context. Ideally such items would be incorporated in a revised
analysis, creating an alignment between the rational analysis and the intuition. Where
this results in a change (or improvement) to the intuitive understanding of a situation,
such a process will have been of high value added.

Lack of Data or Insufficient Understanding of a Situation

The absence of sufficient data is often stated as a barrier to building models. If there is
no data, no way to create expert estimates or use judgements and there are no proxy
measures available, then it may be difficult to build a model. However, even in some
such cases, models that capture behaviours and interactions can be built, and popu-
lated with generic numbers. This can help to structure the thought process, generate
insight and identify where more understanding, data or research is required.
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Of course, there may be situations where useful models cannot be built, such as:

Where the objectives are not defined in a meaningful way. For example, doing
one’s best to “build a model of the moon” might not result in anything useful,
at least without further clarification. However, the requirement to build a model
which calculates the variation in the temperature of the surface of the moon may
be sufficient to provide a reasonable starting point for modelling activities.
Where basic structural elements or other key factors that drive the behaviour of
the situation are not known or have not been decided upon. For example, it could
prove to be a challenge to try to model the costs of building a new manufacturing
facility in a new but unknown country, and which will produce new products that
need still to be defined and developed, in accordance with regulations that have
not yet been released, using technology that has not yet specified.

Thus, whilst in some cases models may not initially be able to be built, very often
such cases can be used to clarify objectives, to highlight where further understanding
needs to be generated, there are the additional data requirements and so on. Models
which generate insight can then be built, resulting in an iterative process in which the
quality of a model is gradually improved.

Overcoming Challenges: Awareness, Actions and Best Practices

Best practices in modelling partly concern themselves with reducing the sources of total
error, whether they relate to model specification, implementation, decision-making
processes, or other factors. The range of approaches to doing this includes topics of a
technical nature, and those that relate to organisational behaviour and processes. Such
themes include:

Being aware of biases.

Asking for examples of why an analysis could be wrong, or why outcomes could
be significantly different to the ones expected or considered so far.

Explicitly seeking and supporting dissension and alternate opinions.

Being aware of model error: as noted earlier, in the first instance, the results of a
model say something about the model, not the real-life situation!

Being open to rejecting projects, even when some organisational effort, personal
capital or investment has already been made in them (and focusing only future
benefits, not sunk costs).

Ensuring that models are designed and implemented in accordance with best prac-
tice principles. These include the use of flexibility and sensitivity techniques (as
mentioned earlier, and discussed in more detail later in the text).

Using risk modelling approaches (rather than static approaches based only on sen-
sitivity or scenario analysis). In particular, this can help to overcome many of the
biases mentioned earlier.

Not using the lack of data as an excuse to do nothing! Even with imperfect data,
the modelling process can often provide a framework to generate insight into a
situation, even where the numerical output (for a given set of assumptions) may
have a high degree of uncertainty associated with it.
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INTRODUCTION

This chapter discusses the foundation of modelling best practices and the core
competencies required to build good models. The discussion here is at a high level,
since the rest of this text is essentially a more detailed discussion of these topics.

KEY THEMES

It is probably fair to say that many models built in practice are of mediocre quality,
especially larger ones. Typical weakness that often arise include:

They are hard to understand, to audit or validate. They require an over-dependence
on the original modeller to use, maintain or modify, with even minor changes
requiring significant rework.

They are either excessively complex for a given functionality, or lack key function-
ality. For example, it may be cumbersome to run sensitivity or scenario analysis
for important cases (such as changing multiple items simultaneously, or delaying
the start date of part of a project), the granularity of the data or time axis may be
inappropriate, and it may be cumbersome to include new data, or replace fore-
casted items with actual figures as they become available, and so on. Additionally,
the choice of functions used in Excel may limit the ability to modify the model, or
be computationally inefficient.

They are likely to contain errors, or assumptions which are implicit but which
may have unintended consequences (such as being invalid in certain circumstances,
and which are overlooked even when such circumstances arise). This is often due
to excessive complexity and lack of transparency, as well as due to the use of
poor structures and excessively complex formulae which have not been fully tested
through a wide range of scenarios.

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 15
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We consider that seven key areas form the core competencies and foundation of

best practices:

1.

2.
3.

NN L

Gaining a good understanding of the objective, and the role of analysis in the
decision process.

Having a sufficient understanding of the specific application.

Having sufficient knowledge of the implementation platform (e.g. Excel and VBA),
not only to implement the models in the most effective way, but also to foster cre-
ativity to consider alternative possible modelling approaches.

. Designing models that meet the requirements for flexibility and sensitivities.
. Designing models that have the appropriate data structures, layout and flow.
. Ensuring transparency and user-friendliness.

. Employing integrated problem-solving skills.

The rest of this chapter provides an overview of these, whilst the purpose of most

of the rest of the text is to address many of these issues in detail.

Decision-support Role, Ohjectives, Outputs and Communication

It is important for a modelling process to remain focused on the overall objective(s),
including its decision-support role, as well as the wider context, organisational pro-
cesses, management culture and so on. Some specific points are worth addressing early
in the process, including;:

What are the key business decisions that one wishes to take?

What are the outputs that are required?

What type of sensitivity, scenario or risk analysis will be needed? (This is likely
to affect choice of variables, model data structures and overall design, amongst
other items.)

Are there optimisation issues that need to be captured (e.g. to distinguish explicitly
the effect of controllable items (i.e. decisions) from that of non-controllable one,
and to design the model so that additional optimisation algorithms can be applied
most efficiently)?

What types of variables should be included?

What level of detail is required for the variables and for the time axis (e.g. by
product or product group, and whether daily, weekly, monthly, quarterly, or annu-
ally. . .)?

What should be the logical flow, in terms of which variables are inputs, calculated
(dependent) variables and outputs?

What data is available?

How often will the model need to be updated?

What other processes or models do the results need to be consistent with?

What is required to make the model “as simple as possible, but no simpler”?

Establishing the answer to such questions early on will help to ensure that a model

is appropriately adapted to reflect the key business issues, the effect of specific possible
decisions and the communication needs of decision-makers.
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Application Knowledge and Understanding

In general, a modeller will need to have a sufficient understanding of the situation to
be able to express it using logical relationships and assumptions. In some situations,
high accuracy is required, whereas in others, cruder approximations may be sufficient.
For example:

The building of a forecast of a company’s financial statements generally requires only
a minimal knowledge of basic arithmetic operations in Excel (such as to add, sub-
tract, multiply, divide and to use the IF or MAX/MIN functions). Yet it does require a
reasonable knowledge of the meaning of the main financial statements (income state-
ment, balance sheet, cash flow statement) and how they relate to each other. Without
sufficient knowledge, the building of a model would be a significant challenge.

The implementation of a discounted flow valuation model in Excel may be very
straightforward for someone who has a good understanding of valuation the-
ory, whereas acquiring the knowledge about this theory may be harder in the
first instance.

In financial derivatives, the Black—Scholes closed-form formulae for the value of
a European vanilla option are relatively straightforward to implement in Excel.
Yet one would generally need to have a good knowledge of the theory concern-
ing the valuation of derivatives (i.e. of risk-neutral or arbitrage-free methods) to
understand and apply the results appropriately, or to be able to develop analogous
approaches that would be valid in other applications.

In practice, a modelling analyst will often be required to build a bespoke custom-
ised representation of a decision situation or project for which there may be little in
the way of pre-existing guidelines, publications, templates, or underlying established
(theoretical) basis. One can broadly distinguish two generic contexts:

Where the area of application is essentially standardised. In this case, the design
and implementation process is typically straightforward if one is familiar with the
standard knowledge.

Where the area of application is non-standard or may require innovation. In such
cases, the modelling process has (or should have) a stronger “problem-solving”
component that relates to hypothesis-testing, experimentation and discovery. In
a sense, dealing with these is essentially the core of what may be considered as
“advanced” modelling.

Therefore, many modelling situations require a sufficient knowledge of the under-
lying situation, as well as the ability to reflect bespoke needs. Problem-solving skills are
required in order to design and integrate various components together in an efficient
and appropriate way (see later in this chapter).

Skills with Implementation Platform

The modeller must have sufficient skill with whichever platform has been chosen (e.g.
Excel), including the ability to creatively consider a variety of options and to choose
the one which is most appropriate overall. Often, models are implemented in ways that
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are either insufficiently flexible, or are flexible but are unnecessarily complicated. In
this latter case, the reasons that complexity has not been reduced are usually a com-
bination of:

Insufficient reflection and/or knowledge of the possibilities that are available
within Excel/VBA. Most frequently, an inappropriate function choice is used (or
VBA macros are not used when their use would in fact be highly effective).
Insufficient consideration (or implementation) of issues concerning layout, data
structures, formatting and other transparency-related topics.

A lack of advanced problem-solving skills.

Lack of discipline (or time) to implement better solutions, even when their existence
is known or hypothesised.

Defining Sensitivity and Flexihility Requirements

The topic of clearly defining the sensitivity requirements is perhaps the single most
important area in model design; once these are adequately defined, the appropriate
approach to many other aspects of the modelling also become clear. In fact, we use the
term “flexibility requirements” to emphasise the wider applicability of this concept,
which includes:

Standard sensitivity analysis, i.e. of the ability to change input values and see the
effect on calculations and outputs.

The use of “sensitivity thought processes” to validly implement the “backward
thought process” described in Chapter 1, whilst ensuring that such a process termi-
nates at an appropriate point.

The ability to include new data sets and/or remove old ones (or update data that is
linked to an external source), whilst having to make minimum changes when doing
so. For example, at each month end, new data may need to be introduced into the
model, which then automatically reports the prior three-month aggregate figures
(including the most recently added data). If such a requirement is not incorporated
as a fundamental part of a model’s design, then one will spend much time each
month in manipulating the data in less efficient ways. Such functionality may not
be considered as a standard sensitivity requirement, but falls within the scope of
“flexibility requirements”.

Being able to update a forecast model with realised figures as they become avail-
able, without having to conduct inordinate modelling (re-)work to do so; the cre-
ation of such functionality would need to form a fundamental part of the model
design process, as it generally cannot be added as an afterthought.

The inclusion of (the ability to create or run) multiple scenarios, and to distinguish
between decision variables (whose value is to be chosen optimally) and uncertainty/
risk variables.

Increasing the scope of validity of a model by turning contextual assumptions (or
limitations) into input assumptions. For example, a model may list as an “assump-
tion” that the start date is (say) 1 January 2018, yet does not adapt appropriately if
this date were to be changed (e.g. sales volume may need to be shifted in time, even
as the price achievable is not shifted, as it may relate to external market variables).



Core Competencies and Best Practices: Meta-themes 19

In other words, the start date is a limitation (or a contextual assumption), not
an input assumption. In fact, it can be challenging to create a model so that its
calculations are correct as the start date is altered, but if this were done, then the
contextual limitation has become a genuine input assumption.

Clearly, a model which has more flexibility will in principle also be more complex;
typically, it may be larger, and use more advanced formulae and functions, as well as
VBA macros or user-defined functions. To some extent, an increase in complexity is
therefore potentially unavoidable as flexibility is increased. On the other hand, many
models are built with insufficient focus on reducing their complexity, even as there are
typically many ways to do so (whilst retaining the flexibility features).

We consider that the core of modelling “best practices” is the creation of models
that lie on (or close to) the “best practice frontier”, shown schematically in Figure 3.1.
In this framework, the core to modelling best practices is:

Defining the nature of the flexibilities required.

Building a model that has the minimum complexity that can be achieved whilst
capturing these flexibilities: for every level of flexibility requirement, many
possible models can be built, but only some of these have the lowest possible
complexity.

Note that the flexibility features that are required should be limited to those that
are genuinely necessary, since:

Model complexity increases disproportionally to flexibility.
The process to simplify a complex model is often more cumbersome than the pro-
cess to add flexibility to a well-built model.

Note that many specific topics that are often considered to constitute best
practices in fact simply follow as a direct result of applying this generic framework,
including: the need for overall transparency, for a clear layout, for borders around key
areas, of using formatting and colour-coding, the judicious choice of functions, the
selected and appropriate use of VBA, and so on. In a sense, this can also be captured
through the guiding principle: “Everything should be made as simple as possible, but
no simpler” (Einstein).

The Best Practice “Efficient Frontier”

Achievable Range

|

Flexibility

Complexity

Non-Achievable Range

FIGURE 8.1 The Best Practice Efficient Frontier: Minimising Complexity for Given Flexibility
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Designing Appropriate Layout, Input Data Structures and Flow

A key aspect of model implementation in Excel is the choice of an appropriate layout,
which includes the structure of the input data (or data sets). Not only does an appro-
priate layout facilitate the transparency (through the creation of a clear flow to the
logic), but also the use of appropriate input data structures is critical in circumstances
in which there is a requirement to introduce new data sets regularly, as well as in cases
where the volume of data significantly dominates the number of formulae.

To some extent, the role of achieving a good layout is to compensate for the lack
of (visual) influence-diagrams in Excel. In other words, the Excel environment is not
per se one in which the logic structure (or the relationships between inputs and calcu-
lations) is clear by default, since it is contained within the formulae. (For example, the
Excel representation of Figure 1.2 would simply be some numbers contained in cells
and some calculations, with the labels in other cells.) Generally, techniques to improve
transparency — such as the use of borders around input and calculation areas — are
partial proxies for influence diagrams, since they use visual techniques as a rapid way
to enhance transparency and understanding.

The overall design (in terms of layout and data structures) also has a major influ-
ence on the extent to which a model can be used flexibly. For example:

A model built in a single worksheet can be copied easily (by copying the whole
sheet), whereas one built in multiple worksheets cannot (without copying the
whole workbook as a new file). A template model in one worksheet can be used
to create a multi-sheet workbook, in which each worksheet contains a model
(e.g. that represents a business unit), whose figures are consolidated within the
same workbook. Such “modular structures” can be very beneficial, as discussed
later in the text.

Where new data sets need to be regularly introduced (such as the latest month’s
reported figures), a structure which allows this to be done easily will be important.
Once again, this may involve using separate worksheets for each month’s data, or
using a single consolidated database (or a mixture of the two).

Specific applications may be dominated by data and reports or queries of this
data, with the number of calculations being limited. In this case, the Excel “model”
becomes a database application and should be structured as such. An important
point is to make a clear distinction between “data-dominated” situations and “for-
mula-dominated” situations (“traditional” models), as discussed in Chapter 5.

Ensuring Transparency and Creating a User-friendly Model
The creation of models which are transparent (easy to understand) has several purposes:

A transparent (clear) model is a direct reflection of a transparent (clear) thought
process. If the model is not clear, then it is most likely that the underlying logical
process is also unclear, and also likely to be incomplete or wrong in some way.
There are less likely to be errors of calculation.

It is a more effective use of resources, as it will take less time for a user or new team
member to understand it, and it allows the team to share, roles to change and staff
to be deployed flexibly.
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Transparency is not an absolute requirement for a model to be “correct”, but a
way to work efficiently, gain confidence that the overall process is robust, and reduce
the chance of errors or invalid assumptions.

Note that some models have sophisticated user-interfaces, which guide (and limit)
the user as to the data entry that should be provided. Whilst such models may be con-
sidered “easy to use”, and may help to ensure integrity of the inputs provided, they
also tend to be of a black-box nature, so that the transparency (of the model’s logic)
may be lacking. Thus, when considering the use of such approaches, one needs careful
reflection as to the appropriate method to use.

Integrated Problem-solving Skills

When modelling a standard application, there is little problem-solving involved. For
example, for the underlying theory, one can simply refer to a standard text on corpo-
rate finance or accounting, whilst the Excel aspects are generally straightforward in
terms of the functions and operations required. On the other hand, when dealing with
a one-off or bespoke situation, one cannot rely on standard texts or previous, so that
there is potentially a significant aspect that involves problem-solving. In a sense, such
skills are arguably the essential component of “advanced” modelling.

In fact, in practice, many apparently standardised situations may (or should) also
potentially have a “problem-solving” component. Typically — except in the simplest
cases — there may be additional issues or questions that may arise, which the model
should be designed to address. These could include the need to have functionality to:

Easily run multiple scenarios.

Update the model over time with actuals in place of forecasts (without exces-
sive rework).

Bring in new underlying data sets, whose consolidated data form the main values
of some of the input assumptions.

Run optimisation routines, or simulation techniques that see the distribution of
outcomes as inputs varying simultaneously across probabilistic ranges.

Problem-solving skills have many components and facets. In relation to financial
modelling, it involves the ability to find appropriate ways to design and implement
bespoke models that identify and address all requirements for flexibility, whilst being
“as simple as possible, but no simpler”, transparent and computationally effective.
This is determined from a combination of acquirable knowledge (such as that about
Excel, VBA and best practice principles), innate underlying ability, a particular mind-
set, inherent discipline and willingness to question and explore different approaches,
amongst other factors. In a sense, the entirety of this text forms the building blocks that
should help to simplify modelling and promote problem-solving, whilst acknowledging
that some key aspects of problem-solving remain elusive, and are difficult to teach or
communicate in a systematic or highly structured way.
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Defining Sensitivity and
Flexibility Requirements

INTRODUCTION

This chapter discusses what is perhaps the single most important area to consider when
planning and designing models. This concerns ensuring that one clearly defines (early in
the processes) the nature of the sensitivity analysis that will be used in decision support,
and using this as the fundamental driver in model design. As in the author’s earlier work
Financial Modelling in Practice, we use the term “sensitivity-analysis thinking” (“SAT”) to
describe this, and to emphasise the conceptual nature of this approach to model design (and
to contrast it with quantitative sensitivity analysis that may be used later in the process).

In fact, a generalisation of the SAT concept is that in which the focus is on the
“flexibility requirements” of the model. This covers functionality beyond standard sen-
sitivities, such as the ability to update a forecasting model with realised figures as they
occur, or the facility to be able to introduce new data or data sets without having to
perform undue structural modifications.

In the subsequent text, we will still use the term “SAT” to refer to this general
concept of “flexibility and sensitivity thinking”. This chapter focuses on a discussion
of the (generalised) SAT concept, whilst Chapter 5 and Chapter 6 discuss design issues
relating to model flexibility, especially those which are linked to the design of the data
sets and the workbook and worksheet structures.

KEY ISSUES FOR CONSIDERATION

Some form of sensitivity-related techniques is relevant at all stages of the modelling
process: at the model design stage, the focus is of a conceptual (qualitative) nature and
seeks to define precisely the sensitivity and flexibility requirements. As the model is
being built, sensitivity analysis can be used to test it for the absence of logical errors, to
ensure that more complex formulae are implemented correctly, and that the relation-
ships between the variables are correctly captured. Once the model is built, sensitivity
analysis can be used in the traditional sense, i.e. to better understand the range of pos-
sible variation around a point forecast.

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 25
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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Creating a Focus on Objectives and Their Implications

In Chapter 1, we noted the importance of focusing on the overall objective(s) of a
modelling process, which is usually to support a decision in some way. We also
mentioned some core questions that one may need to ask, such as those relating to the
nature of the business decision, and the information requirements that are necessary to
provide appropriate decision support.

In fact, a more precise structure and clearer focus can be brought to the process
of defining objectives by focusing explicitly on the sensitivity and flexibility require-
ments that will be needed once the model is built (i.e. by using SAT). Indeed, once
these requirements are adequately defined, the appropriate approach to many other
aspects of the modelling process typically also becomes clear (such as the nature of the
required formulae and the overall layout and structure of the model).

Thus, where time is very limited (such as in the proverbial 30-second elevator ride
with the CEO), one may find that focusing on this subject alone is sufficient to define
almost all aspects required in order to be able to start to build an effective model.

Sensitivity Concepts in the Backward Thought
and Forward Calculation Processes

The use of SAT is key to ensuring that both the backward and the forward processes
described in Chapter 1 (Figure 1.2) are implemented appropriately. Note that the backward
process by itself is not sufficient to fully determine the nature of an appropriate model:

There are typically many ways of breaking down an item into subcomponents. For
example, a sales figure could be conceived as:

Sales = volume multiplied by price.

Sales = market size multiplied by market share.

Sales = sum of the sales per customer.

Sales = sum of sales per product group.

It is not clear at what level of detail to work with (i.e. at what point in the back-
ward thought process to stop). For example, in the latter case above, the sales for
each product group could be broken into:

Sales per product group = Sum of sales of individual products.

Sales per product group = Sum of sales of product sub-groups.

The use of SAT will help to clarify which approach is appropriate, especially relat-
ing to the choice of variables that are used for inputs and intermediate calculations,
and the level of detail that makes sense (since one can run sensitivity analysis only on
a model input). Further, its use will also help to ensure that the forward calculations
correctly reflect dependencies between the items (general dependencies or specific com-
mon drivers of variability), since sensitivity analysis will be truly valid only if such
dependencies are captured. Simply put, many aspects of the appropriate model design
generally become clear by using the SAT process. It is surprising how often this funda-
mental approach is overlooked or insufficiently considered, resulting in models that are
ineffective at addressing key questions and inefficient or cumbersome to use.

The file Ch4.1.BFDesign.xlsx contains an example of such processes, as shown in the
sequence of screen-clips (Figures 4.1 to Figure 4.5). The aim is to calculate the labour cost
associated with a project to renovate a house. In the first instance, a backward thought
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process is applied to consider possible ways of breaking down the total cost into com-
ponents. As described above, there may be various ways to do this. Figure 4.1 represents
the initial method used, based on a hypothesis that the items shown are the underlying
drivers of the total (with the value of each item perhaps taken from a supplier quote).

On further reflection of the nature of the sensitivities, one may conclude that (since
all costs are labour-related), it would not make sense to change the value only of an
individual item, since if a different labour cost changes the value of one item, then (in
real life) the others would also change. This would need to be reflected in the model’s
logic for this type of sensitivity analysis to make sense.

Figure 4.2 shows an example of a modified model, in which the backward path
has been extended to include an hourly labour rate, and the forward calculation path
is based on using new underlying base figures (derived so that the new totals for each
are the same as the original values).

A B C

1 |

2 Description Base Cost
3 Remove old kitchen 1500
4 | |Redo electrics 2000
5 | [Install kitchen 2500
6 MNew plumbing 1500
7 Paint and decorate 3000
8 | |Final finishings 5000
9 | |Install security system 1000
10 Plaster 5000
11 New floor 1800
L Legal and architectural fees 3000
13 Total 26300

FIGURE 4.1 Tnitial Approach to Labour Cost Breakdown

A B _ E D E
1
2 Base
3 | |Unit labour cost 10
4
5 | |Description Base Cost/unit |Cost
6 Remove old kitchen 150 1500(|=C6*SDS3
7 | |Redo electrics 200 2000|=C7*SDS3
8 Install kitchen 250 2500|=C8*5D53
9 | [New plumbing 150 1500|=Co*sSDS3
10 Paint and decorate 300 3000|=C10*SD53
11 Final finishings 500 5000|=C11*5DS3
12 | |Install security system 100 1000|=C12*SDS$3
13 | [Plaster 500 5000|=C13*SDS3
14 New floor 180 1800|=C14*SDS3
iS5 Legal and architectural fees 300 3000|=C15*SDS3
16 | Total 26300

FIGURE 4.2 Modified Approach Based on a Possible Sensitivity Driver with Absolute Variation
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In addition, one may desire to be able to vary the figures using a percentage
variation (as an alternative, or in addition, to varying absolute figures). Figure 4.3
shows an example of how this may be implemented.

In a more general case, there may be several underlying factors (or different cate-
gories of labour), with some individual items driven by one of these, and other items
by another. Figure 4.4 shows an example of this.

A B C D E F
1 4
2 | Base Variation
3 Unit labour cost 10 10%
4 |
5 | |Description Base Cost/unit |[Cost Variation |Final Result
6 Remove old kitchen 150 1500 10% 1650
7 | |Redo electrics 200 2000 10% 2200
8 | |Install kitchen 250 2500 10% 2750
9 | |New plumbing 150 1500 10% 1650
10 Paint and decorate 300 3000 10% 3300
11 | |Final finishings 500 5000 10% 5500
12 | [|Install security system 100 1000 10% 1100
13 | |Plaster 500 5000 10% 5500
14 | |New floor 180 1800 10% 1980
15 | |Llegal and architectural fees 300 3000 10% 3300
16| | Total 26300 28930
17

FIGURE 4.3 Modified Approach Based on a Possible Sensitivity Driver with Absolute and
Percentage Variation

AlA B iE D B F G

1 |

2 | |Unit labour cost categories Base |Variation

3| |A 10 5%

4| |8 8 10%

5 | C 12 20%

6 |

7 | |Description Category |Base Cost/unit |Cost  |Variation |Final Result
8 Remove old kitchen A 150 1500 5% 1575
9 Redo electrics A 200 2000 5% 2100
10 |Install kitchen A 250| 2500 5% 2625
11| [New plumbing B 188| 1500 10% 1650
12 | |Paint and decorate B 375| 3000 10% 3300
13 | [Final finishings B 625 5000 10% 5500
14 | [Install security system B 125| 1000 10% 1100
15 | |Plaster C 417| 5000 20% 6000
16 | |New floor C 150| 1800 20% 2160
17 | |Legal and architectural fees |C 250( 3000 20% 3600
18 [ Total 26300 29610

FIGURE 4.4 Approach Sensitivity Driver Categories
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A B C | D |=RE=Y F _ G

1|

2 | |Unit labour cost categories Base |Variation |Final Result
3] |a 10 5% 6300
4 | B 8 10% 11550
o C 12 20% 11760
6 | Total 29610
7 4

g€ | |Description Category |Base Cost/unit |Cost  |Variation |Final Result
9 | |Remove old kitchen A 150| 1500 5.0% 1575
10 | |Redo electrics A 200| 2000 5.0% 2100
11| |New plumbing B 188| 1500 10.0% 1650
12 | |Plaster € 417| 5000 20.0% 6000
13 | |Paint and decorate B 375| 3000 10.0% 3300
14 | |New floor C 150| 1800 20.0% 2160
15| |Install kitchen A 250| 2500 5.0% 2625
16 | Final finishings B 625| 5000 10.0% 5500
17 | |install security system B 125| 1000 10.0% 1100
18 | |Llegal and architectural fees |C 250| 3000 20.0% 3600
19 | Total 26300 29610

FIGURE 4.5 Sensitivity Driver Categories with Flexible Data Entry

Finally, in general when items fall into categories, it may be preferable to build
a model which is not structurally constrained by the categories; in other words, one
in which the items can be entered in any order (rather than having to be entered by
category). This is simple to do by using functions such as INDEX, MATCH and SUM-
IFS. Figure 4.5 shows an example (the reader may inspect the formulae in the file,
if desired).

Of course, the above demonstrates only one example of the use of such principles,
which essentially apply in all model design situations.

Another important case is that of models with a time axis (perhaps to forecast
items such as volumes, prices, revenues or cost), where an important question is
whether the assumptions used for the forecast (e.g. for the growth rate in revenues)
should be individual to each time period, or common to several time periods: a sep-
arate assumption in each period can be cumbersome and inhibit sensitivity analysis,
whereas a single assumption that applies to all future periods may be too crude (and
unrealistic), resulting in an excessively high sensitivity of the output to the input
value. A compromise approach, in which there are several growth rates, each applied
to several periods, is often the most appropriate. This can also be considered as a
“parameter reduction”, i.e. the number of inputs is reduced to a more manageable
level, whilst aiming to retain sufficient accuracy (in terms of its reflecting reality
reasonably well).

The file Ch4.2.TimeDesign.xlsx provides an example, shown in Figure 4.6, in
which there is a single assumption for revenue growth in each of years 1-3, a single
assumption for each of years 4-5 and a single assumption for each of years 6-10.
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A B CHRDENE E |N6G| " H I J K LI{M| N
1
2 2016 2017] 2018 2019 2020] 2021 2022] 2023 2024 2025 2026 2027|
3 Actual or Forecast? (AorF) |A A F F F F F F F F F F
4 Revenues 400 408| 431 452 488 537 577| 606 636 668 702 737,
5 % Growth 20%|20% 20% 20%|30% 30%| 40% 40% 4.0% 4.0% 4.0%)
6

FIGURE 4.8 Parameter Reduction to Aid Sensitivity Analysis

Time Granularity

Where models have a time component (such as each column representing a time period),
it is important to consider the granularity of the time axis (such as whether a column is
to represent a day, a month, a quarter or a year, and so on). It is generally better to build
the model so that the granularity of the time axis is at least as detailed as that required
for the purposes of development of the formulae and results analysis. For example, if
one may wish to delay some cash flows by a month, then a monthly model should be
considered. Similarly, if the refinancing conditions for a bank or project loan are to
be verified quarterly (in accordance with some agreed contract), then a model which
forecasts whether such conditions will be met should generally be built to be at least
quarterly.
The benefits of increasing granularity potentially include:

Models with a very granular (detailed) time axis can be used to give the relevant
figures for longer periods (by summation).

It is harder to validly allocate aggregate figures (i.e. for a period of a year) into the
components (such as monthly figures), since the effect of growth or other factors
would lead to non-equal values in the component periods.

The disadvantages of increasing granularity include:

Models with a very detailed time axis become large and cumbersome to maintain,
whilst not necessarily offering sufficient additional accuracy.

It may be hard to calibrate the model by finding or estimating input data that is
itself required to be very granular.

One may be required to forecast the time allocation of items that may be difficult
to assess at that level of detail. For example, in a model for a manufacturing busi-
ness that produces a low volume of high-value bespoke engineering products with
a long lead-time between a customer order and the fulfilment of the order, it may
be cumbersome to produce a full forecast based on a weekly time axis: the allo-
cation of orders to precise weeks may be a difficult and low value-added process
(from a financial forecasting perspective), but the allocation into quarterly periods
may be much easier and more sensible.

Level of Detail on Input Variahles

Just as there is likely to be an optimal level of detail for the granularity of the time axis,
the same applies to input variables. The appropriate level of detail will closely relate
to the nature of the sensitivities to be conducted, as well as to the data requirements
and sources.
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A B C D E

1l

& Cost Variation |Final Result
3 A 6000 5% 6300
4 B 10500 10% 11550
5 9800 20% 11760
(3] Total 26300 29610
7

FIGURE 4.7 Model Built Using Category Totals as Direct Inputs

As an example, with respect to Figure 4.4, since the sensitivity analysis will in prin-
ciple be conducted at the category level (i.e. using the percentage variation figures in
cells F3:F5), one could have considered building the model using category totals only
(see Figure 4.7, which is also contained in the example file referred to earlier).

Note, however, that this more aggregate model does not allow for an easy calibra-
tion based on the more granular information provided (such as the cost of removing
the old kitchen, or of redoing the electrics), as this information is used only implicitly
when determining the base category totals (in Column C).

Thus, the appropriate level of granularity may be one that uses the detailed
information explicitly (as shown in Figure 4.4): this reflects not only the sensitivities
required, but also the nature of the data available. In other words, data may be input at
a granular level, but the sensitivities are designed to be conducted at the category level
(even as one could in theory conduct a sensitivity to an individual item, even if this may
not be logically consistent with the real-life situation).

A model that is more detailed may not have a better predictive power than a less
detailed one:

When there are more variables, the number of possible dependencies between them
becomes large (in proportion to the square of the number), whilst the formulae
required to capture such dependencies will become complex or may simply be
overlooked. The sensitivity analysis of the results would be inaccurate, and the
predicted ranges of variation would be incorrect (either too wide or too narrow).

It may be hard to calibrate the input values, simply because data (or the ability to
judge or make estimates) is not available at that level of detail.

Thus, the appropriate level of detail — whilst non-trivial to answer definitely — is
closely related both to the nature of the sensitivities to be conducted, and to the nature
and availability of data that will be used to populate it.

Sensitising Absolute Values or Variations from Base Cases

At the model design stage, it is useful to consider explicitly whether sensitivity analysis
will be performed on an absolute or on a variation (change) basis. In the first approach,
the value of a model’s output is shown, as an input takes each of a pre-defined set of
values. In the second approach, the output is shown for a set of input values corre-
sponding to a variation from the base case (the variation can itself either be absolute
percentages variations).
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9 10 11 s 15
26300 23670 26300 28930 31560 394350

-15% -10% 0% 10% 20%
26300 22355 23670 26300 28930 31560

FIGURE 4.8 Absolute and Percentage Sensitivities

The advantage of the variation approach is that the position of the base case within
the sensitivity table is fixed (even if its underlying value has been updated), so that
sensitivity tables can be formatted to highlight the base case. For example, Figure 4.8
shows two sensitivity tables in the context of the earlier labour-cost model. In the
latter approach (which uses a percentage variation), the base case position is fixed (at
0% variation), even if other assumption values were updated (such as the base unit
labour-cost).

When using the variation approach (whether absolute or percentages), the var-
iation is an additional model input, which must be used together with the original
absolute input figure within the calculations. Therefore, at the model design stage, it is
useful to reflect on which approach to sensitivity analysis will be used, since significant
rework may otherwise be required to adapt the model’s formulae appropriately.

The percentage-variation approach has particular appeal, as it may correspond
closely to how many decision-makers think. Its main disadvantages include the poten-
tial for error and/or confusion in cases where the base case values are percentage fig-
ures (so that it becomes less clear whether the percentage variation applied is a relative
or an absolute figure, e.g. whether a 5% variation around a base of 10% represents
the range 9.5-10.5% or rather 5-15%), and where base case values may themselves be
zero (so that a percentage variation results in the same value).

Scenarios Versus Sensitivities

At the model design stage, it is also worth reflecting on whether the sensitivity analysis
will be conducted using scenarios or not. Scenarios are used most typically where it
is desired to vary three or more input values simultaneously. Another use of scenarios
is to reflect possible dependencies between two or more inputs. This can be useful
where the relationship between the variables is not well understood and cannot be
represented with simple formulae. For example, it may be difficult to express the vol-
ume of a product that might be sold for every possible value of the price, but market
research could be used to establish this at several price points, with each volume-price
combination forming a possible scenario.

When scenarios are used, tables of data to define the scenarios will be required,
and their placement will affect the model design, layout and construction. If the need
for scenarios (and their nature, such as whether the number of scenarios is known
or may vary) is not considered early in the process, then the model may later require
significant rework, or indeed be structured in an inappropriate way. For example, in
Chapter 25 and in Chapter 33, we show methods that can be used to use separate
worksheets to contain (scenario) data that needs to be brought into the model
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(or deleted from it), in such a way that the model would need only minimal adjustment:
these are also discussed in the context of model flexibility and workbook structure in
Chapter 6.

Uncertain Uersus Decision Variahles

It is quite frequent that no consideration is given as to whether any change in the values
of input variables corresponds to something (in the real-life situation) over which one
would have control or not. For example, the price at which to launch a new product is
something that one can control (or choose), whereas the price that one pays for oil is
(generally) not. Thus, two generic types of input variables include:

Those which represent items that one can control (i.e. ones for which there is a
choice), with a resulting issue being how to choose them in an optimal way.
Those which represent items that one cannot control, and are therefore uncertain
or associated with risk.

It is important to reflect which category each input belongs to:

The process to explicitly consider the distinction between the role of the variables
will help to ensure that one develops additional insight into the situation, and into
the levers that may be used to affect a decision.
It would often affect the best way to layout the model so that items of the similar
type (optimisation versus uncertain variables) are grouped together if possible, or
are perhaps formatted differently. This will generally not only aid transparency,
but also affect the ease with which additional tools can be applied:
The methods used to capture the effect of several sources of uncertainty will
in practice often involve using simulation to evaluate many possible (non-
controllable) scenarios or input combinations. Typically, inputs may need to be
replaced by probability distributions, and the parameters of such distributions
(e.g. mean and standard deviation, or minimum, most likely and maximum)
would need to be explicitly placed somewhere in the model. Where VBA is used
to generate random samples and to run simulations, it can be helpful if all such
inputs are grouped into a single contiguous range.
The algorithms that are typically used to find an optimal set of input values
(such as Solver) are usually most easily implemented if the inputs that are to be
optimised (as well as data relating to any constraints that are to be respected) are
grouped into a single range.

The logic within the model may need to be adapted, potentially quite significantly.
For example, if it is desired to find the price at which to sell a product in order to
maximise revenues, one will need to capture (in the logic of the model) the mech-
anism by which volume decreases as price is increased (generally resulting in an
inverted-U curve for revenue as a function of price, when implemented correctly).
Achieving this can be a significant challenge, and potentially requiring one to
develop a more detailed understanding of the underlying behaviour (e.g. demand-
curve modelling). Where an optimum value is determined purely by constraints,
such issues may be less challenging.
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Increasing Model Validity Using Formulae

A model is valid only within an implicit context (that is often not documented at all,
or perhaps done so insufficiently, and therefore not known by another user). Examples
of assumed contexts include:

The geographic location of a construction project.

The timing of the start of production relative to that of the construction phase of
a project.

The timing of one set of cash flows relative to another (for example, of tax pay-
ments relative to taxable earnings).

The composition of items which determine the cost structure.

The range of profitability of a business. Many models use formulae to calculate
tax charges that are valid only when taxable profit is positive, and are not valid
where it is negative.

The interest rate earned on cash balances. In some models, a periodic interest rate
of 200% or more would result in a divergent set of calculations, and resulting
errors (see Chapter 10).

The model is to be applied only to decisions relating to the planet Earth (for
example, although undocumented, the model would be incorrect if used to conduct
the financial planning of a trip to Mars, where the Martian year is of approximately
687 Earth days in duration).

In fact, even where an effort is made to document a model, frequently no distinction
is made between items which are within the model (“model assumptions”) and those
which are about the model (“contextual assumptions™):

Model assumptions are numerical values typically (sometimes text fields also
act as inputs), which the model’s calculations should update correctly (i.e. reflect
the reality of the real-life situation) if these values are altered (e.g. to conduct a
sensitivity analysis).

Contextual assumptions are those which limit the validity of a model, and so
cannot be validly changed within the existing model.

The creation of flexibility in a model often involves increasing its validity by adapt-
ing it so that contextual (fixed or implicit) assumptions are replaced by genuine numer-
ical ones. In such cases, the (fixed) context of the original model is generally simply a
special case (possible scenario) within the new model. For example:

If one is evaluating the economics of a construction project, using detailed assump-
tions for a specific project, but is also considering several locations for the project,
it may be that each location has some specific characteristics; one may also require
new road infrastructure to be built, whilst the other may not. Thus, instead of hav-
ing a separate model for each location, a more general approach would be one in
which a common model structure is developed, which includes every line item for
every location (e.g. road infrastructure for each), but in which the corresponding
figures are set to zero (where no such infrastructure is needed), with a scenario
approach used to run the desired case.

Methods to alter the timing (whether absolute or relative) of the occurrence
of items (such as the start dates of project phases or of cash flows, and general
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time-shifting) are discussed in various places later in the text. Note that one issue
to consider is that a delay may affect items in different ways. For example, whereas
the volume produced and sold may be fully shifted in time, the price level achieved
per unit may not be shifted at all, as it may be determined from external market
prices. Similarly, whilst variable costs may be shifted in time, some fixed over-
head costs may remain even during the pre-start-up period. Thus, such models can
become more complex.

A model of the total payroll costs could be built by explicitly listing only all those
employees who are currently on the payroll (and their salaries and other relevant
benefits). On the other hand, a more general model could include a longer list of
employees (including former staff and potential future staff, as well as possibly mak-
ing a distinction between status: contractor, or full/part-time etc.), and use either
indicator flags (e.g. 1 for current employees, 0 for others) or database-type queries
to create calculations which reflect only the relevant staff. The latter approach
would typically be more flexible for day-to-day working, albeit with increased
complexity (again, typically using the techniques discussed later in the text).

If building a model that is to apply when taxable income is negative, one may need
to capture the reporting and cash flow effect of tax-loss carry-forwards; doing so
would require a modification to the original formulae.

In fact, the creation of models with insufficient flexibility in their formulae arises
most often due to inadequate consideration, a lack of knowledge, or a lack of capability
in several areas, including of:

How structural (contextual) limitations may be replaced by appropriate numerical
assumptions.

The sensitivities that decision-makers would like to see.

How variations in multiple items may interact.

How to implement the formulae or create model flexibility using Excel or VBA.

Thus, the discussion within this overall text is aimed at ensuring that models are
built with the appropriate level of flexibility, and in ways that are efficient and which
manage complexity.



Database Versus
Formulae-triven Approaches

INTRODUCTION

This chapter provides an overview of the main issues that need consideration with
respect to the appropriate structure of a model’s input data, focusing on two main
areas: the nature of any changes that will be made to the data when the model is built,
and whether the overall situation is dominated by calculations or by data.

KEY ISSUES FOR CONSIDERATION

In this section, we discuss the key issues that typically should be considered when
designing a model’s overall architecture. In the next, we provide a practical example
which demonstrates some of these principles. In the next chapter, we discuss possibili-
ties for specific workbook and worksheet structures.

Separating the Data, Analysis and Presentation (Reporting) Layers

One important principle is to separate the data (inputs) from the way that the data
is used (calculations). This is also known as separating the data and analysis “layers”
(and applies to general technical applications). In principle, such separation allows
for each layer to be modified or updated independently. It is especially important in
many real-life applications: for example, it would be highly inconvenient if, in order to
implement a version update to software that contains a database of customer contacts,
all existing contacts needed to be deleted. This framework can be extended to include
an additional presentation (or reporting) layer, such as graphs that are populated using
the output of a model.

The translation of this into Excel modelling contexts is fairly clear, albeit with
some potential caveats:

(Data) Inputs should be shown separately to calculations. Every cell should contain
either a pure number or a pure formula or a text field. For example, a “mixed”
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formula, such as =10*C6, should not be used, as there are several disadvantages
in doing so:
Lack of transparency; the input assumption (here: 10) is not directly visible in
the normal view of a worksheet.
Sensitivity analysis to the value (here: 10) is not easy to conduct (and cannot be
automated); generally, the value of the number is harder to modify when it is
embedded within a calculation rather than being separate.
If such a formula is used in a range of cells (such as for a time series) so that the
value (10) is repeated several times, one may overlook that the real-world behav-
iour of this value may have a time trend (e.g. a growth profile).

Inputs should be clearly identifiable, and organised so that they can be updated
easily. In the author’s view, this does not mean that all inputs need to be grouped
together (e.g. at the beginning of the model or in a separate worksheet). Rather,
when using modular structures, the inputs relevant to a specific module (i.e. area
of the worksheet) can be local to that area, with inputs that are of global relevance
placed separately (see Chapter 6).

In practice, the presentation layer may contain charts, sensitivity or scenario tables,
or other items that require linking to the output in some way (or directly to the
input, such as with PivotTables). One can argue that, rather than linking directly to
the calculations, a better method is to create a separate output area, which contains
direct cell references to the calculation of the outputs, and link any charts or pres-
entation tools to this additional output area. In this way, the presentation layer is
formally separated from the model. On the other hand, in practice, doing so may
be cumbersome. First, it increases the size of the model (although this is a relatively
small additional increase in larger models in which the volume of intermediate cal-
culations is much larger than that of the outputs). Second, since DataTables (see
Chapter 12) need to reside on the same worksheet as the inputs that are being varied,
the data and presentation layers may need to be on the same worksheet. Third, some
structures (such as PivotTables, or tables built with SUMIFS queries of a data set)
can be considered as belonging both to the analysis and presentation layer. A strict
separation would often not make sense, or would require significant duplication.
The analysis layer is essentially the formulae in the model, although strictly
speaking the presentation layer may contain some formula links to the calculated
outputs (as described above).

It is worth noting that although mixed formulae (such as =10*Cé6) should be
avoided in principle, in practice they may arguably be acceptable in some situations,
including:

Growth formulae, such as D6=C6*(1+DS5), where DS is a percentage growth rate.
This standard formula could instead be written D6=C6+C6*DS35, but this latter
formulation may be less familiar (for example, when compared to formulae in
many textbooks). Further, it repeats the use of the cell reference C6, which should
be avoided in principle.

Where Text functions are used to add comments to input values, thus creating for-
mulae, such as D6=9.8*ISTEXT(“Updated Value from Nov 20177).
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In models with conversion factors (e.g. years to months) or other parameters (i.e.
constants that should not be changed), it may be clearer to include such constants
within the formulae, rather than treating them as inputs in a separate cell (i.e.
dividing by 12 in each cell may be a reasonable alternative to having all formulae
link to a central cell containing the value of 12).

The Nature of Changes to Data Sets and Structures
In model design and implementation, it is important to consider:

The frequency with which data will be changed or updated once the model is built
(if at all).

The nature of any changes that will be required.

Of course, if it is known in advance that the data would never change in any way,
then the main design issues would revolve around building the model in the most
efficient way possible (generally the quickest and simplest), whilst ensuring that it is
reasonably transparent (for example, by highlighting which elements are inputs and
which are calculations using colour-coding or other clear identifiers).

On the other hand, for the overwhelming majority of models, the data will need
to be changed on several occasions after the model is built (or during the building
process): at the simplest level, better estimates may arise for the value of some inputs,
and/or traditional sensitivity analysis may need to be conducted. Beyond these, other
changes that may be required to the data include:

Creating additional scenarios for the values of some of the inputs.

Updating a forecast model by incorporating the values of reported actuals as they
become available (month, year etc.).

Extending the number of time periods in a forecast.

Adding data about a newly purchased business unit or asset into a model that con-
solidates the information for all units or assets into summary figures.

Updating data that is linked to another workbook or to another external data
source (for example, a website that contains market prices of commodities,
exchange rates or other financial instruments).

Note that many models are built with the (often implicit) assumption that the
numbers and sizes of the data ranges are fixed, whereas in fact this is not the case
(leading to a model that it inefficient and cumbersome to use). For example, if it
is known that a forecast model will need to be updated with actual figures as they
become available during the forecast period, then the true nature of the data set is
one that will contain two types of values (i.e. assumptions about future forecasts,
and the actual values that were realised up until some point within the forecast
period). However, if the model is built to include only the forecast assumptions,
then there will be no any easy mechanism to update it as actual figures become
available.

Where changes to the data will likely be required, the design process should ensure
that an efficient mechanism will be needed to add, delete, update or change the data. In



40 MODEL DESIGN AND PLANNING

order to plan an appropriate mechanism, a further key distinction regarding the nature
of the data ranges (i.e. model inputs) is fundamental:

Their number and size are fixed. In this case, the number of data ranges, and
the size of each, are known at the design stage, in principle. Many traditional
models fall into this category; changes to the data result only due to modification
of the values of base case assumptions or when conducting a traditional
sensitivity analysis. The main requirements to being able to update a model easily are
essentially that:

The inputs are contained in stand-alone cells (and are not embedded within

formulae).

The inputs can be easily found and identified.

The model contains error-checks or other validation tools to cover the cases

where invalid values are attempted to be used as inputs.

Their number and size are not fixed. Such cases may occur where the maximum
number of scenarios that one may wish to run is not known, or where an unknown
number of new business units or other assets are likely to be purchased or sold.
More sophisticated approaches to the design and accessing of the data will be
appropriate. For example:

Where there is a single data range whose size is not known, database approaches
(including the use of Excel Tables) can allow for flexible-sized ranges. (As an
alternative, the OFFSET function within the “refers to” dialog of the Name
Manager can be used to define a range whose size varies dynamically according
to the size of the data set.)

Where new data sets are required to be added or deleted with relative ease and
only minimal model adjustment, techniques to consolidate and/or select values
from data that is contained in multiple worksheets can be applied. These are
discussed in Chapter 6, Chapter 25 and Chapter 33.

Focus on Data or Formulae?

The consideration of whether the overall modelling context is one that needs to be
dominated by formulae or by data is an important one during the design stage:

Traditional (or classical) Excel models, such as those used in corporate finance
or cash flow valuation, often have a small set of numerical assumptions, from
which large tables of calculations are performed. Certainly, where a single value
is used for an assumption across multiple time periods (such as a single growth
rate in revenues that applies to all future time periods), arbitrarily large tables of
calculations may be generated simply by extending the time axis sufficiently, even
as the number of inputs remains fixed. Such modelling approaches are “formulae-
focused (or dominated)”. The modelling emphasis will be on highlighting the
(relatively small number) of inputs, and on ensuring a clear logical flow. The way
that input data is structured will not generally be an issue of significance, as long
as basic care is taken, such as ensuring that inputs are clearly identifiable and are
in stand-alone cells.

In many other situations, there is a large volume of data that is required. For
example, a model may calculate the annual profit by aggregating the daily revenue
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figures from the daily cost figures and subtracting the two. In such cases, the
appropriate modelling approach is typically a “data-focused” one, using database
concepts, functionality or data-oriented architectures and modular structures. These
include the structuring of data sets into (perhaps several) contiguous ranges, using
a column (field)-based approach for the model’s variables (with well-structured
field identifiers, disciplined naming conventions, and so on). There could also be
multiple data sets, each situated on separate worksheet. In addition, functions such
as SUMIFS or Database functions may be used to query the data sets, and there is
also likely to be a need for Lookup and other advanced functions.

In many (more complex) real-life cases, there may be large data sets and also
potentially many formulae, and it may not be clear (without further reflection)
as to whether one should consider the situation to be formulae-dominated or
data-dominated.

Figure 5.1 illustrates the various cases. Note that the diagonal line in the top right-
hand quadrant aims to highlight that:

A model that is built for a “formulae-dominated” situation typically cannot readily
be adapted into one that would apply to “data-dominated” situation.

A model which is structured using database-type approaches may not be the
best adapted to situations where there is only limited data, but many formulae
are required.

Therefore, at the design stage, the reflection on the appropriate approach is fun-
damental: an inappropriate choice can lead to a model that is inflexible, cumbersome
and not fit for purpose.

It is also worth noting that:

The formula-dominated approach is typically the default approach of many
modellers (especially those with a corporate finance or accounting heritage).
Many situations that one may initially consider as needing to be formulae-
dominated are not necessarily best considered as such; the number of unique
formulae required may in fact be quite low, even as such formulae may be copied
to many cells. Thus, database approaches often have a wider applicability than is
often first considered.

“Traditional )
< | Approach”: Focus
2! on Formulae and |$ Complex'Models
e Cell Linkages
1
=)
2 alls
o
Q Back-of-the- Database Approach:
Z envelope Focus on Structuring
- analysis Data Compactly
Low High
DATA

FIGURED.1 Classification of Modelling Situations According to the Focus on Data or on Formulae
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There is a frequent overlap between situations which are data-dominated and
those in which the number and size of data sets is not fixed (for example, where
new data needs to be introduced regularly, typically the amount of data is usually
also dominant). Thus, as a general observation, it is typically the case that insuffi-
cient thought is given to the use of data-driven approaches, just as the issue of the
nature of the data ranges is often overlooked.

Database approaches may often be preferable to traditional approaches where
there is a detailed time-axis (such as monthly or daily). The use of a time axis
which develops across columns (as in many traditional forecasting models) works
well for models which have only a few time periods (such as a 10-year annual fore-
cast). However, where the time axis is more detailed (so that the volume of infor-
mation becomes large, even as the number of unique formulae may be small), a
database approach — in which the time axis generally develops downwards within
a column — may be more appropriate. Typically, such a database may contain oper-
ational data, whereas financial data (such as interest expenses or taxes) may need
to be calculated separately based on summary data, not the individual line items.
Note that we use the term “database approach” (rather than pure databases) since
some items are nevertheless calculated within contiguous, multiple-column ranges.
In addition, unlike pure databases, in which each row is independent of the oth-
ers, in such models there may be time-dependency between the item in the rows
of a column.

PRACTICAL EXAMPLE

The file Ch5.1.DataStr.Horses.1.FormulaCellLinks.xlsx contains an example of the
traditional formula driven approach. The Reports worksheet (see Figure 5.2) shows
a summary cost figure for each horse for each month, using (see the Formula Bar)

D4 v Fe =Feb!C20

A B C D E F
1
2 HORSE Jan Feb March
3 MYSTERY RIDER 497 447 447
4 MOCHOCINO 440 45?_ 487
3 FABLED STORY 318 346 349
6 SUPER HERO 558 711 456
T MONTHY PYTHON 513 463 492
8 FLYING CIRCUS 407 363 548
9 NO JOKING 347 284 404
10 WHEELIE BIN 323 399 377
11 YOU CAN'T MAKE IT UP 512 524 588
12
13 TOTAL 3914 3992 4147

o

FIGURES.2 The Reports Worksheet Linking to Specific Cells
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A B C | D | E F G H
1 1

2 4

3 | Horse Name MYSTERY RIDER Horse Name SUPER HERO Horse Nam
4 Item Amount () Item Amount (S} Item

5 Stables 193 Stables 81 Stables

6 | Food 113 Food 167, Food

7| Transport 16 Transport 209 Transport
8 | Veterinary 63 Veterinary 110 Veterinary
9| Other 62 Other 146 Other

10 Total 447 Total 711 Total

1]

12]

13 Horse Name MOCHQCINO Horse Name MONTHY PYTHON Horse Nam
14 Item Amount ($) Item Amount ($) Item

15 Stables 97 Stables 126 Stables

16 | Food 208 Food 54 Food

17| Transport 38 Transport 213 Transport
18 Veterinary 82 Veterinary 45 Veterinary
19| Other 31 Other 24 Other

20 Total 457 Total 463 Total

21|

22 |

23 | Horse Name FABLED STORY Horse Name FLYING CIRCUS Horse Nam
24 Item Amount (5) Item Amount (5) Item

FIGURE 5.3 The Feb Data Worksheet, Containing Cost Data for February

a direct cell reference to the relevant specific cell of the applicable monthly work-
sheet (see Figure 5.3), i.e. Cell D4 links to the Feb data sheet, containing the data
for February.

The use of such approaches is frequently seen, and presumably is favoured due to
the intuitive appeal of using direct cell references, as well as out of lack of awareness
(or consideration) of alternative approaches. However, this approach to generating the
summary figures is generally unsatisfactory:

= The addition of data for a new month will require that many new formulae and
cell links be added to the Reports sheet (which is time-consuming and has the
potential for error).

= The approach is not flexible if the set of horses may change (e.g. due to new acqui-
sitions or sales).

= The approach does not readily allow for additional types of cost items to be
introduced.

= It is not easy to produce other forms of reports, such as the total expenditure by
cost category (e.g. total stables cost).

The file ChS$.2.DataStr.Horses.2.Database.xlsx shows an example of the
data-driven approach, resulting from recognising that the situation is dominated
by the volume of data, and also that the size of the data sets is not fixed. In this
case (Figure 5.4) the underlying elements are recorded as a database (whose rows
may be presented in any order, of course), so that the month, horse name and item
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| B | & | D | E |
1 —
2 —
3 | Month B3 Horse Name B3 item B2 Amount (5) B2
4 Jan MYSTERY RIDER Stables 152
5 | Jan MYSTERY RIDER Food 160
6 | Jan MYSTERY RIDER Transport 12
7| Jan MYSTERY RIDER Veterinary 55
8 | Jan MYSTERY RIDER Other 118
9 | Jan MOCHOCINQ  Stables 87
10 Jan MOCHOCINCG Food 160
1| Jan MOCHOCING  Transport 31
12 | Jan MOCHOCINO  Veterinary 128
13| Jan MOCHOCINQ  Other 33
14 Jan FABLED STORY Stables 68
15| Jan FABLED STORY Food 128
16 | Jan FABLED STORY Transport 82
17| Jan FABLED STORY Veterinary 16
18 Jan FABLED STORY Other 24
19| Jan SUPER HERQ  Stables 58
n lan clipCcD Uucnm Crmed 117

FIGURE 5.4 Underlying Data Set as a Single Database
B | C | ]| E| F | &

1 —
2 | |SUMIFS
3 —
4 | |General Horse Mont Item Total
=7 ) MOCHOCING Feb Tran: 38
5_
7 | |HORSE lan Feb Mar _.
8 | |MYSTERY RIDER 497 447 447
9 | |MOCHOCINO 440 457 487
10 | FABLED STORY 31B| 346, 349
11| |SUPER HERO 558| 7T11| 456
12| |MONTHY PYTHON 513 463 492
13 | |FLYING CIRCUS 407 363 548
14 | NO JOKING 347 284 404
15| |WHEELIE BIN 323| 399| 377
16 | |YOU CAN'T MAKE IT UP 512| 524 588
17 |
18 | |TOTAL 3914 3992 4147
19|
20
21| [pataBase CE i Mont item DSUM
22 | MOCHOCINO Feb Tran: 38.2
72

FIGURE 5.5 The Reports Worksheet Using SUMIFS, Database Functions or a PivotTable
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description become database fields which can be used to generate various reports. The
Reports worksheet (shown partly in Figure 5.5) then creates the desired reports using
either the SUMIFS function, or Database functions or a PivotTable (as desired).

Note also that in many more-complex applications, the query stage (shown as the
reporting stage in the above example) would be linked to further additional (global)
assumptions that would drive further calculations. For example, one may wish to see
the aggregate effect of a percentage variation in all stables’ costs.



Designing the Workhook Structure

INTRODUCTION

This chapter discusses issues relating to the design of the overall workbook structure.
These include the use of linked workbooks, the number of worksheets, the role of each
worksheet and the data structures used. It is probably fair to say that insufficient atten-
tion is generally paid to such issues. We present a set of generic base practice structures
in terms of the placement of data and calculations, as well as tools and techniques to
select or consolidate data that is used across multiple worksheets.

Designing Workhbook Models with Multiple Worksheets

This section presents some general principles relating to overall model structure, espe-
cially the use of linked workbooks, and the role of each worksheet in models with
multiple worksheets.

Linked Workbooks

In principle, models should be self-contained within a single workbook, and not have
links to other workbooks. The main reason is to avoid potential errors that can other-
wise easily arise, yet be hard to detect:

If structural changes are made to a source workbook (e.g. the addition/deletion of
rows or columns, renaming of the workbook or of a worksheet) when the desti-
nation workbook is not open, then such changes will generally not be reflected in
the formulae in the (closed) destination workbook. For example, the link may be
altered to refer to last month’s oil price rather than this month’s. As a result, one
cannot know a priori whether the linked cells in a destination workbook are linked
to the correct cells in the source workbook or not. Thus, such models are inher-
ently prone to errors. In principle, an “audit” would be required every time the
model is used. Clearly, this is not only impractical but also highly unsatisfactory if
one wishes to have reliable and efficient models.

If numerical changes are made (such as to run sensitivity analysis) within linked
workbook structures, the results may be incorrect unless all workbooks are open
at the same time.
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In practice, it may not always be possible to avoid linking workbooks. Frequently,
there is a need to access a centralised data set in another workbook (such as that
of a company’s standard oil price forecast). Similarly, the output of a set of indi-
vidual analysts” work may need to be collected into a central reference workbook.
When linked workbooks cannot be avoided, there are two main ways to improve
robustness:

Using “mirror” worksheets. These are worksheets which are identical in structure,
and are placed in each of the source and destination workbook. The objective is to
create indirect links, so that the owner of each workbook can work independently
without having to consider other workbooks:
The mirror sheet in the source workbook is populated from cells within the same
workbook by using direct references to the relevant cells within it (i.e. taking
data from that workbook).
The mirror sheet in the destination workbook is populated by referencing the
corresponding cells in the mirror sheet of the source workbook (thus creating
the links between the workbooks). Note that once the sheets are placed in each
workbook, they should not be changed structurally.
The mirror sheet in the destination workbook is used to populate the main cal-
culations of the destination workbook by using cell references.
Using named ranges in the source workbook for the data that is to be linked, and
referring to such data (from the destination workbook) using these names. In this
way, the correct references will apply even if the cells in the source workbook have
been moved when the destination workbook is not open.

The use of mirror sheets has the advantage that it isolates the linking process in a
very explicit and transparent way. In principle, one can use both methods together (i.e.
in which named ranges are used within mirror sheets). However, once mirror sheets
have been implemented, the additional benefit of the named ranges is only marginal
(whereas using only the named range approach does not isolate the linking process,
nor does it create the same level of transparency about the existence of the linkages).

Muitiple Worksheets: Advantages and Disadvantages

Many traditional models are structured over several worksheets. Reasons often cited
for using multiple worksheets include:

To devote a worksheet to each main item or concept. For example, one may have
a dedicated worksheet for each of revenues, variable costs, capital investments,
depreciation, net asset values, tax, dividends, financing, the income statement, bal-
ance sheet and cash flow statement, and so on.

To ease model navigation or printing (this can also be facilitated using named
ranges, rather than using multiple worksheets).

As a result of the development of a model over time by various analysts. Some-
times, additional parts of the model are simply started in another worksheet to
avoid changing the existing structure or to keep one’s work separate from that of
someone else’s.

It just seemed like a good idea!
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However, there are some key disadvantages of using an excessive number of
worksheets:

Auditing the model is much more cumbersome, time-consuming and error-prone
than it is for a model built in a single worksheet:
The audit paths are three-dimensional and diagonal, with even the following
of basic logical paths requiring one to move between worksheets. On the other
hand, in a single worksheet model, the dependency paths are almost always
either horizontal or vertical (not diagonal). Thus, the complexity, time taken
and potential for errors become significantly larger when multiple worksheets
are involved.
The formulae are larger and look more complex, not least due to the explicit
presence of worksheet names within them.
There are often many repeated formulae and cell references, as items are trans-
ferred from one sheet to another.
There is a higher risk of unforeseen errors, such as the creation of circular references.
The detection and correction of errors by modifying formulae and their linkages is
much harder and cumbersome in multi-sheet calculations.
A single worksheet model generally may be used quite readily as a template. For
example, a model that is developed in a single worksheet could be copied several
times within the same workbook (for example, with each worksheet representing
a business unit, and a consolidation sheet used to aggregate these).

The author’s overall experience is that most models have too many worksheets,
with insufficient attention paid to the appropriate role of each. This is discussed in
detail in the next section.

GENERIC BEST PRACTICE STRUCTURES

In this section, we present the author’s view of some best practice model structures,
especially with respect to the workbook structure and role of each worksheet.

The Role of Multiple Worksheets in Best Practice Structures
In the author’s opinion, the most legitimate uses of using multiple worksheets are:

To create modularised structures. There may be several components (such as busi-
ness units, scenarios, months etc.) with identical structures (at least at the summary
level) and which need to be used individually within an overall model.

To allow for the easy entry or deletion of data sets (see later).

Where several separate (single sheets) or analyses are to be consolidated. For exam-
ple, the sales department may provide a revenue forecast, whereas the engineering
team may provide cost analysis, with the main model using both sets of data to
calculate profit. It would often make sense for the components to be in separate
worksheets (and to have an additional consolidation worksheet) to allow for each
group to update their own models, with each acting as an input to the overall
consolidated model.
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When the structure of the calculations changes significantly between model areas.
For example, the main model may contain a time axis that develops across col-
umns, whereas some input values may be determined from a statistical analysis
of a database, in which the time axis develops in the rows. In such case, it would
often make sense to have the analysis and the main model on separate worksheets.
To create robust links to another workbook using mirror sheets (see above), or to
link to an external data source using a dedicated linking worksheet.

Where it is desired to hide confidential data (by hiding the worksheet and apply-
ing the appropriate password-protection to the workbook structure); this is not a
very robust approach for highly confidential data, but may be considered in less
important cases.

In Figure 6.1, we show some key generic best practice model structures, which are
described in the following text.

Type I: Single Worksheet Models

In single worksheet models, the input data and the calculations are built into a single
sheet. Generally, there will be a presentation, reporting or summary area within the
sheet as well. The author believes that, as a default approach, models should be built in
this way (a view which contrasts with many models observed in practice). Single-sheet
models (if reasonably well-built), will generally have easy (horizontal/vertical) audit
paths, and can also be used as a template for larger models that are constructed by

copying this sheet several times in the same workbook (and can form the basis for Type
III models).

Type II: Single Main Formulae Worksheet, and Several Data Worksheets

In this case, data sheets contain “local” inputs (e.g. that describe data for a business
unit, or a scenario or a month). In principle, these sheets have the same structure as
each other. The overall model will typically require “global” inputs (such as the oil
price that is applicable to all business units); such global inputs may be contained
within the main formula worksheet (so that this main sheet is rather like a Type I
model, albeit also requiring external inputs from the data sheets).

Type | Type Il Type lll
Data Data Local 1 Data + Analysis Local 1
Data Local 2 Data + Analysis Local 2
Data Global Data Local ... Data Global | | Data + Analysis Local ...
| Intermediate | Intermediate
Formulae Formulae Formulae
| Presentation | | Presentation | | Presentation

FIGURE 6.1 Generic Best Practice Model Structures
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Type III: Single Main Formulae Worksheet, and Several Data and Local
Analysis Worksheets

This is similar to Type II models, except that “data” sheets also contain some calcu-
lations which drive the information or values that are ultimately passed to the main
model’s calculations. In the following, we shall continue to refer to such sheets as data
sheets, even as they also contain some calculations. In general, the calculations in each
data sheet may be different to each other: for example, each sheet may represent a
country, with the calculations determining the taxes payable in that country according
to country-specific calculations. However, each sheet would contain a summary area
(generally placed at the top of the sheet), which is structured in the same way across
all sheets, and which contains the information that needs to be passed to the Interme-
diate sheet.

Further Comparative Comments
The following additional points are worth noting when comparing the generic structures:

For simplicity of presentation, Figure 6.1 does not explicitly show additional work-
sheets that would be required to link to other workbooks (i.e. the mirror sheets).
Such worksheets would simply be extra worksheets that would link into the local
data worksheets or the main model sheet.

Although Type I and Type III are typically the appropriate generic structures for
multi-sheet models, they can also be considered as describing possible variations
of the single sheet (Type I) model, i.e. one in which there is a modular structure,
with formulae placed closed to the data which is required within the calculations.
A discussion and an example of this are provided in Chapter 7.

The models of Type II and Type III each contain an Intermediate worksheet which
links into the main formula sheet. This Intermediate sheet contains the result of
a structured query of the data sheets: either using the information on only one of
the data sheets (i.e. an exclusive/selection process) or the information on several of
the sheets at the same time (i.e. a consolidation process, in the general sense). The
final model’s calculations in the main formula sheet are built by referencing this
Intermediate sheet (rather than referencing the individual data sheets). Although
such an intermediate step is not always strictly necessary, generally it allows for
more flexibility in the construction of the main model; the cell links between the
main formula sheet and the Intermediate sheet can be created in any way that is
appropriate for the structure of the main model, whilst the formulae within the
Intermediate sheet would be required to follow the same structure as that of the
data sheets.

When the structures in Type IT and Type III are used, the data sheets within each
should generally have the same structure as each other. This facilitates the pro-
cesses to populate the Intermediate sheet. Nevertheless, their structures do not
need to be identical in all cases. For example, in Type II, each data sheet may con-
tain a database which has the same column (field) structure as in the other data
sheets, even as the number of rows within each may be different. For example, the
Intermediate sheet may be constructed from these using a VBA macro to consoli-
date the data sets one underneath the other.
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When working with Type II or Type III structures, one may also have a template
sheet (contained within the model or held separately) that contains the generic
data sheet structure (Type II) or the generic data and calculations (Type III). This
template can be used to add a new sheet to the model when required (it will gen-
erally be more robust to do this than to copy an existing data sheet, especially if a
macro is used to add it).

The presentation or reporting area may often be an implicit part of the main model
(formula sheet), rather than a separate sheet. In particular, if one wishes to use a
DataTable to show sensitivity analysis (see Chapter 12), then this needs to be on
the same worksheet as the inputs that are varied.

USING INFORMATION FROM MULTIPLE WORKSHEETS: CHOICE
(EXCLUSION) AND CONSOLIDATION (INCLUSION) PROCESSES

In this section, we cover techniques that can be used to access the individual data
sheets, i.e. formulae and processes that can be used in the Intermediate sheet. Some
of the techniques are mentioned only at a summary level here, as they are described
later in more detail in Part V and Part VI. Those methods that relate to Excel
functionality (rather than to its functions or to VBA) are shown with examples in
this section.

It is necessary to distinguish:

Exclusive processes, where data from only one of the sheets needs to be accessed
at any one time (such as with scenario data). The data can be brought onto the
Intermediate worksheet (and subsequently into main model calculations) by:
Using a CHOOSE function (Chapter 25) to directly reference each data sheet.
This is appropriate when the number of data sheets is fixed.
Using the INDIRECT function (Chapter 25) where the number of data sheets
may change (as new sheets are added or deleted). Similar functionality can also
be obtained using VBA user-defined functions (Chapter 33).
Consolidation processes, where data from several of the sheets needs to be accessed
simultaneously (such as to add the revenues of several business units). The data can
be brought onto the Intermediate worksheet (and subsequently into main model
calculations) by:
Using direct cell (or range) references to the data sheets. This is usually straight-
forward, so is not discussed further, other than to note that it is most applicable
and efficient only when the number of data sheets is fixed.
Use formulae that perform calculations across sheets, or which consolidate val-
ues across several sheets in some way. This is most appropriate where the num-
ber of data sheets may vary. Such approaches include using:
Multi-sheet (“3-dimensional”) formulae.
Excel’s Data/Consolidation functionality.
A VBA macro to create a consolidated data set.
User-defined functions that sum (or perform other operations) on the values
in a set of data sheets, with this set (or a range which defines them) being an
input parameter to the user-defined function (see Chapter 33).
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Intermediate Field 1 Field 2 Field 3 Field 4

FIGURE 6.2 Structure of Worksheets in the Workbook

A B C

1

z Month Production
3 Jan 75
4 Feb 75
5 Mar 75
6 April 75
i May 75
8 June 75
g July 7
10 August 75
it September 75
12 October 75
13 November 75
14 December 75

ar

FIGURE 6.3 A Typical Data Sheet for the Summing Across Worksheets Example

Muiti-sheet or "Three Dimensional” Formulae

The file Ché6.1.Consolidate.SumAcrossSheets.1.xIsx contains an example of mul-
ti-sheet formulae.

Figure 6.2 shows the overall worksheet structure of the workbook, which consists
of several data sheets (Field1, Field2 etc.), one of which is shown in Figure 6.3 (that
of Field2).

In Figure 6.4, we show the consolidation formulae used in the Intermediate sheet,
which calculates the sum of the values in the corresponding cells of the data sheets.

Note that the formula is entered in the summary (Intermediate) sheet by:

Typing “=SUM(” within the cell at which one wishes to place the formula.
Selecting the cell in the first sheet that is desired to be included in the sum, so that
the formula then reads (for example) “=SUM(’Field 1’!C3”.

Holding down the Shift key.

Clicking on the tab name of the last sheet to include (such as Field4).

Within the Formula Bar, adding the closing bracket and pressing Enter.

It is very important to note that the worksheets included within the sum are deter-
mined by their physical placement in the model (not by their number), so that in the
example file, if the data sheet Field3 were moved to be to the right of Field4, then the
data for Field3 would not be included in the summation.

Note also that functions such as AVERAGE and COUNT can be used in
the same way.
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A A B & D

1 -

29 Month Production

3 | Jan 675 =SUM('Field 1:Field 4'1C3)
sl Feb 675 =SUM('Field 1:Field 4'IC4)
3 | Mar 675 =SUM('Field 1:Field 4'1C5)
6|  April 675 =SUM('Field 1:Field 4'1C6)
7| May 675 =SUM('Field 1:Field 4'lC7)
8 | June 675 =SUM|('Field 1:Field 4'IC8)
g July 675 =SUM('Field 1:Field 4'1C9)
10| August 675 =SUM('Field 1:Field 4'1C10)
11 September 675 =SUM('Field 1:Field 4'1C11)
12| October 675 =SUM('Field 1:Field 4'1C12)
13 MNovember 675 =SUM('Field 1:Field 4'1C13)
14 December 675 =SUM('Field 1:Field 4'1C14)
15

FIGURE 6.4 Summing Across Ranges of Worksheets

A A B c | D E i it .t W

1 -

5 Consolidate ? *
3 | | Fundtion:

| ]

4 Sum ~

5 Reference:

6 | Rz Browse..,
7 All references:

2 ‘Field 1'15B52:5C514 Add

g g ‘Field 2'15B52:5C514

—~ Field 31SB52:5C514 Delete
11' Use labels in

12 Iop row
13 Left column [ Create links to source data
14
1
4c

FIGURE 6.5 Using Excel’s Data/Consolidation Feature

Using Excel’s Data/GConsolidation Functionality

The Consolidation icon on the Data tab can be used to consolidate data, either by
using their values (by not retaining the links to the original data sets), or by creating
direct formula links to the data sets (which would be cumbersome to create otherwise).

The file Ch6.2.Consolidation.Data.SameStructure.xlsx contains an example. Mul-
tiple tables of data with the same structure can be consolidated (using Data/Consoli-
dation), with an example dialogue shown in Figure 6.5. In the dialogue box as shown,
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A B C D

1

2

3 Production
4 Jan 300
5 Feb 300
6 Mar 300
7 April 300
8 May 300
9 June 300
10| |uly 300
11 August 300
12 September 300
13 October 300
14 MNovember 300
15 December 300
16

FIGURE 6.6 Results of Consolidating Without Links to Source Data

the option to link to the source data has not been used, resulting in a consolidation as
shown in Figure 6.6.

Figure 6.7 shows the results that would be produced if the “Create links to source
data” option had instead been selected (see Figure 6.5). Note that in this case, the pro-
cess produces grouped rows in this case. This approach retains live links to the data sets
(so that the underlying values can be changed), but would only generally be appropri-
ate if the number of data sets and their size is fixed (otherwise the process would need
to be repeated, and overwrite the original formulae links, and so on).

Consolidating from Several Sheets into a Database Using a Macro

The above approaches have consolidated the values in the data sets in the sense of
(generally) adding the values together. In some cases, a consolidation of the data sets
may be desired in which the values of individual data are retained when transferred
to the Intermediate sheet (i.e. without any calculations being performed). One way to
create a single database of the data sets in the Intermediate sheet is by using a macro
to sequentially assign the values in one data sheet into the Intermediate sheet, placing
the data sets one under the other (see Chapter 32). Such an approach is essentially
identical, irrespective of whether the number of data sheets is fixed or is variable.
Note that where (especially for Type III) the data sheets are not identically structured
to each other, only the (identically structured) summary part of each sheet should be
copied. In such a structure, the main calculations (formulae sheet) will contain que-
ries that refer to the Intermediate sheet (such as using SUMIFS, Database or other
functions).

One potential disadvantage of this approach is the lack of live-linking from the
data sets to the final calculations. Thus, a direct sensitivity analysis (in which values of
items in the data sheets are varied) could not be conducted. On the other hand, whereas
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[1] 2] A | B C : D

1

2 Production

3 100 ='Field 1'15C33

4 75 ='Field 2'1$C33

5 125 ='Field 3'15C33
-] s Jan 300 =SUM(C3:C5)

7 100 ='Field 1'15C34

8 ='Field 2'15C54

9 125 ='Field 3'1SC34
-] 10 Feb 300 =SUM(C7:C3)
[+] 12 Mar 300 =SUM(C11:C13)
[+] 18 April 300 =SUM(C15:C17)
[+ 22|  |may 300 =SUM(C19:C21)
[+] 26 June 300 =SUM(C23:C25)
[+ 30| Dy 300 =SUM(C27:C29)
[+] 34 August 300 =SUM(C31:C33)
[+] 38 September 300 =SUM(C35:C37)
[+] October 300 =SUM(C39:C41)
[+] 26 November 200 =SUM(C43:C45)
E 50 December 300 =SUM(CA7:CA3)

51

FIGURE 6.7 Results of Consolidating with Links to Source Data

such sensitivity could be conducted with macros (see Chapter 14), in many cases the
items that would be varied would not be the individual detailed items in the data sets,
but those that result from the intermediate queries.

User-defined Functions

User-defined functions (udfs) can be written which use a sheet name (or the names of
multiple sheets) as an input parameter(s). They can be created to perform essentially
any operation on the underlying data sets (and placed within the Intermediate sheet, or
perhaps directly in the main model calculations, as appropriate). For example:

To select the values in the same cell of a data sheet, where the name of the data
sheet is an input parameter to the udf.

To perform operations on the data within a single data sheet, where the name of
the data sheet is an input parameter to the udf.

To perform operations on the data within multiple sheets (such as add up the val-
ues in the same cell reference of several sheets), where a range of cells containing
the names of the data sheets is an input parameter to the udf.

These basic elements of these approaches are covered in Chapter 33.
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Creating Transparency: Formula
Structure, Flow and Format

INTRODUCTION

This chapter covers some key ways to enhance the transparency of a model. This
represents an important aspect of best practices, since it is one of the major approaches
to reducing the complexity of a model. The main themes relate to:

Putting oneself in the place of an auditor, since doing so helps one to understand
the causes of complexity, and hence to determine characteristics of better (less
complex) models.

Drawing clear attention to the location of inputs, calculations and outputs.
Ensuring that audit paths are clear, and are as short as possible. (Achieving this is
also linked to the discussion of workbook structure in Chapter 6.)

The appropriate use of formatting, comments and other documentation.

APPROACHES TO IDENTIFYING THE DRIVERS OF COMPLEXITY

Taking the Place of a Model Auditor

Perhaps the best way to gain an understanding of what is required to maximise trans-
parency is to do one (ideally both) of the following;:

Review large models that have been built by someone else. When doing so, one is
almost invariably struck by their complexity, and the difficulty in understanding
their detailed mechanics. It seems that there is unlimited creativity when it comes
to building complicated models! Especially by reviewing several models from
different contexts, one can start to establish common themes which add complexity
unnecessarily. Indeed, many of the themes in this chapter were determined in this
way through the author’s experience.

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 59
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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Restructure a clear and transparent model (perhaps built by oneself), with
the deliberate aim of making it as hard to follow and as complex as possible,
yet leaving the calculated values unchanged (i.e. to create a model which is
numerically correct but difficult to follow). It is usually possible (with only a
few steps) to turn a small and simple model into one which produces the same
result, but with a level of complexity that is overwhelming, and renders the model
essentially incomprehensible. This approach is a particularly powerful method to
highlight how excessive complexity may develop, and therefore what can be done
to avoid it.

The “principle of entropy” applies to models: the natural state of a system is
one of disorder, and most actions tend to increase this. Crudely speaking, there
are many ways to form a pile of bricks, but the creation of a stable wall, with
solid foundations that are sufficient to support the weight above it, requires proper
planning and design, the right selection from a range of possible materials, and
robust implementation processes. Analogous comments apply to Excel models and
their components: the creation of clear and transparent models requires planning,
structure, discipline, focus and explicit effort, whereas poor models can be built in
a multitude of ways.

Example: Creating Complexity in a Simple Model

Following the discussion in Chapter 3, any action which increases complexity without
adding required functionality or flexibility is the antithesis of “best practice”; the use
of such complexity-increasing actions is therefore a simple way to highlight both the
causes of complexity as well as identifying approaches to reducing it.

As a simple example, Figure 7.1 shows a small model whose key output is the
profit for a business, based on using input assumptions for price, volume and costs. The
model should be almost immediately understandable to most readers without further
explanation.

This model could provide the same results, with a lot less transparency if one were to:

Remove the formatting from the cells (Figure 7.2).

A B G
1
2 Data/Assumptions
3 Price 10
4 Volume 1000
5 Cost 2000
6
7 Calculations
8 Revenues 10000
G Profit 2000
10
1 Output
12|  [profit | 2000

FIGURE 7.1  An Initial Simple and Transparent Model
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Remove the labels around the main calculation areas (Figure 7.3).

Move the inputs, calculations and outputs to different areas of the Excel workbook
(Figure 7.4). Although it is not shown as an additional explicit Figure, one can
imagine an even more complex case, in which items were moved to other work-
sheets or indeed to other workbooks that are linked. Indeed, although one may
consider that the presentation of items in Figure 7.4 looks unrealistic, it is a micro-
cosm of the type of structures that are often inherent in models in which calcula-
tions are structured over multiple worksheets.

Core Elements of Transparent Models

The key points that can be established by reference to the above example concern
the techniques that could be applied in reverse, i.e. to start with a model such as in
Figure 7.4 (or perhaps the more complex version with some of the items contained
in other worksheets or in linked workbooks), and to can transform it into a clear

A B L5
]
2 DatafAssumptions
3 Price 10
4 Volume 1000
5 Cost 8000
]
7 Calculations
8 Revenues 10000
9 Profit 2000
10
11 Output
12 Profit 2000

FIGURE 7.2 Initial Model Without Formatting

A B &

1

2

3 Price 10
4 Volume 1000
5 Cost 8000
6

T

8 Revenues 10000
9 Profit 2000
10

1

12 Profit 2000

FIGURE 7.3 Initial Model Without Formatting and Some Labels
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A B C D E F G H
1
2 Revenues 10000
3 Cost 2000
4
5
6 Price 10
T
8 Volume 1000
9
10
11 Profit 2000
12 Profit 2000

FIGURE 7.4 Restructured Model with Moved Items

model (i.e. as shown in Figure 7.1). This would require a few core elements, that also
encompass many elements of general best practices:

Using as few worksheets (and workbooks) as possible (see Chapter 6 for a detailed
discussion of this).

Grouping together inputs, as well as calculated items that are related to each other.
Ensuring that audit paths are generally horizontal and/or vertical, and are as short
as possible subject to this.

Creating a clear direction of logical flow within each worksheet.

Clearly distinguishing inputs, calculations and outputs, and overall logic and flow
(by use of their positioning, format and labels).

These issues (and other related points) are discussed in detail in the rest of
this chapter.

OPTIMISING AUDIT PATHS

A core principle to the creation of transparency (and a reduction in complexity) is to
minimise the total length of all audit paths. Essentially, if one were to trace the depend-
ency and precedence paths of each input or calculation, and sum these for all inputs,
the total length should be minimised. Clearly, a model with this property is likely to
be easier to audit and understand than one in which there are much longer depend-
ency paths.

Another core principle is to ensure that audit paths are generally horizontal and
vertical, with a top-to-bottom and left-to-right flow.

These principles are discussed in this section. We note that the principles are gen-
erally aligned with each other (although may conflict in some specific circumstances),
and that there may also be cases where a strict following of the principle may not max-
imise transparency, with the “meta-principle” of creating transparency usually needing
to be dominant, in case of conflicts between the general principles.
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Creating Short Audit Paths Using Modular Approaches

An initial discussion of modular approaches was covered to some extent in cover in
Chapter 6. In fact, although that discussion was presented within the context of the
overall workbook structure, the generic structures presented in Figure 6.1 are more
widely applicable (including at the worksheet level); indeed, Figure 6.1 is intended to
represent model structures in general.

In this section, we discuss the use of modularised structures within workbook cal-
culation areas. We use a simple example to demonstrate how such structures are often
more flexible, transparent and have shorter audit paths than the alternatives.

The file Ch7.1.InputsAndStructures.xlsx contains several worksheets which
demonstrate various possible approaches to the structure and layout of the inputs and
calculations of a simple model. Despite its simplicity, the example is sufficient to high-
light many of the core principles above.

Figure 7.5 shows SheetA1 of the file, which creates a forecast based on applying
an assumed growth rate in each period, and with the input assumptions (cells C3:D3)
held in a central area, with the calculations based on these being in Row 8 and Row 9.

This is a structure that is frequently observed, and indeed it conforms to best prac-
tices in the sense that the inputs are held separately and are clearly marked. However,
one can also observe some potential disadvantages:

The audit paths are diagonal (not purely horizontal or vertical).

It would not be possible to copy the calculation area, were it desired to add another
model component with the same logic (such as a revenue for an additional prod-
uct, or a cost item). Figure 7.6 shows the incorrect formulae that would result if
a copying process were to be conducted (Sheet A2 of the file). (This is because the
cell references in the assumptions area and those in the new copied range are not
positioned relative to each other appropriately, a problem which cannot be cor-
rected by the use of absolute cell referencing, except in cases where assumptions
are of a global nature to be used throughout the model.)

Of course, the formulae in Row 11 and Row 12 can be corrected or rebuilt, resulting
in a model shown in Figure 7.7 (and in SheetA3 of the file).

Assumptions |Starting Sm Growth % p.a.

1
Z
3 | Revenue '\_Etl N EAEF;E__
4

<3

& | | Te017] 2018 2019 2020]

7

3 Revenue ™ 1bq 10! 3| 115.8|=G8*(1+H3)
g % Growth [5.0% *5.0% *5.0%|=4D3

10

1

12

FIGURE 7.5 Simple Forecast with Centralised Assumptions
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A B C D E F G H
1
2 Assumptions |Starting Sm Growth % p.a.
3 Revenue 100 5.0%
4 Cost 80 3.0%
3
6 | 2017 2018 20193 2020}
7
8 Revenue 100|105.0 110.3 115.8|=G8*(1+H9)
g % Growth 5.0% 5.0% 5.0%|=%D3
10
11 Cost 0f 0.0 0.0 0.0]=G11*(1+H12})
12 % Growth 0.0% 0.0% 0.0%|=5D6

FIGURE 7.6  Centralised Assumptions May Inhibit Copying and Re-using Model Logic

A B B D R
1
2 Assumptions |Starting Sm Growth % p.a.
3 Revenue 100 5.0%
4 Cost Nc Nc%
5
6 | e017] 2018 2019 2020|
7 NN
8 Revenue 10Q) 1&.&5 3| 115.8|=G8*(1+H9)
s | |%Growth 15,0% *5.0% *5.0%| =503
10
1| [cost * =b| 82\.\3@1\{\38?.4 =G11%(1+H12)
12| [% Growth 143,09 “3.0% *3.0%| =34

FIGURE 7.7 The Corrected Model and Its Audit Paths for the Centralised Structure

Note that an alternative approach would be to use “localised inputs”. Figure 7.8
(SheetA4 in the file) shows the approach in which the calculations use values of the
inputs that have been transferred from the central input area into the corresponding
rows of the calculations. Note that the initial calculation area (Row 8 and Row 9) can
then be copied (to Row 11 and Row 12), with only the cells in the transfer area (cells
C11 and D12) needing to be relinked; the completed model is shown in Figure 7.9 (and
contained in SheetAS of the file).

The approach with transfer areas largely overcomes many of the disadvantages of
the original model, in that the audit paths are horizontal and vertical (not diagonal),
and the calculation areas can be copied. Note also that the total length of all audit paths
in this approach is shorter than in the original model: although a single diagonal line
has a shorter length than that of the sum of the two horizontal and vertical lines that
arrive at the same point, the original model has more such diagonal lines: for example,
in Figure 7.7, there are three diagonal lines from cell C3, whereas in Figure 7.8, these
are replaced by a single vertical line and three shorter horizontal lines.
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A B C D E F G H |
1
2 Assumptions |Starting Sm Growth % p.a.
3 Revenue 100 5.0%
4 Cost 20 3.0%
3
6 |2017] 2018 2019 2020|
7
8 Revenue 106 100| 105.0 110.3 115.8|=G8*(1+H3)
g % Growth s S-H%=5-8%*5.0%|=5D9
10
1 Cost 0| 0.0 0.0 0.0|=G11*{1+H12)
12 % Growth 0.0% 0.0% 0.0%|=5D12

FIGURE 7.8 Centralised Inputs with Transfer Areas to Create Modular Structures

Al B € D e I
;
2 |starting Sm Growth % p.a. | 2017| 2018 2019 2020|
3
4| [revenue 100 100] 105.0| 110.3  115.8|=Ga*(1+H5)
5| |%Growth 5.0% 5.0% 5.0% 5.0%|=3D5
’U‘ I |LUJ.f| AUl £uLs LULUI
7
8 | [revenue e 100] 105.0| 110.3 115.8|=G8*(1+H9)
9 | |%Growth 5.0% 5.0% 5.0% 5.0%|=3D9
10
11| [cost 80 80| 82.4 849 87.4|=G11%(1+H12)
12|  |%Growth e 3-6%+3-6%=3.0%|=5D12

FIGURE 7.9 Audit Paths for Final Model with Centralised Inputs, Transfer Areas and
Modular Structures

It is also worthwhile noting that, whilst diagonal audit paths can be easy to follow
in very small models, they are very hard to follow in larger models, due to the difficulty
of scrolling diagonally. Hence the importance of having only horizontal and vertical
paths as far as possible.

The above approach, using modularised structures and transfer areas for the cen-
tralised assumptions, has the potential advantage that all inputs are shown in a single
place. It also has some disadvantages (albeit less significant than in the original model):

The risk of incorrectly linking the cells in the transfer area to the appropriate inputs.
The audit paths from the centralised input area to the transfer area may be long
(in large models).

There is a duplication of input values, with those in the transfer area being “quasi
inputs” or “calculated inputs”, or “false formulae” (and thus having a slightly
ambiguous role, i.e. as to whether they are inputs or calculations).
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An alternative approach is therefore to use fully modularised structures from the
beginning. Figure 7.10 (SheetB1 in the file) shows the use of a fully modularised struc-
ture for the original (revenue only) model.

Figure 7.11 (Sheet B2 in the file) shows that the original module can easily be
copied and the input values altered as appropriate. It also shows the simple flow of the
audit paths, and that they are very short.

It is also worth noting that the length of the audit paths in this approach is in pro-
portion to the number of modules (since each module is self-contained), whereas in the
approach shown in Figure 7.9, the audit paths are not only longer, but also have a total
length which would increase according to the square of the number of modules (when
in the same worksheet): the audit path from the central area to any new module has
a length which includes all previous modules. Therefore in a larger model such as one
would typically have in real life, the modular approach affords much better scalability.

In terms of linking this discussion to the structure presented in Chapter 6, we
noted that the generic best practices structures (Figure 6.1) may apply at the worksheet
level as well as at the workbook level. Thus, the fully modularised structure represents
part of a Type III structure (in which only the local data and calculations have been
completed, but these have not yet been brought together through the intermediate cal-
culations, such as that of profit as the difference between revenue and cost, nor linked
to other global assumptions (such as an exchange rate) that may be relevant in general
contexts).

Note that, the placement of “local” inputs within their own modules does mean
that not all the model’s inputs are grouped together (with only the globally applicable
inputs held centrally). However, this should pose no significant issue, providing that
the inputs are clearly formatted, and the existence of the modularised structure is clear.

Al @ e D R |
1

2 |starting $m Growth % p.a. | 2017| 2018 2019 2020|

3

4| [revenue 100 100] 105.0 110.3 115.8|=G4%(1+Hs)
5 | |%Growth 5.0% 5.0% 5.0% 5.0%|=3D5

—

FIGURE 7.10  Fully Modular Structure with Localised Assumptions

Al @ C D E| F| 6| H

1

2 |starting $m Growth % p.a. |2017] 2018 2019 2020}

3

4| [revenue —- 100[ 105.0/ 110.3] 115.8]=Ga*(1+H5)
5 | |%Growth s 5-0%>5:0%*5.0%| =$D5

6

7| |cost - 80| 83.2 86.5 90.0|=G7*(1+H8)
8 | |%Growth e 4-0%>4-0%>4.0%|=3D8

FIGURE 7.11 Reuseable Logic and Short Audit Paths in the Modular Structure
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Creating Short Audit Paths Using Formulae Structure and Placement

The creation of short audit paths is not only driven by workbook and worksheet
structure, but also by the way that formulae are structured. Generally speaking, the
paths used within formulae should be short, with any required longer paths being
outside the formulae (and using simple cell references as much as possible), i.e. “short
paths within formulae, long paths to link formulae”.

For example, instead of using a formula such as:

H18 = SUM(A1: A15, C1:C15, E1:E15)
one could split the calculations:

A18 = SUM(A1: A15)
C18 = SUM(C1: C15)
E18 = SUM(E1: E15)
H18 = A18+C18+E18.

In a sense, doing the latter is rather like using a modular approach in which the
ranges A1:A15, C1:C15 and E1:E15 are each input areas to the calculations of each
module (with each module’s calculations simply being the SUM function), and where
the final formulae (in cell H18) is used to bring the calculations in the modules together.

Note once again that the latter approach has shorter total audit paths, and also
that it is much easy to audit, since the interim summation calculations are shown
explicitly and so are easy to check (whereas to detect a source of error in the original
approach would be more complex).

Such issues become much more important in models with multiple worksheets. For
example, instead of using a formula (say in the Model sheet) such as:

B18 = SUM(Datal!Al: A15, Data2!Al: A15, Data3!Al: A15)

the alternative is to build the summation into each of the worksheets Datal, Data2
and Data3:

A18 =SUM(A1: A1S)

and in the Models worksheet, use:

B18 = Datal!A18 + Data2! A18 + Data3!A18.

This example highlights the fact that, where dependent formulae may potentially
be placed at some distance from their inputs, it is often better to restructure the cal-
culations so that the components required in the formula are calculated as closely
as possible to the inputs, with the components then brought together in the final
calculation.

Note that, in addition to the general reduction in the total length of audit paths
that arise from using this approach, it also less error-prone and sometimes more com-
putationally efficient. For example, when using the original approach (in which the
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formula sums a range that is on a different sheet), it is more likely that changes may
be made to the range (e.g. to Datal!A1:A1S5), such as adding a new data point at the
end of the range (i.e. in Cell A of Datal), or cutting out some rows from the range, or
introducing an additional row within the range. Each of these may have unintended
consequences, since unless one inspects all dependents of the range before making such
changes, errors may be introduced. Where the range has many dependent formula,
this can be cumbersome. Further, it may be that a summation of the range is required
several times within the model. To calculate it each time (embedded in separate formu-
lae), is not only computationally inefficient, but also leads to the range having many
dependents, which can hinder the process of checking whether changes can be made to
the range (e.g. adding a new data point) without causing errors.

Finally, note also that when working with multi-worksheet models, it can also be
helpful to use structured “transfer” areas in the sheets (to take and pass information to
other sheets), with these areas containing (as far as possible) only cell references (not
formulae). These are rather like the mirror sheets to link workbooks, as discussed in
Chapter 6, but are of course only ranges in the worksheets, rather than being whole
worksheets. In particular, cross-worksheet references should generally only be con-
ducted on individual cells (or ranges) and not within formulae.

Optimising Logical Flow and the Direction of the Audit Paths

The way in which logic flows should be clear and intuitive. In principle, this means that
generally, the logic should follow a left-to-right and top-to-bottom flow (the “model as
you read” principle). This is equivalent to saying that the audit paths (dependence or
precedence arrows) would also follow these directions. If there is a mixed logical flow
(e.g. most items at the bottom depending on those at the top, but a few items at the top
depending on those at the bottom), then the logic is hard to follow, the model is difficult
to adapt, and there is also a higher likelihood of creating unintentional circular references.

In fact, there are cases where the strict interpretation of the “model as you read”
principle may not be optimal. For example, in forecast models where historic informa-
tion is used to calibrate assumptions, the flow may often be reversed at some points in
the model. Figure 7.12 shows an example of a frequently used structure in which the
historic growth rate (Cell D4) is calculated in a “model as you read” manner, whereas
the forecast assumptions (in cells E4:G4) are subsequently used in a bottom-to-top flow.

Note that the strict adherence to the “top-to-bottom” principle can be achieved.
Figure 7.13 shows such a case, which uses historic data (for 2015 and 2016) as well as
forecast assumptions. (The formula is analogous to when updating with actuals, as dis-
cussed in Chapter 22, using the functions such as ISBLANK.) Thus, whilst the principle
has been fully respected, the model is larger and more complex.

The flow may also need to be compromised where summary calculations are shown
at the top of the model, or toward the left-hand side. For example, in a 30-year forecast, in

A B C D E F G
1
2 Model 1: Some bottom-to-top flow 2015 2016 2017 2018 2019
3 Revenues "-—h__ﬂg_(l.hﬂ : 410.0 430.5 452.0 488.2
4 % growth N 2.5% I 5.0% 5.0% 8.0%

=

FIGURE 7.12 A Frequent (Often Acceptable) Violation of the “Model as You Read” Principle
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Model 2: Only top-to-bottom flow 2015 2016 2017 2018 2019
Revenues - historic 400.0 410.0 420.0

% growth - historic MNA 25% 2.4%

% growth - future A MA 5.0% 5.0% 8.0%

% growth - to use MNA 25% 2.4% 5.0% 8.0%
Revenues - to use 400.0 410.0 420.0 441.0 476.3

FIGURE 7.13  Strict Adherence to the “Model as You Read” Principle May Not Always Be Best
from the Perspective of Simplicity and Transparency

A B < (¥} E F G H | J K L M M (2] P Q R S

[ [starting Sm Growth % p a. |Total 2018-20 [Total 2021-25| 2017] 2018 2018 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

Revenue 671.6] 100]105.0 110.3 115.8 1216 1276 134.0 140.7 147.7 155.1 162.9 1710 179.6

331.0
i

1
2
3
4
5
&
T
]

% Growth |5.€l9i 5.0% 5.0% 5.0% 5.0% 5.0% 50% 5.0% 50% 5.0% 5.0% 5.0%
Cost 250.7) 506.9| B0| B3.2 865 900 936 973 1012 105.3 109.5 113.9 1184 123.2 1281
%% Growth | 4.0% 4.0% 4.0% 4.0% 4.0% 40% 4.0% 40% 40% 4.0% 4.0% 4.0%

FIGURE 7.14 The Optimal Placement of Summary Information May Compromise the
Flow Principle

which each column represents a year, one may wish to show summary data (such as total
revenues for the first 10 years) toward the left of the model (such as after the revenue label)
(see Figure 7.14). Note that the summation calculations (in Column E and Column F)
refer to items to their right, and therefore violates the principle. The advantages of doing
so include not only the visual convenience of being able to see key summary information
toward the left (or the top) of the model, but also that respecting the principle would
mean that the summary calculations are placed 30 columns to the right, i.e. in a part of the
model that is likely not to be viewed, and which may be overwritten inadvertently (e.g. if
adjustments are made to the model’s calculations and copied across the columns).

The flow principle also typically needs to be compromised in financial statement
modelling, since the interrelationships between items often mean that trying to achieve
a strict top-to-bottom flow would require repetitions of many items, resulting in a larger
model. For example, when calculating operating profit, the depreciation charge would
need to refer to the fixed asset calculations, whereas the capital expenditure items may
be related to the sales level. A pure top-to-bottom flow would therefore not be able to
create the financial statements directly; rather, the statements would be created towards
the end of the modelling process by referring to individual items that have already been
calculated. On the other hand, a smaller model may be possible, in which the statements
are determined more directly, but which would require a less clear flow.

IDENTIFYING INPUTS, CALCULATIONS AND OUTPUTS: STRUCTURE
AND FORMATTING

It is important to highlight the identity, role and location of the various components of
the model. Clearly, some of this can be done through structural methods: for example,
in a simple model, one may hold all inputs in a single area, so that their location is clear
without much other effort being required. In more complex cases, inputs may be held
in several areas (global inputs and those for each module), and so on.
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The Role of Formatting

Formatting of cells and ranges has several important roles:

To highlight the structure, main components and logic flow. Especially the use of
borders around input and calculation blocks (and modules) can create more trans-
parency and assist a user’s understanding. In that sense, this compensates for the
lack of “influence diagrams” in Excel.
To highlight inputs (see below for a detailed discussion).
To highlight outputs. Whilst many modellers pay some attention to the formatting
of inputs, the benefit of doing so for outputs is often overlooked.
To draw attention to the occurrence of specific conditions (generally using Condi-
tional Formatting):
To highlight an error, for example, as detected by an error-checking calculation
when the difference between two quantities is not zero.
If specific criteria are met, such as if the revenue of one product becomes larger
than that of another.
To highlight key values in a data set (such as duplicates, large values etc.); see the
options within the Conditional Formatting menu.
In large tables of calculations in which many elements are typically zero, then
it can be useful to de-emphasise cells which contain the value of zero (appli-
cations include error-checking calculations, and the triangular calculations for
depreciation formulae, discussed in Chapter 18). Conditional Formatting can
be used to set the font of zeros to light grey whilst non-zero values remain in
the default font. Note that the use of light grey (rather than white, for example)
is important to ensure that a user is not led to implicitly believe that the cells
are fully blank.
To assist in model auditing. For example, when using the F5 (GoTo) Special, as
soon as one has automatically selected all cells that contain values, one can format
these (at the same time) so that there is a record of these.

Colour-coding of Inputs and Outputs
The inputs to a model may in fact have different roles:

Historical data (reported numbers that will not change, in principle).

Conversion factors (e.g. years to months, grams to ounces, thousands to millions)
or other parameters which would not be meaningful to change. (Arguably, it is
acceptable to include such constants within calculations or formulae, rather than
placing them in a separate cell that is then referred to by the formulae.)

Decision variables, whose value can be chosen or selected by a decision-maker. In
principle, the values are to be chosen optimally (although they may also be used in
a standard sensitivity analysis).

Uncertain variables, whose values are not directly controllable by the
decision-maker (within the context of the model). Beyond standard sensitivity
analysis, simulation techniques can be used to assess the range and probability of
the possible outcomes.
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Text fields are inputs when they drive some calculations (such as conditional
summations which are used in subsequent calculations, or to create a summary
report). In such cases, one needs to make sure not only that these fields are spelled
correctly, but also that the input is placed in the model only once (for otherwise,
sensitivity analysis would give an incorrect result). Thus, an initial text string can
be colour-coded or formatted as would be any other input, and placed only once
in the model, with all subsequent uses of the text field being made by cell reference
links to the unique original entry.

Databases. In principle, any database entry which is used in a query that feeds a
model or a report is an input (as are the field names where Database functions or
PivotTables are used). Thus, in theory, most elements of a database should be for-
matted as inputs (e.g. with shading and colour-coding). In practice, this may not be
the optimal way to present a database, due to the overwhelming amount of colour
that may result. Further, it is usually implicitly quite clear from the context that the
whole database is essentially a model input (and for this reason, this point often
escapes explicit consideration entirely). Further, where an Excel Table is used, the
overriding of Excel’s default formatting for such objects is usually inconvenient,
and may be confusing.

“False formulae”. In some cases, it can be convenient to replace input values with
formulae (see Figure 7.9, for example). In such cases, in a sense, the cells containing
such formulae nevertheless represent model inputs, not least because the model
would be valid if the process were reversed and these formulae were replaced with
hard-coded values. (This contrasts with most model contexts, in which the replace-
ment of a calculated field by its value would generally invalidate the model, except
for the single base case.)

Regarding outputs, the knowledge of which calculations represent the model’s
outputs (and are not simply intermediate calculations that are of no interest by them-
selves) is central to understanding the objectives of the model and modelling process.
If the identities of the outputs are not clear, it is in fact very hard for another user
to understand or use the model. For example, it would not be clear what sensitivity
analysis should be conducted (if at all), or what results should be used for presenta-
tion and decision-support purposes. Generically speaking, the outputs include all
of the items that are at the very end of the dependency tracing path(s), for other-
wise calculations have been performed that are not required. However, outputs may
also include some intermediate calculations that are not at the end of dependency
paths, but are nevertheless of interest for decision-making purposes. This will be
compounded if the layout is poor (especially in multi-sheet models and those with
non-left-to-right flows), as the determination of the identity of items at the end of the
dependency paths is a time-consuming process, and not one that is guaranteed to find
all (or even the correct) the outputs. Therefore, in practice, the identity of the full set
of outputs (and only the outputs) will not be clear unless specific steps are taken to
highlight them.

The most basic approaches to formatting include using colour-coding and the
shading of cells, using capitalised, bold, underlined or italic text, and placing borders
around ranges. In principle, the inputs could be formatted according to their nature.
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However, this could result in a large number of colours being used, which can be
visually off-putting. In practice, it is important not to use an excessive range of colours,
and not to create too many conditions, each of which would have a different format:
doing so would add complexity, and therefore not be best practice. Typically, optimal
formatting involves using around 3-5 colour/shading combinations as well as 2-3 bor-
der combinations (thin and thick borders, double borders and dashed borders in some
cases). The author often uses the following:

Historic data (and fixed parameters): Blue font with light grey shading.
Forecast assumptions: There are several choices possible here, including:
Red font with light grey shading. This is the author’s preferred approach, but is
not used in cases where there is a desire to use red font for the custom formatting
of negative (calculated) numbers.
Blue font with light yellow shading. This is an alternative that the author uses if
red font is desired to be retained to be used for the custom formatting of negative
numbers (and calculations).
Blue font with light grey shading. This is the same as for historic data, and may
be appropriate in pure forecasting models in which there is no historic data (only
estimates of future parameters), or if the distinction between the past and future is
made in some structural (or other) way within the model (such as by using borders).
Formulae (calculations): Calculations can typically be identified simply by fol-
lowing Excel’s default formatting (generally black font, without cell shading),
and placing borders around key calculation areas or modules. (In traditional
formulae-dominated models, the use of the default formatting for the calculations
will minimise the effort required to format the model.)
“False formulae”: Black font with light grey shading (the colour-code would be
changed as applicable if the formula were changed into a value).
Outputs: Key outputs can use black font with light green shading.

Some caveats about formatting are worth noting:

The use of capitalised or bold text or numbers can be helpful to highlight key
results or the names of main areas. Underlining and italics also have their roles,
although their use should be much more restricted, as they can result in items
that are difficult to read when in a large Excel worksheet, or when projected
or printed.

Excessive decimal places are often visually overwhelming. On the other hand, if
too few decimal points are used, it may appear that a calculated quantity does not
vary as some inputs are changed (e.g. where a cell containing the value 4.6 % has
been formatted so that it displays 5%, the cell would still show 5% if the under-
lying value changes to 5.2%). Thus, it is important to choose a number of decimal
places based on the require figures that are significant.

A disadvantage of Conditional and Custom Formatting is that their use is not
directly visible, so that the ready understanding of the model by others (i.e. its
transparency) could be partially compromised. However, cells which contain Con-
ditional Formatting can be found using Home/Conditional Formatting/Manage
Rules (where one then selects to look for all rules in This Worksheet) or selected
under Home/Find and Select/Conditional Formatting or using the Go To Special
(F5 Special) menu.
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Basic Formatting Operations

An improvement in formatting is often relatively quick to achieve, and can dramati-
cally improve the transparency of some models. A familiarity with some key short-cuts
can be useful in this respect, including (see also Chapter 27):

Ctrl+1 to display the main Format Cells menu.
The Format Painter to copy the format of one cell or range to another. To apply it to
multiple ranges in sequence (such as if the ranges are not contiguous in the worksheet),
a double-click of the icon will keep it active (until it is deactivated by a single click).
Using Ctrl+* (or Ctrl+Shift+Space) to select the Current Region of a cell, as
a first step to placing a border around the range or to format all the cells in
the same way.
To work with borders around a range:

Ctrl+& to place borders.

Ctrl+ _ to remove borders.
To format the text in cells or selected ranges:

Crtl+2 (or Ctrl+B) to apply or remove bold formatting.

Ctrl+3 (or Ctrl+I) to apply or remove italic formatting.

Ctrl+4 (or Ctrl+U) to apply or remove underlining.
Alt+Enter to insert a line break in a cell when typing labels.
Ctrl+Enter to copy a formula into a range without disturbing existing formats.

Conditional Formatting

Where one wishes to format a cell (or range) based on its value or content, one can use
the Home/Conditional Formatting menu, for example:

To highlight Excel errors (such as #DIVO!, #N/A!, #VALUE! etc.). This can be
achieved using “Manage Rules/New Rule”, then under “Format only cells that
contain”, setting the rule description to “Format only cells with” and selecting
“errors” (and then setting the desired format using the “Format” button). Dates
and blank cells can also be formatted in this way.

To highlight cells which contain a non-zero value, such as might occur if a cross-check
calculation that should evaluate to zero detects an error (non-zero) value. Such cells
cAN be highlighted as above, by selecting “Cell Value is not equal to zero” (instead of
“errors”). To avoid displaying very small non-zero values (e.g. that may arise from
rounding errors in Excel), one can instead use the “not between” option, in which
one sets the lower and upper limits to small negative and positive values respectively.
Based on dates (using the “Dates Occurring” option on the “Format only cells
with” drop-down).

To highlight low or high values (e.g. Top ).

To highlight comparisons or trends using DataBars or Icon Sets.

To detect duplicate values in a range (or detect unique values).

To detect a specific text field or word.

To highlight cells according to the evaluation of a formula. For example, cells
which contain an error can be highlighted by using the rule type “Use a formula”
to determine which cells to format and then setting the formula to be ZISERROR
(cell reference). Similarly, alternate rows of a worksheet can be highlighted by set-
ting the formula =MOD(ROW(A1),2)=1 in the data entry box.
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Figure 7.15 shows an example of using Conditional Formatting to highlight dates
that occurred in the last seven days. Figure 7.16 shows the use of highlighting values
that are less than 1%, and Figure 7.17 shows the highlighting of the top two values only.

|conditional Format applied to items

|in the last seven days

Mew Formatting Rule T x

Select a Rule Type:

23-Oct-16] | = Format all cells based on their values

24-0ct-16] | = Format only cells that contain

25-0ct-16] | = Format only top or bottom ranked values

26-0ct-16] | = Format only values that are above or below average
27-0ct-16] | = Format only unique or duplicate values

28-0ct-16] | = Use a formula to determine which cells to format
29-0ct-16
30-0ct-16] Edit the Rule Description:
31-Oct-16
01-Nov-16] | Fermat only cells with:
02-Nov-16| | | Dates Occurring |+ |
03-Nov-16
4-Nov-16
05-Nov-16 r
06-Nov-16] | Preview: No Format Set Format...

07-Nov-16

oo o

08-Nov-16

FIGURE 7.19 Example of Conditional Formatting Applied to Dates

|Less than 1% Edit Fermatting Rule ? X
RETURNS DATA Select a Rule Type:
Asset 1 = Farmat all cells based on their values
;:g: = Format only cells that contain
'2'42% = Format only top or bottom ranked values
-1.0055 = Format only values that are above or below average
2.09‘96 = Format only unique or duplicate values
ﬂjSD% = Use a formula to determine which cells to format
0.16%
147% Edit the Rule Description:
1.16% | | Format only cells with:
1.28%0 | — W =l [ =
Lasy| | |CeMValue [| |less than Iv| |=0mm $|
251%
151%
086% | | Preview: AaBbCcYyZz Format...
2.30% e
1.06%
161% Lok || cance

FIGURE 7.16  Using Conditional Formatting to Highlight Values Less Than 1%
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Top:2 tems Edit Formatting Rule e x
Select a Rule Type: L
Asset 2 ;

005 = Format all cells based on their values E
-1.10% = Format only cells that contain B
117% = Format only top or bottom ranked values i
7 03% = Format only values that are above or below average b
1.55% = Format only unigue or duplicate values B
0.84% = Use a formula to determine which cells to format B
-0.70% i
0.33%|| Edit the Rule Description: B
el Format values that rank in the: i
2.27% ]
0.74% Top wil |2 |:| % of the selected range ]
0.93% B
1.55% :
0 485% b
0.48%|| | preview: AaBbCcYyZz Eormat... [
0.96% B
0.26% |
2.64% Cancel 1
221%| ———— —— (I————

FIGURE 7.17  Using Conditional Formatting to Highlight the Top Two Values

Custom Formatting

Custom Formatting can be used to create customised (bespoke) formatting rules,
for example:

= To display negative numbers with brackets.

= To use Continental Formatting, in which a space is used every three digits (in place
of a comma).

= To display values in thousands (by using the letter k after the reduced-form value,
rather than using actual division), and similarly for millions.

= To Format dates in a desired way (such as 01-Jan-17, if such a format is not avail-
able within the standard date options).

The menu is accessible under Home/Number (using the Show icon to bring up the
Format Cells dialog and choosing the Custom category); or using the Ctrl+1 short-cut.
New formats can be created by direct typing in the Type dialog box, or selecting and
modifying one of the existing formats.

The file Ch7.2.CustomFormats.xlsx contains several reference examples. Fig-
ure 7.18 shows the case in which negative number are displayed in brackets. Note that
the format used for positive numbers is one in which there is a blank space at the end
(a blank space before the semi-colon in the format definition), so that the display of
units for numbers are aligned if a positive number is displayed above a negative one (or
vice versa).
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FIGURE 7.18 Examples of Custom Formatting

CREATING DOCUMENTATION, COMMENTS AND HYPERLINKS

It can be helpful to document models, whilst doing so with an emphasis on value-added
points, including:

= The key objectives, contextual assumptions and structural limitations (i.e. to the
validity of the model or key restrictions on the embedded logic).

= The key input assumptions, and any restrictions on how they may be used (such
as requiring integer inputs or where some combinations would not represent valid
scenarios).

= Any aspects that could initially appear complex or unintuitive.

Comments or other text may be created in a variety of ways, including;:

= Writing general notes as regular text.

= Making a remark in a comment box of a specific cell (Review/Edit Comment menu
or right-clicking on the cell to insert a comment).

= In-formula comments, such as =105*ISTEXT(“data from 2017”), or similar
approaches using ISNUMBER or other functions (see Chapter 22).

One of the main challenges in using comments is to ensure that they are kept up
to date. It is easy to overlook the need to update them when there is a change to the
formulae or the input data, or to the implicit contextual assumptions of a model. Some
techniques that can help include:

= Using the Review/Show All Comments menu (or the equivalent toolbar short-cut)
to show (or hide) all comment boxes, and the Reviewing Toolbar to move between
them. This should be done regularly, and as a minimum as a last step before a
model is finalised.
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Printing the contents of the comment boxes using Page Layout/Page Setup/Sheet
and under Comments selecting whether to print comments at end of the worksheet
or as they appear.

For in-formula comments, one may have to set the model to the Formula View and
inspect the comments individually. Alternatively, one may specifically search for
ISTEXT, ISNUMBER or other functions and review these individually.

The use of hyperlinks can aid model navigation (and improve transparency), and be an
alternative to named ranges. However, hyperlinks often become broken (not updated)
as a model is changed. This is disconcerting to a user, who sees part of a model that is
not working, and hence will have reduced confidence in its overall integrity. If hyper-
links are used, one should ensure (before sharing the model with others, as a minimum)
that they are up to date (Chapter 25 demonstrates some simple examples).



Building Robust and
Transparent Formulae

INTRODUCTION

This chapter discusses approaches and techniques to build robust and transparent
formulae. Whilst mistakes may sometimes be evident by the display of error messages,
or by calculated values that are orders of magnitude different to the correct figures (or
are clearly incorrect for some other reason), typically they are subtler and may therefore
be overlooked.

The first section of this chapter discusses the general underlying factors which often
lead to mistakes being made. The second section presents some examples of common
mistakes that one often observes in models and their formulae. The third section dis-
cusses named ranges, including their advantages and disadvantages when aiming to
build transparent and flexible models. The fourth section presents some key approaches
that can be used to build and test formulae, and to detect, correct or manage errors.

GENERAL GAUSES OF MISTAKES

Insufficient Use of General Best Practices Relating to Flow, Formatting,
Audit Paths

A key general cause of mistakes is simply the insufficient use of best practices. There
is a higher risk of introducing errors into models that are excessively complex, contain
unnecessary flexibility, are poorly laid out (poor flow, diagonal audit paths, too many
worksheets, inconsistent structures across worksheets), have poor formatting, and so on.

Insufficient Consideration Given to Auditability and Other Potential Users

As discussed in Chapter 7, a key approach to understanding best practices and the cre-
ation of transparent models is to put oneself in the place of someone else who is tasked
with auditing a model. For example, a formula that appears slightly complex as it is

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 79
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being built will appear to be more complex when viewed a few days later by the same
model builder, and will be even more complex to a third party who reviews it subse-
quently. The overlooking of this key approach often leads one to build models that to
the model builder may appear to be simple to follow, but in fact are not.

Overconfidence, Lack of Checking and Time Constraints

When building complex formulae, many modellers fail to test them sufficiently, and
particularly may lack the discipline to find the circumstances in which the calculations
would be incorrect (even as the base values may be correct). This is often compounded
by an overconfidence (or optimism) in the belief that a complex formula that calculates
correctly in a specific case is probably correct. Whilst practical time constraints may
sometimes also play a role, this is generally a small effect and a false economy. We use
the term “time-bomb” models for cases where the original model builder is aware that
a formula (or a model) is correct only in a limited set of cases, but also knows that his/
her responsibility for the model will soon end, and leaves these issues to a successor
(with later communication about the presence of such issues being inadequate).

Sub-optimal Choeice of Functions

As discussed later in more detail (see Chapter 9), although there are often many ways in
which the same (and correct) figures can be calculated, model builders tend to employ
either the first approach that comes to mind, or the one with which they are the most
familiar. Insufficient attention is typically paid to the consideration of the possible
options and the advantages or disadvantages of each, as they relate to issue of flexibil-
ity, computational effectiveness or transparency. This can lead to excessive complexity,
insufficient flexibility and computational inefficiency.

Inappropriate Use or Poor Implementation of Named Ranges, Circular
References or Macros

Another frequent cause of mistakes is the inappropriate use or named ranges, circular
references, or macros, as well as to poor implementation of these in the cases where
their use is appropriate. An extensive discussion of each of these topics is covered later
(see later in the chapter for the use of named ranges, Chapter 10 for circular references
and Part VI for macros). Here we simply note that an inappropriate or ineffective use
of any of these will lead to reduced transparency and flexibility, resulting in an increase
in the chance of errors or mistakes.

EXAMPLES OF COMMON MISTAKES

Referring to Incorrect Ranges or To Blank Cells

Models that are built in excessively complex ways are more likely to contain formulae
that refer to incorrect ranges, simply because such errors will not be immediately obvi-
ous, or may be hard to detect. The checking of such formulae is cumbersome, so that
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such checks may not be sufficiently carried out. For example, it is awkward to audit and
verify a formula that contains embedded references to multiple worksheets, such as:

B18 = SUM(Investments!C113 : C159, WorkingCapital! D81 : D109, Operations!E15 : E89)

Further, even if such formulae are built correctly for an initial application of the
model, they are hard to maintain, so that subsequent versions or updates of the model
may contain errors. For example, if an update to the model is made by including an
additional item in the cell Investments!C160 (i.e. immediately below the original set of
items in the investments sheet), then it may not be immediately clear that the formulae
above (which is contained in another sheet) would need to be updated. Needless to
say, such issues can largely be avoided by following the principles of best practices,
particularly those discussed in Chapter 7 (for example, in which the summation of each
range is first done separately in the same worksheet as the range, and cross-worksheet
references are done using single cell references to these interim totals).

Similarly, models often contain formulae that refer to blank cells, which is also
unsatisfactory:

It is often not clear if the use of a blank cell is an error or not. For example, a for-
mula such as “=SUM(D3:D20)+H9” (where H9 is blank) may arise through a sim-
ple typing error. If the user types a value, date or text into the cell (perhaps with the
intention to add documentation to the model), the calculations would be incorrect,
but a user may not expect such behaviour and so not be made aware of the error.
Even if used intentionally and correctly, inputs which are blank in the default case
are also often labelled poorly (as the model builder’s focus is not typically drawn
to the issue of labelling blank cells). This may result in a user entering incorrect
values when populating these cells for the non-default case (e.g. entering 4 instead
of 4% for an interest rate, or using a positive rather than a negative figure for an
investment amount, and so on).

Although Excel functions are generally designed to be robust when blank cells are
used as inputs to them, the transparency of models is nevertheless often compro-
mised by doing so. For example, MINA, MAXA and COUNTA ignore blank cells,
but treat text entries as if they were zeros. Thus, a text entry entered in a cell that is
initially blank could change subsequent calculations. Figure 8.1 shows an example
of this (the functions are described in more detail in Chapter 17).

An important case where the deliberate use of blanks may be valuable is as
place-holders for not-yet-realised figures, for example where forecast figures are used

A B C D E F
1
2 34 34
3 txt
4 56 56
5
6 34 =MINA(B2:B4) 0 =MINA(EZ:E4)
7 2 =COUNTA(B2:B4) 3 =COUNTA(E2:E4)
a

FIGURE 8.1 The Behaviour of Blanks and Text Fields as Model Inputs
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until actuals become available (e.g. see Chapter 22). In such models, blank cells should
be formatted and placed in an input area so that it is clear that it is these that are to be
populated at the appropriate point.

Non-transparent Assumptions, Hidden Inputs and Labels

There are several ways in which mistakes can arise due to lack of transparency as to
which ranges represent values in a model:

Some input values may be placed in calculation areas, even as there is a separate
area (or worksheet) that has been called the “input area” (or equivalent). Note
that (as per the discussion in Chapter 5, Chapter 6 and Chapter 7), best practices
allow for modularised structures in which input values are not all held centrally.
The issue being raised here is that in which the model is presented as one in which
inputs are held centrally (or in designated areas) whereas in fact there are other
areas in which input values are also held, but not clearly designated as such.
Input values on hidden worksheets. Whilst it is generally bad practice to hide work-
sheets, this may be appropriate in some cases (e.g. for reasons of confidentiality or
to hide old data that wishes to nevertheless be retained). However, the inclusion on
hidden worksheets of input assumptions (that affect a model’s calculations) is gen-
erally not appropriate; their presence will not be clear without a detailed audit, so
that the model may be calculated in cases in which these inputs are set at incorrect
values, rendering the resulting calculations incorrect.

Labels as inputs. Where a text label (such as the name of a country) becomes a
model input (such as the label being used in a SUMIFS function to sum within a
database the revenues of the customers within that country), one typically should
manage the labels carefully (see Chapter 7).

Repeated assumptions. The repetition of input values (e.g. having a tax rate in two
separate cells at different parts of the model) is clearly generally inappropriate. Not
only does it render a sensitivity analysis incorrect (in which only one of the values
is changed), it may also lead to subsequent mistakes or failure to update a model
correctly. Nevertheless, such repetition occurs fairly often and is often overlooked. It
arises most frequently where there are hidden input sheets, labels are used as assump-
tions, where mixed formulae are used (containing an input value embedded within a
formula that is then copied), as well as in poorly structured, large multi-sheet models.
A new category of data has been added to a database field, and this is not reflected
in some of the conditional calculations. For example, a new country has been
added to the list of countries within a database, whereas subsequent queries or
calculations do not take this into account.

Overlooking the Nature of Some Excel Function Values

Especially when using embedded functions (which may disguise the presence of errors
or incorrect values), there is a risk that one may overlook the nature of the values that
some Excel functions produce. For example:

Many financial functions (such as PMT) return negative values. Where embedded
within an IF statement (e.g. to apply the result only during the life of a loan), one
may overlook the default sign, and inadvertently create a formula that branches in
the wrong direction.
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Inconsistent periodic interest rates. Where financial functions require the interest
rate as an input (or growth or rates of return), one needs to ensure that the interest
rate used is consistent with the granularity of the time period in the model (e.g.
annual, quarterly or monthly). Once again, this is easy to overlook.

Incorrect discounting: A frequent mistake when using the NPV function is to over-
look that the function implicitly assumes that the value in the first cell of the range
is discounted for one period, the second value is discounted for two periods, and
so on. This is equivalent to assuming that all cash flows occur at the end of their
periods. Thus, an investment that occurs at the very beginning of a project should
generally be excluded from the function, and treated separately to calculate the
total NPV.

Overlooking the behaviour of the return values of logical statements, especially
in embedded functions. For example, when embedded within a SUMPRODUCT
function, a short-form statement such as =AND(E19=1, E20=1) may not eval-
uate as expected (i.e. not be directly equivalent to 0 or 1); see Chapter 9 for
an example.

The use of text, rather than numerical, fields as return values can also lead to the
building of incorrect formulae, due to overlooking (for example) that ="TRUE" is
not the same as =TRUE or =1 (see Chapter 9).

It may be overlooked that fields that look like numbers may in fact be text. Whilst
errors in direct subsequent formulae would often be obvious, mistakes in depend-
ent embedded formulae or conditional summations will often not be so clear. The
appropriate manipulation (often involving text or date functions, as discussed later
in the text), may be necessary.

Using Formulae Which are Inconsistent Within a Range

The use of formulae which are inconsistent with (i.e. different to) each other is often
observed. For example, if the items in a row represent a time-based forecast (such as of
revenues, costs, or capital expenditures), one may find that somewhere along the row
the formulae are different to those in adjacent cells in that row. There are many reasons
why such inconsistencies arise:

The first time periods have properties which are different to others. For example,
the capital expenditure budget for an initial period may wish to be treated as fixed
(as a specific budget has been authorised by the management), whereas the longer-
term expenditure requirements would depend on the growth rate assumptions.

A contractual provision states that an item (such as a supplier’s price to the cus-
tomer) is fixed for an initial period, but is to increase with inflation after that period.
Where values are taken from another model or forecast, they may have been hard-
coded (rather than using formula-links or linked workbooks).

They are simple errors. For example, pressing F9 when working in the Formula
Bar results in the formula being replaced with its value.

Of course, generally, the use of inconsistent formulae within a contiguous range is
bad practice:

The presence of the change in formulae will not normally be expected by a user,
who may misuse or misinterpret the model.
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When modifying the model, extra work is created to determine whether the incon-
sistent formula is an error or is an intentional part of the model.

The inconsistent formulae are likely to be overwritten when modifications are
made, especially if short-cuts are used to rapidly copy formulae across a range.

On occasion, such inconsistent formulae within a range are necessary. Indeed, to
some extent they happen in almost all models, as one transitions from the range con-
taining numerical inputs to that which contains formulae. For example, in Figure 8.2
(which is a repeat of Figure 7.10, but shown here for simplicity), C4 contains an input
assumption, D4 is blank, E4 is a formula which takes the value from C4, and the range
F4:H4 contain growth formulae. Thus, the formulae in Row 4 are not all the same.

Where such inconsistencies are necessary, the following principles and techniques
can be used to maximise transparency, and to reduce the risk of misinterpretation or
subsequent errors:

The use of formatting (colour-coding and borders) to distinguish one type of logic
from another (e.g. different formulae within a contiguous range, or to mark the
transition from numbers to formulae).

Documentation and comments to describe the reason for such transitions.

Cells or ranges may be protected in order to avoid such formulae being acciden-
tally “corrected” by another user (see later in the chapter).

Separate the formulae into ranges (generally only two), each of which contains
formulae which are consistent within their own range, with a logic switch used in
order to explicitly pick the formulae that are to be applied.

Note that (as discussed later), Excel error-checking procedures can be used to high-
light inconsistent formulae. In addition, Formulas/Show Formulas (Ctrl+") can be used
to allow a visual inspection of the model’s formulae, and to inspect for inconsistencies
O errors.

Overriding Unforeseen Errors with IFERROR

Despite its ease of use, one should be cautious in the use of IFERROR. In general,
it is better to adapt the formulae that should apply to specific occurrences of “valid
errors”. If one over-rides all errors however they arise, one may overlook other errors
that in fact should be corrected. An approach using an IF statement to manage the
specific expected error cases is arguably superior, rather than overriding all errors of
whatever nature.

s C D E| F | 6| H

;

2 |Starting Sm Growth % p.a. | 2017| 2018 2019 2020|

3

4| [revenue 100 100 105.0| 110.3| 115.8|=G4*(1+H5)
5 | |%Growth 5.0% 5.0% 5.0% 5.0%|=$D5

FIGURE 8.2 Standard Modelling Approaches Often Use Inconsistent Formulae
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Models Which are Correct in Base Case but Not in Others

A frequent mistake is for models to calculate correctly in the base case (and perhaps
in a small set of other cases), but not in other cases. This can arise for many reasons:

When a calculation has been overwritten by a hard-coded figure.

Where the model has structural limitations which only become apparent in some
cases. For example, where the range required for a lookup function exceeds that
for which the model is built (such as a model containing 50 columns, but the
lookup function needs to find the value in column 53 when an unexpected but
valid set of inputs is used).

When using interest calculations that involve circular references; these may diverge
if the periodic interest rate that is used is 200% or more (a case that would rarely
arise in practice, but nevertheless does in some cases).

Where some formulae become invalid only where specific combinations of several
input values are varied simultaneously, but not if only one or two are varied.
Where a time-shifting mechanism may have been built in (even though the base
case corresponds to a shift of zero), and this may fail if a non-integer (or negative)
number of model periods is attempted to be used for the shifting.

Incorrect Modifications when Working with Poor Models

Mistakes can also arise when changes are made to models which are complex or poorly
built. In principle, this can occur for many general reasons, as well as being driven by
many of reasons cited elsewhere, such as:

Where excessive absolute cell referencing is used, other formulae that have been
created by copying are more likely to refer to the incorrect cells.

Models which use hard-coded column or row numbers with VLOOKUP or
HLOOKUP functions may become incorrect when a new column or row is intro-
duced (see Chapter 25).

Where formulae are used that refer to range on multiple sheets (see earlier).
Where there are inconsistent formulae in a contiguous range, some of which may
be incorrectly overwritten as one formula within the range is updated or corrected.
Where macros have been written poorly written (e.g. using cell references rather
than named ranges).

THE USE OF NAMED RANGES

The use of named ranges is a topic for which there is a wide range of opinions amongst
Excel modellers. Some consider that their intensive use in almost all situations should
be considered as best practice, whereas others tend to believe that they should essen-
tially be avoided. It is fair to say that the improved capabilities to manage named
ranges from Excel 2007 onwards both eases their use and mitigates some of their
potential disadvantages compared to earlier Excel versions. The author’s belief is that
named ranges should be used only selectively and in specific contexts. In his opinion,
their use as a default modelling approach is not appropriate in most Excel modelling
situations.
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Mechanics and Implementation
The following points about the mechanics of using names are worth noting:

Names can be entered, edited and deleted using Formulas/Name Manager or Ctrl+F3.
Named ranges can have a scope which is either a worksheet or the workbook.
The scope of a name is the region of the workbook in which it does not need to
be qualified to use it. In general, names which are needed in calculations on more
than one worksheet should have a workbook scope (if a worksheet-scoped name is
required in another worksheet it needs to be referred to with the worksheet name
as a qualifier, e.g. Sheet1!RangeName).
If the Name Box is used to implement the names rather than the Formulas/Name Man-
ager, the scope is automatically the whole workbook. Although this is a quick proce-
dure, it should generally be avoided, as it is important to define the scope correctly,
and the use of the Formulas/Name Manager reminds one more explicitly to consider
this. In addition, the use of the Name Box to change a name (rename the same range)
is generally not recommended, as it will result in the original name being retained.
The list of names whose scope is either the workbook or the current worksheet can
be pasted into Excel by using F3 and selecting Paste List (or Use in Formula/Paste
Names). Such techniques can be useful when:

Creating VBA code that refers to these names (so that the names can be copied

and correctly spelled into a Range(“ThisName”) statement in VBA for example).

Auditing and documenting a model.

Looking for links to other workbooks.

Trying to locate whether a range has been given multiple names, the pasted

list can be sorted using the location of the name as a key (so that names with

the same location will be shown next to each other, and the sorted list can be

inspected as to whether consecutive elements refer to the same range).
When creating a formula in the Formula Bar (after typing =), the F3 key (or
Formulas/Use in Formula) can be used to see a list of names that can be inserted.
The names shown are those whose scope is the current worksheet or the work-
book, but not other worksheets (the same applies to the list of names visible when
using the drop-down Name Box).
The use of a SPACE between the names of a column and row range will return the
value of the cell in which these ranges intersect (or a #NULL! error if the ranges
do not intersect).
If names have been defined after the formulae which should use them have been
built, the names can be applied by rebuilding the formulae using Formulas/Define
Name/Apply Names.

Disadvantages of Using Named Ranges

Potential disadvantages of using named ranges revolve around the fact that their use
can lead to less flexible and more complex models, as well as that errors may arise
when multi-cell ranges are used within formulae.

Concerning limitations to the flexibility to move items or modify formulae:

Formulae built by using multi-cell ranges may create inadvertent errors if either the
formulae, or the underlying named ranges, are moved in a way that is not aligned
correctly. Figure 8.3 shows an example built by using a formula driven by two
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multi-cell named ranges, and Figure 8.4 shows the effect of moving this formula
(using cut-and-paste) by two columns. Note that the behaviour of the formula is
such that inadvertent errors can be created:
Especially in multi-worksheet models, where the time axes used on one work-
sheet may not be readily visible on another, the values displayed in the early part
of the profit range may not be those that correspond to the correct time period
for one or other of the named ranges.
In a large model with many columns, the #VALUE! fields may be overlooked.
When defining the ranges for several multi-cell names (such as C5:Z5 for one
and C8:Z8 for the other), it is usually preferable to have consistent row or col-
umn definitions (e.g. both starting at Column C and ending at Z, rather than one
starting at C and the other at B). However, this can still create confusion in some
modelling applications. For example, when working with financial statement
models, the items on the Balance Sheet will generally have an opening balance
which is taken as a carry-forward amount from the prior period ending values,
whereas items on the Income Statement or Cash Flow Statement will not have
such items. Thus, the named ranges for Balance Sheet items may start one cell
earlier than those for Income Statement and Cash Flow items. Alternatively, if
the ranges are defined to have the same size, then the formulae will not be con-
sistent across the range, since for Balance Sheet items, the first formulae in the
range will involve cell references, and the others will use the named range.
One may wish to move items (including moving some items to new worksheets) in
order to optimise the layout and structure, a process which is inhibited by multi-cell
ranges. One may have to create new names for each part, delete the old names and
rebuild the formulae. Especially when building a model from scratch, or when adapting
an existing model to a new situation, this can be a severe limitation and encumbrance.

Al B C D E E G [H| I | X[ K L
1
2 Revl 100 110 120 130 140 Rev1TEST
3
4 Costl 80 80 80 80 B8O Cost1TEST
3
B Profit 20 30 40 50 &0 =Rev1TEST-Cost1TEST

FIGURE 8.3 Multi-cell Named Ranges Used to Create Formulae

A B i D E E G H J
1
2 Rev2 100 110 120 130 140
3
4 Cost2 80 80 B0 B0 80
3
& Profit 50 60 #VALUE! #VALUE! #VALUE!

FIGURE 8.4 Errors Arising as a Formula Using Multi-cell Named Ranges is Moved
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Once the scope (whether workbook or worksheet) of a name is initially defined, it
cannot easily be changed. Deleting a name that is used in a formula will result in
errors, and in potential significant rebuilding work. Find/Replace techniques can
be used to overcome some of these limitations (e.g. creating a new similar name
with the correct scope and then modifying the formulae that used the original
name, before deleting the name).

Concerning the potential for errors to arise inadvertently if names are used in for-
mulae, this is due to complexities of their general application, which is not always fully
or widely understood.

The file Ch8.1.MultiCellNames.xslx highlights the potential for unexpected results
that may arise when multi-cell named ranges are used in formulae. Figure 8.5 shows a
screen-clip of the file in which the range D3:13 (the model time axis) has been given the
name Dates. Note the following:

Row 4 and Row 5 each contain an IF statement to return a flag indicator (1, if
the date of the model time axis is after the specific date tested in Column C, and
0 otherwise). Note that the presence of the + sign in the formulae in Row 5 does
not affect the results.

Row 6 and Row 7 apply a similar test, but return (instead of 1) the date of the
model time axis where this is larger than the test date, and otherwise (instead
of 0) return the specific date tested. Note that this is equivalent to calculate the
maximum of the data tested and the date of the model time axis. Once again, the
presence of the + in Row 7 does not affect the results.

Row 8 and Row 9 show the results of using the MAX function instead of the IF state-
ment. Since the calculations in Rows 6 and 7 also calculate a maximum, one may
expect the results to be the same. However, Row 8 shows that the values returned
throughout the range is the single value which corresponds to the maximum of the
tested data and the full set of dates within the named range, whereas in Row 9 (due
to the + symbol), the calculations return values that are specific to individual cells.

In Figure 8.6, we show the results of using the MAX function applied to the Dates
field in the same example, as well as the SUM function when applied to a range named
Values (D16:116).

In Figure 8.7, we show the use of the NPV function in the same context, further
highlighting that potential errors may arise.

In summary, such behaviour may not be expected by many modellers or users,
so that mistakes can be made inadvertently, especially when used in larger models in
which the calculation paths are longer.

A B [ D E F G H ]

1

2 Dates

3 | |Functions Test Date 01/01/2017 01/01/2018 01/01/2019 01/01/2020 01/01/2021 01/01/2022
4 | |=IF{5Ca<=Dates,1,0) 09/06/2020) 0 0 0 0 1 1
5 | |=IF[SC5<=+Dates,1,0) 09/06/2020) 0 0 0 0 1 1
6 | |=IF|$CE<=Dates,Dates,5C6) 09/06/2020) 09/06/2020 09/06/2020 09/06/2020 09/06/2020 01/01/2021 01/01/2022
7 | |=IF|SCT<=+Dates,Dates,5C7) 09/06/2020| 09/06/2020 09/06/2020 03/06/2020 03/06/2020 01/01/2021 01/01/2022
8 | |=MAX(SC8 Dates) 09/06/2020| 01/01/2022 01/01/2022 01/01/2022 01/01/2022 01/01/2022 01/01/2022
9 | |=MAx($C9,+Dates) 03/06/2020] ©9/06/2020 09/06/2020 09/06/2020 09/06/2020 01/01/2021 01/01/2022,

FIGURE 8.5 Referring to Full Ranges or Individual Values Within a Multi-cell Named Range
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1
12

13

15
16
17

19
20

=MAX(Dates) 01/01/2022

=MAX(+Dates) 01/01/2017

=MAX(|Dates) 01/01/2022

=MAX[+Dates) BVALUE!

Values
100 100 100 100 100 100

=SUM(Values) G600

=SUM({+Values) 100

=SUM(Vvalues) 600

=SUM([+Values) #VALUE!

FIGURE 8.6 Possible Application of MAX and SUM Functions to Multi-cell Ranges

A B & D E B
1
2 Explicit Steps
3 1 2 3
4 Co./subject SEARCH for "{(" MID=No. Days as Text VALUE of No. Days
5 CustA (1 Day) 71 1
6 =SEARCH("(".B5.1) =MID(B5.D5+1,1) =VALUE(ES)

FIGURE 8.7 Possible Application of the NPV Function to Multi-cell Ranges

Further potential disadvantages of using named ranges include:

Their use does not encourage the process to ensure a clear logic flow. When using
cell references, one is essentially explicitly made aware of the location of the cells
used in the formula (such as whether they are above, below, or to the right of
the current cell, or on another sheet). However, when building a formula (such
as Profit=Revenue-Cost, created by using the F3 key or by direct typing of the
pre-defined names), one is not explicitly made aware of the locations of the named
ranges. Thus, it is harder to identify and correct any potential flow issues (i.e. not
respecting principles of top-to-bottom and left-to-right flow, with minimal con-
nections across worksheets etc.) Of course, whilst the use of the named ranges
does not prevent the creation of clear logical flow per se, the issue is that the
modeller’s attention is not drawn to this. In practice, the flow of models built in
this way is often severely compromised, and they are hard to audit.
Their use as a default modelling approach will often result in many names that are
poorly defined and structured, essentially negating the potential benefits of trans-
parency. In some cases, the appropriate structure of the names can be determined
early on, with systematic naming conventions used (e.g. using the name Price.
BU1.2016.US$ rather than simply Price). However, modelling processes are often
exploratory and not fully definable from the outset, so that errors may arise in sev-
eral ways, including:
When introducing a new, better structured or appropriately scoped set of names
(such as Price.BU1.2016.US$ rather Price), the formulae that need to use these
will require adaptation or rebuilding, which can be cumbersome, time-consuming
and error-prone.
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If a range containing formulae is given a name which initially is appropriate to
the formulae used, but the calculations are subsequently modified (such as the
original formulae being overwritten by new formulae that also include a refer-
ence to a currency exchange rate), then the original name would no longer be
appropriate. This may create formulae which are unclear or wrong, or (if new
names are introduced for the same range) result in duplicate names for the same
range (which can lead to inadvertent errors).
Whilst good practice would suggest that redundant names should be deleted,
very often this is not done, so that any formulae that inadvertently refer to the
old names may look correct (i.e. produce a reasonable value, rather than an error
or #REF! message), but in fact refer to incorrect ranges.

Many modellers or clients of models are not familiar with their use, so may find it

hard to understand the model.

Thus the use of named ranges can reduce flexibility, create complexity and poten-

tially introduce inadvertent errors, especially where a model will be developed over
time, or may need to be adapted for other uses, or where there is an exploratory com-
ponent to the process (so that the modelling is not simply the implementation of a
prescribed algorithm or known formula).

Advantages and Key Uses of Named Ranges

There are of course some important reasons to use named ranges:

To enable rapid model navigation (using the short-cut F5, for Home/Find and
Select/Go To, or the drop-down Name Box).

When writing VBA code so that it is robust (as discussed in Part VI).

To enhance the transparency of formulae, by using meaningful names which describe
the variables in the calculations rather than using cell references, especially when
using standard formulae or algorithms, so that there is no exploratory part to the
modelling process, this can make sense. For example, it would make sense when
implementing the Black—Scholes formula for the valuation of a European option, as
all inputs are known and the calculations steps are precisely defined. In such cases, the
names can be appropriately defined before the calculation is implemented, and this can
be done in a way that is clear, well-structured and which will not need to be changed.
To create several formulae that all refer to the same range, so that the range can
be extended or reduced in size without having to change the formulae (i.e. by
changing only the definition of the range a single time), such as SUM(DataSet),
AVERAGE(DataSet), and so on.

To create dynamic or flexible ranges that adjust automatically as data is added or
deleted to an existing data set. This can also be useful when several formulae or
charts use the same range as inputs; the creation of a dynamic range will avoid
having to update the range definition as data is added. One way to do this is to use
the OFFSET or INDIRECT functions within the “Refers To” area when defining
the name (see Chapter 25 for an example in the context of cascading drop-down
lists). Note that such names will not be displayed on the drop-down Name Box,
unlike when using the Name Manager. In many practical cases, an easier and more
powerful way is to use Excel Tables (see Chapter 26).
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To enable the rapid printing of key areas. One can use the Name Box to select a
single named range, or several ranges (by holding the Ctrl key), and then using
the Set Print Area command (on the Page Layout tab); if doing this several times,
one would generally wish to use Clear Print Area before defining the set of named
ranges to be printed.

APPROACHES TO BUILDING FORMULAE, TO TESTING, ERROR DETECTION
AND MANAGEMENT

This section covers some key approaches to building and testing robust formulae,
as well as to detect, and correct or manage, errors. Some of the key principles dis-
cussed include:

Building formulae that show each logical step separately, with compound formulae
to be used only sparingly and in specific circumstances.

Testing each formula as it is built, rather than only doing more general overall
checks on a completed model; if one were to test only a completed model, not
only would the number of combinations of items to test be very large, but also
one would have likely not have built the model in the most appropriate way to
start with.

Testing the formulae across a wide range of individual input values: base case, var-
iations from base case, extreme (large or small) values, and the effect of changes to
several inputs simultaneously.

Building error checks into the model, as well as using error-handling procedures
appropriately and not excessively.

Correcting the formulae or model structure as appropriate: in addition to basic
error-correction, this may involve extending the size of the ranges, introducing
error-handling procedures, or restricting the allowed input values, or protecting
the model (or ranges within it) so that formulae cannot be altered.

Documenting any limitations to the validity of input values or combinations,
as well as to the structural limitations of the model. For example, a model may
sometimes return error values that are inherently related to structural assump-
tions (such as the use of only a finite number of forecast periods, or formu-
lae which are only applicable within a specific time-period). In such cases, such
errors may not be able to be corrected, but must be explicitly documented (and
perhaps handled).

Checking Behaviour and Detecting Errors Using Sensitivity Testing

Recall that a main theme of this book is that the sensitivity-related techniques should
be used at all stages of the modelling process. In Chapter 4, we discussed its use at the
model design stage to identify the requirement for sensitivity analysis and model flexi-
bility. At the model building stage, there are several potential roles:

To help to create the correct logic in complex formulae. For example, where
embedded functions, lookup functions or conditional logic are used, testing them
under various scenarios will help to ensure their robustness.
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To adapt formulae as required as structural model limits are reached. For example,
one may see that with some input combinations, a lookup function may return
#N/A, such as when a matching value is not found within the lookup range. In
such cases, the model may need to be extended to include more rows and columns,
or some form of error-handling functionality may need to be built, or otherwise a
structural limitation on the model should be noted clearly within its documentation.
To check for errors or alter the model appropriately. For example, where error
checks are built into a model (such as formulae that should always evaluate to
zero), their values should be tested across a wide range of scenarios: this will help
to ensure that calculations are still correct when inputs are varied, not just when
the base case values are used.

Note that at the model building stage, the nature of the sensitivity analysis con-

ducted generally does not need to be very formalised; the simple changing of input
values and their combinations by manual methods is usually sufficient to detect most
potential errors. Note that:

In general, formulae should be tested under a wide range of input values. As a min-
imum, formulae should be valid across the range of values that would be applied
when sensitivity analysis is used on the completed model. More generally, positive,
negative and extreme values should be tested. For example, it is surprising how
often formulae are built to calculate tax charges, but with the formulae valid only
when taxable income is positive, and not tested for the case where losses occur.
Formulae involving conditional statements should be tested in a way that results in
all the possible conditions occurring.

One should explicitly try to find the conditions under which a formula will break
or be invalid, and adapt the model accordingly. For example, some formulae that
are frequently used to calculate the total annuity value of a set of discounted cash
flows may not work whenever the growth rate is equal to the cost of capital, even
where alternative formulae exist that may still be valid in many of the cases (such
as when the cash flow series is finite).

The robustness of formulae as combinations of input values are changed should
also be tested. Since the number of combinations is large, it can be fruitful to explic-
itly try to consider cases in which combinations could be invalid (rather than find-
ing them my trial and error). One should specifically consider whether there may
be implicit dependencies between inputs that are not captured within a model. For
example, there may be two input dates, one for the start of construction of a man-
ufacturing facility and the other for the start of production at the facility. Whilst a
sensible user would not deliberately input the latter date to be before the former,
such a possibility could arise if sensitivity analysis is automated. Thus, one may have
to adapt the formulae so that production start date is calculated as the construction
start date plus an additional time period (that is restricted to positive values). Note
also that a truly robust check would be to use simulation to generate many input
combinations, and, whilst doing so, to track the value of key items (including of
error-checking calculations, which should result in a set of zero values in all cases).
Where one wishes to validate a formula by seeing the effect of a change in an input
on several calculations which relate to it, one can use the Formulas/Watch Win-
dow. An alternative is to create a single summary area which refers to the outputs
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of the individual calculations. However, such an approach is more cumbersome in
larger models and especially in cases where the identity of the calculations that one
may wish to monitor may need to be changed.

Using Individual Logic Steps

Compound (or embedded) formulae are difficult to test, since the input parameters
will not be fixed numbers or ranges that can be chosen by the model builder or tester,
but will depend on the results of other calculations. Such formulae become even more
complex to assess if they involve the use of lookup functions and/or references to other
worksheets (as well as if the ranges referred to also create diagonal and/or multi-sheet
audit paths). For example, one should avoid a formula in Sheet1 such as:

IF(SUM(Sheet2!C5 : C11) > ...

In fact, even without a cross-worksheet reference, compound formulae are difficult
to test. For example, to assess whether the calculations are correct within the formula:

=IFSUM(G3: G19) > SUM(H3 : H19), A5, BS)

one would have to inspect, sum and compare (essentially using mental arithmetic)
the values within each range (G3:G19, H3:H19). On the other hand, if the two SUM
functions are placed explicitly in separate cells (say G20 and H20), so that the for-
mula becomes:

=1F(G20 > H20, AS, BS)

then it is much easier to see whether the formula is evaluating as expected, since the
interim summations in cells G20 and H20 are shown explicitly (and do not require
mental arithmetic or additional comparison formulae to be built).

Thus, in principle, multiple levels of embedding should be avoided, as it is very
often difficult to assess the accuracy of, and to test, such formulae. In other words, in
principle, each formula should use only a single stage of logic.

On the other hand, there are some disadvantages to using only single-stage logic:

Models may become visually large.

Some multi-stage logic process can be easy to understand, either because their logic
is not excessively complex or because it represents a fairly standard approach, with
which many modellers and users would be familiar.

Therefore, the selective use of embedded formulae can make sense in some circum-
stances, including:

Using a MATCH within an INDEX function to replace a VLOOKUP (see Chap-
ter 25; as discussed there, the MATCH function should be retained in a separate
cell when its result needs to be used several times).

Embedding a SEARCH within a TEXT function to directly extract specific string.
This may be acceptable when there is a single embedding, whereas if the identity of
the element that is looked for within the SEARCH function also needs to be estab-
lished as the result of another function (so that there would be three logical steps), the
process should generally be split (see Chapter 24 for a description of Text functions).
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A formula such as =VALUE(MID(B3,SEARCH("(",B3,1)+1,1)) may also be con-
sidered to essentially be two logical steps, for the presence of the VALUE function
will not materially hinder transparency, since it returns a number from the equiva-
lent text field without any genuine manipulation or additional calculations.

One should generally avoid using more than two embedded logical steps. In some
cases it can be more robust, flexible and transparent to replace the calculations with
a user-defined function (see Part VI), especially where large Excel tabular structures
contain many copied formulae (or intermediate calculations) whose values are not of
explicit interest, and also where a cell reference is used several times in a single formula
(as for Cell B3 in the above example).

Building and Splitting Compound Formulae

Based on the above discussion, in practice there will be cases where it makes sense to
build embedded formulae, and others where is makes sense to split a formula into its
individual components.

In order to build robust embedded formulae (in the cases when it makes sense), it
is usually most effective to build and test each logical step separately and, by copying
from the Formula Bar, to combine these into a single formula (that may be copied to
several calls in a range). The procedure in which one copies from the Formula Bar will
ensure that the cell references remain correct, which would not generally be the case if
a simple cell copy-and-paste operation were used.

Figure 8.8 shows the case (with similar examples discussed in Chapter 24), where
a sequence of Text functions is used to isolate the numerical value contained in Cell BS
(i.e. the number 1).

These logic steps should first be tested, so that they work across the full range of input
formats that may be placed in Cell BS, or which will be present in a larger data set to which
the sequence will be applied. Once this is done, the formulae can be combined into a single
formula. A robust way to do this is to work from the final result (i.e. Cell FS, containing
the formula =VALUE(ES)) and substitute the cell reference(s) within it by the formula(e)
that are in those cells; thus, within Cell F5, the reference to Cell ES would be replaced by
the formula =MID(B5,D5+1,1). Figure 8.9 shows how this can be done by copying the for-
mula from the Formula Bar (one should not copy the = sign; after selecting the part to copy
and using Ctrl+C, one can escape from the Formula Bar by using the X (Cancel) button).

The result of this process is that Cell F5 would contain =VALUE(MID(B5,D5+1,1)).
The next step would be to replace the new cell reference(s)) with their corresponding
formulae in the same way (i.e. to replace D5 with its formula), leading to a final for-
mula that depends only on the input (Cell BS).

A B C D = F
1
2 Explicit Steps
3 1 2 3
4 Co./subject SEARCH for (" MID=No. Days as Text VALUE of No. Days
5 CustA (1 Day) 71 1
6 =SEARCH("(".B5.1) =MID(B5.D5+1.1) =VALUE(E5)

FIGURE 8.8 Sequence of Text Functions Shown as Separate Steps
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X

E
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£

viD(B5,05+1,1)

F

2

3

MID=No. Days as Text VALUE of No. Days

|=MID(B5,D5+1.1)

1

FIGURE 8.9 Sequence of Text Functions Shown as Separate Steps

D E G H I J
Explicit Steps Building the Compound Formula in Reverse Steps
1 2 3 1 2 3
SEARCH for " MID=No. Days as Text VALUE of No. Days.
71 1 1 1 1
=SEARCH("("85,1) =sMID(B5,05+1.1) sVALUE(ES) SVALUE(ES) =VALUE(MID{ES D5+1.1)) sVALUE{MID{ES SEARCH(".B5.1#1.1))

FIGURE 8.10  Substitution Process Using a Repeat Starting Cell

In fact, in order to do this most robustly, one should generally retain the original for-
mulae whilst the modified formulae are built into a copy of them. Figure 8.10 shows how
the process would best be conducted, in which a simple repetition of the final formula
of the individual steps is used (in cell H5) as the basis to start the substitution process.

Of course, once the process is complete, one should check that the compound
formula produces the same results as the individual steps (using a wide variety of pos-
sible input values), and once this is done, the individual intermediate calculations can
be deleted. Figure 8.11 shows how the final formula may be used on a larger data set.

FIGURE 8.11

A B

3| | | | | | | | ] | | | e
j__.cwmﬁqmmbwm_‘ccoooﬁqmm-bmm

Co.subject

No. Days

CustA (1 Day)
CustomerB (2 Day)
CustC (1 Day)
CustoD (2 Days)
CustB (2 Days)
CustomerB (2 Days)
CustomerkE (2 Days)
CustF (2 Days)
CustA (2 Days)
CustomG (2 Days)
CustA (1 Days)
CustA (2 Days)
CustmG (2 Days)
CusA (1 Days)
CustD (2 Days)
CustB (3 Days)
CustomerkE (2 Days)
CustF (2 Days)
Custh (2 Days)

PO P R G R = b R = BRI R R MR R R = D=

=VALUE(MID(B3,5EARCH("(",B3,1)+1,1))
=VALUE{MID(B4,SEARCH((",B4,1)+1,1))
=VALUE(MID(B5,SEARCH((",BS,1)+1,1))
=VALUE(MID(BE,SEARCH("(",BE,1)+1,1))
=VALUE(MID(B7 SEARCH("(",B7,1)+1,1))
=VALUE(MID(BS8,5EARCH("(",B8,1)+1,1))
=VALUE{MID(B9,SEARCH("(",B9,1)+1,1))
=VALUE(MID(B10,SEARCH(("B10,1)+1,1))
=VALUE(MID(B11,SEARCH(("B11,1)+1,1))
=VALUE{MID(B12 SEARCH((" B12,1)+1,1))
=VALUE(MID(B13,SEARCH(("B13,1)+1,1))
=VALUE(MID(B14, SEARCH((" B14,1)+1,1))
=VALUE(MID(B15,SEARCH(("B15,1}+1,1))
=VALUE(MID(B16, SEARCH((" B16,1)+1,1))
=VALUE(MID(BA7 SEARCH((" B17,1)+1,1))
=VALUE{MID(B18 SEARCH((" B18,1)+1,1))
=VALUE(MID(B19,SEARCH((",B19,1)+1,1))
=VALUE(MID(B20, SEARCH((" B20,1)+1,1))
=VALUE{MID(B21,SEARCH((" B21,1)+1,1))

Applying the Compound Formula to a Larger Data Set
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Where it is instead desired to split a compound formula into its components, the cop-
ying of the formula to other cells and the deleting of the unwanted items may result incor-
rect cell references, so this is generally not the most robust approach. Alternatives include:

Copying the component elements from the Formula Bar into new cells.

Using Ctrl+” in the cell below the formula (the short-cut recreates the contents
of the cell directly above), and then deleting the unnecessary components. Once
isolated, the component may be moved to a new cell, to clear the cell (below the
original formula), so that the short-cut can be used in this cell for the next compo-
nent. This allows the individual components to be isolated in turn. For example,
the individual components of:

= SUM(‘Finance Revenue’! P21, ‘Licence Fee’! P21, ‘Subscription Fee’! P21)

could be isolated in separate cells before being summed.

Using Absolute Cell Referencing Only Where Necessary

The ease of applying the F4 short-cut may lead to the creation of “over-dollared”
formulae, i.e. ones in which the $ symbol is inserted before both the row and column
references, when only one or the other is required; this will typically result in formulae
that cannot be correctly copied to elsewhere. Particularly in modular structures, one
may copy over-dollared formulae into a new area, and overlook that the cell references
are not correct. Consideration should therefore be given as to what are the minimum
requirements for absolute cell referencing.

Limiting Repeated or Unused Logic

It is perhaps surprising how often models contain calculations that are not used for
the determination of the output, or which repeat calculations that are conducted else-
where. Examples of cases that the author has observed in practice include:

The passing of calculated values from sheet to sheet without the values being used
in the intermediate steps but only at the end of the path (sometimes called “daisy
chains”). This creates a long audit path. In fact, it can be acceptable to use “trans-
fer” areas in source and destination sheets, in order to transfer values between
sheets, before these are used in the calculations on the destination sheet. However,
if many such transfer areas are required between many sheets in a model, it is likely
that these sheets would be better combined into a single one.

“Lazy summations”, such as a cell (say D21) containing “=SUM(D3:D20)” and
the next cell (D22) containing “=D21-D7”. In other words, the final calculations in
D22 are intended to ignore D7 and implicitly use the formula “=SUM(D3:20)-D7”.

Of course, such items should ideally be improved or corrected as appropriate. This
is often simple in principle, but time-consuming in practice. For example:

Rebuilding the formulae that originally refer to the second instance of an input
requires formulae to be relinked to the single intended input, and for subsequent
links to this input to be deleted.
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Where (as in the example above), the Cell D7 is to be excluded from the total for
some reason, one would have several possibilities to adapt it:
To change the model structurally, so that items that are to be excluded (i.e. Row
7 in the above example) are moved into a different range, so that only the items
that are genuinely required are contained within the range (of the SUM function
in this case).
To use flag fields (consisting of Os and 1s, or text fields) to indicate which items
are to be excluded, and use the SUMIFS function based on the full range and
conditional on the flags to add up the items.

Using Breaks to Test Calculation Paths

The above discussion has emphasised the importance of testing the formulae as they
are being built. The testing of formulae only within completed models is more com-
plex, as for many formulae, their inputs are calculated values, rather than references
to pure numerical values. One technique that can be used (ideally when building the
model) is to break the calculation path for a specific formula. This simply means
the input cell references to the formula are replaced by (a reference to) a CHOOSE
function, which is used to select either the values from the main model’s calculation
or simply to select an alternative set of values that the user can define. For example,
if Rangel is used to denote the original main range of calculations that drive the for-
mula, and Range?2 is used to denote any values that one may wish to use in its place,
then one can build the model with a new range, Range3, so that:

Range3 = CHOOSE(iSwitch, Rangel, Range2)

and link subsequent formulae to Range3 instead of to Rangel.

Of course, if this method is used, one needs to take care that any use of the
model for final decision and analysis purposes is based on the correct range or
formulae (so that the switch should be set to choose the values in Rangel for
this purpose).

Using Excel Error Checking Rules

Excel has a useful “error-checking” feature, under File/Options/Formulas (see Fig-
ure 8.12). Note that these do not (in general) check whether a calculation is accurate
(since Excel calculates correctly), nor whether the calculations are appropriate within
the modelling context (i.e. are in conformance to the model specification). Rather, the
feature can be used to identify possible areas where formulae may lack robustness, or
potentially refer to the wrong ranges, and so on (so that further investigation can be
conducted, or modifications made as appropriate).

In fact, it can be distracting to have Excel’s error checks active in a completed
model that one knows is correct. Therefore, the options may be switched off in a
completed model that has been adequately tested. On the other hand, when building
(rebuilding), modifying, testing or auditing a model, it can be useful to switch the
options on at various stages of these processes.
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Error Checking
[/] Enable background error checking
Reset Ignored Errors

ndicate érrors using thus colorn _" x

Error checking rules

[ Celis containing formulas that result in an error [¥] Formulas which amit cells in a region
[¥] Inconsistent calculated column formula in tables [#] Unlocked cells containing formulas
[#] Cells containin represented as [¥ Formulas referring to empty cells

[#] Mumbers form a5 text or preceded by an apostrophe [#] Data entered in a table is invalid

[#] Formulas inconsistent with other formulas in the region L

FIGURE 8.12 Excel’s Error Checking

Building Error-checking Formulae

Error checks are formulae which calculate two paths through the model and compare the
results. The most frequent implementation is where the results should be the same, so that
the difference between the two calculated items should always be equal to zero. Note that:

Since there may be various error checks used at different places in the model, a
consolidated range which refers to each one could be created. A single error-check
value could also be created, which sums up the values of the individual checks
(absolute values of the individual items can be summed, to avoid positive and neg-
ative errors cancelling each other out). A non-zero value of this single figure would
indicate that there is some error that can be investigated in more detail by referring
to the individual error-checking calculations.

Conditional Formatting can be used to highlight the occurrence of an error (e.g.
using this to shade the cell contents bright yellow). This is useful, since errors may
be quite rare, so that one may otherwise overlook them if there is no mechanism
to draw attention to them.

It is worthwhile to focus on using “value-added” error checks. Lower value-added
checks are those that that will always evaluate to zero unless truly basic errors are
made. Examples include the testing, in a table of data that is summed along rows and
columns using the SUM function, whether the row and column sums are the same. This
is generally a low value-added check, since the sums will always be the same unless
there is a very basic mistake in one of the formulae (see Figure 8.13). (Of course, basic
checks on such formulae are still necessary, such as to ensure that they are linked to the
full range of data and so on, but they do not need to be built permanently into a model
as this increases its size and adds complexity.)

(Another low-value check is that in which one verifies that an item that is selected
from a drop-down (Data/Validation menu) is genuinely contained within the list of
valid items, when the list that defines the drop-down is itself defined from the same
range as the list of valid items.)

An example of the type of a higher value-added error check is shown in Figure 8.14.
In this case, the SUMIFS function is used (Cells H3:H7) to sum the amounts (in Column
D) for each country. The error check (Cell H11) checks the difference between the sum
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G H 1 J K
Country <=£10000 >£10000 Total
UK 72974 167773 240747 |=5UM(H3:13)
Italy 81866 161252 243118|=5UM{H4:14)
Germany 38594 114097 152691 |=5UM[H5:15)
France 58885 121107 179992 |=SUM(H6:I6)
Spain 43846 184902 22B748|=SUM(HT:I7)
Total From SUMIFS 296165 749131
=SUM(H3:H7) =5UM(13:17)
Row sum of columns 1045296 =5UM(I3J7)
Column sum of rows 1045296 =SUM(HE:IB)
Error-Check 0/=H11-H12
FIGURE 8.18 A Lower Value-added Error Check
A B C E F G H J
Amounts &

[
GRS e e s e

Total From SUBMIFS
Total Frem Table
Errar-Check

FIGURE 8.14 Example of a Value-added Error Check

240747 =UMIFHS0ER 505102 SCF3FC5102,5G3)
243118 =UMIFHS0E3505102 SCE3FC5102,5G4)
160683 =SUMIFSSD55:505102 SCE3-5C5102,5G5)
175992 =SUMIFS{5055.505102 5053 505102,568)
228748 SSUMIFH3053:505102 $C535C5102,567)

1053288 =SUM[HIHE)
1053288 =SUMD3D102)
0 =HE-H1D

of these figures and the sum of all figures within the full data set. This can detect errors
that are likely to occur, even as they may otherwise be overlooked, such as:

= Inclusion of a new country in the full data set, so that the list of conditional queries
is not complete (overlooking the new country).
= A mistake in the spelling of a country name (in the full data set or in the query range).

The example may be extended by using Conditional Formatting in the Cell H11 to
highlight the presence of an error (which is introduced here by misspelling the entry in

Cell C9) (see Figure 8.15).

FIGURE 8.19 Conditional Formatting Highlights the Presence of an Error

A B c D E F G H
1
2 Customer Country Amount £ Due Date Country Amounts £
3 Cust02 UK 12232 20-Mar-17 UK 240747 ¢
4 CustD6 taly 4749 16-Mar-17 Italy 243118 :
5 taly 7282 1 Germany 152891 ¢
6 taly 2759 France 179992 :
7 UK 12334 Spain 228748 ¢
8 taly 4283
9 German 7592 Total From SUMIFS 1045296
10 taly 13202 Total From Table 1053288 :
11 Germany 12684 Error-Check -7992 ¢
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Handling Calculation Errors Robustly

In many cases, there may be no way of eliminating that error values may arise.
For example:

In the above product revenue growth example, there will always be some input
values for which the revenues of one product never reach those of another, so that
the MATCH function used will return #NA.

The PPMT function (see Chapter 20) produces numerical values only for
those time periods which are within the time-frame of the loan, and otherwise
returns #NUM!

The IRR of a function (Chapter 20) will return #NUM! if all the input cash flows
are positive.

The IFERROR function (Chapter 17) can be used to override errors and replace
them with an alternative value, in particular in cases in which errors are expected
and will have no consequence. For example, in the case of PPMT, the (structural)
fact that there is no payment due after the end of the loan contract is equivalent to a
zero amount, so that the alternative value may be set to zero for most practical cases
(although in a technical or legalistic sense, the absence of an obligation may not be the
same as having an obligation of amount zero).

On the other hand, one should be cautious when tempted to use an IFERROR
function: by over-riding all errors, however they arise, one is not alerted to other forms
of mistakes or errors which should be corrected or dealt with in some way. Thus, an
approach which uses the IF statement to identify only the specific (expected) cases and
handles these is arguably superior, because any other form of error that arises would
then be visible and can be dealt with. For example, in the case of the PPMT function,
the approach would be used to eliminate explicitly only those error cases arising from
the time period being outside the loan term, rather than eliminating all errors of what-
ever nature.

In other cases, particularly when working with large data sets, it may be more
appropriate to retain errors in the data, but to filter them or ignore them in the final
analysis stage, for example using the AGGREGATE function (Chapter 18) or a filtered
PivotTable (Chapter 27).

Restricting Input Values Using Data Validation

In some cases, some of the formulae may be valid only if input values are restricted to
specific items. Typical examples include:

Restricting to integers (such as 1, 2, 3) the values which define the scenario num-
ber, or which represent the (whole period) delay of the start date of a project.
Ensuring that only values or text fields within a pre-defined list are used. For
example, one may restrict the possible entries in the column of data set, so that
only “Yes” or “No” can be entered. Especially where the calculations may use a
function such as =COUNTIF{. . ., “Yes”), one can limit the use of invalid entries
such as “Y”, which would lead to an incorrect value being returned (even as such
entries would be sufficient for pure visual purposes).
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A B e D E F G H
1 Shopping List Data Validation ? *
2 Apples
3 Bananas Input Message  Error Alert
& Broccoli Validation criteria
5 Bread Allow:
6 Pizza Custom w lgnore blank
T Fish Data
8 Chicken between
s Coffee Formula:
10 = COUNTIF{B:B,B1)=1 2
1
12
1 ? .
1 |:| Apply these changes to all other cells with the same settings
15 Clear All Cancel
16

FIGURE 8.16 Custom Criteria with Data Validation

The Data/Data Validation menu can be used to restrict input values. It is largely
self-explanatory, with a few points nevertheless worth emphasising:

The Allow box on the Settings tab is used to define the nature of the restriction
(e.g. whole number list). Once this is selected, a context-sensitive dialogue appears,
into which the required details for that type of restriction can be entered.

The Input Message tab can be used to create a message that is displayed when the
user hovers with the cursor over the cell. This can be used to provide information,
such as the role of the cell, and nature of the allowable inputs. The Error Alert tab
can be used to display a message in the case that the user tries to use invalid data.
Custom criteria on the Settings tab can be used to define a logical formula that
evaluates to TRUE for valid data. This can also be used to restrict inputs where
there are relationships between several inputs that must hold, for example that one
input value must be larger than another.

The use of the Circle Invalid Data option of the Data Validation menu can allow
one to highlight the cells in a range that do not meet certain criteria.

Figure 8.16 shows an example in which a custom criterion is used to ensure that
an item is entered at most once on a list (of course, Conditional Formatting would be
an alternative approach to highlight potential duplicates).

Protecting Ranges

Excel has several tools that can be used to protect ranges, worksheets or workbooks.
For example:

Hiding a worksheet by right-clicking on the sheet tab (and selecting Hide).
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Password-protection of a worksheet (by right-clicking on the sheet tab, or using
the Review/Protect Sheet menu). This can be used to stop the entire contents of a
worksheet being changed.

Password-protection of a workbook (using Review/Protect Workbook). This can
be used to ensure that no worksheets are added (by protecting its structure) or
to ensure that the presence of hidden sheets is masked (although unless the VBA
Project is also protected, the presence of a hidden worksheet could be seen there).
Requiring a password to open or modify a workbook. This can be done using File/
Save As, then selecting MoreOptions/Tools/GeneralOptions. This menu can suggest
using the workbook in read-only form (that is, not password-protected), so that
accidental changes cannot be made. (A read-only workbook can be saved under a
new name and then edited normally, so the level of protection is quite weak.)

Frequently, one may wish to protect only the formulae in a range so that they
cannot be changed or overwritten. This can be achieved by locking the relevant cells
and subsequently protecting the worksheet with a password. Note that Excel’s default
setting is that all cells are locked, but this is not typically actively observed, since by
default worksheets are not password-protected. Therefore, to lock a range, one must:

Unlock all cells on the worksheet. This can be done by clicking in the top-left
Home box to select all worksheet cells, then using Ctrl+1 to invoke the Format
Cells menu, followed by unchecking the Locked box on the Protection tab.
Selecting the range that one wishes to protect, then using Ctrl+1 to invoke the
Format Cells menu, followed by checking the Locked box on the Protection tab.
Applying password-protection to the worksheet, as above.

The use of VBA to protect models is often very convenient. For example:

Where hidden worksheets are used, the VBA Project can be password-protected to
ensure that such sheets are not visible.

One could write event code which shows a Disclaimer when a file is opened, or
which keeps all sheets hidden until one clicks on button to accept the Disclaimer,
and then exposes the worksheets.

Dealing with Structural Limitations: Formulae and Documentation

In some cases, potential errors (or unexpected values) may arise due to structural limi-
tations of a model. Typically, the options to best deal with these include:

Extending the size of some of the ranges, or modifying the formulae to make them
more generally applicable.

Including error-handling procedures as part of the model’s formulae.

Limiting the input values that are allowed.

Providing documentation concerning limitations of model validity.

Building error checks into the model.

Using VBA code to overcome size limitations.

As an example of extending the size, Figure 8.17 shows a screen-clip of a model
which calculates the time at which the revenues of one product line will exceed those of
another (the file and a more detailed explanation is found in Chapter 25). Clearly, if the
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A B C D E F G H [ J K L M N o] P

1

2 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
3 Product 1 100] 103 106 109 113 116 119 123 127 130 134 138 143 147
E Growth (% p.a.) 3.0%) 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0% 3.0%
5 Product 2 70| T4 79 83 B8 94 99 105 112 118 125 133 141 149
6 Growth (% p.a.) 6.0%[6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0% 6.0%
T Test Prod2>=Prod1 13 0 0 0 0 0 0 0 0 0 0 0 0 1
a3

FIGURE 8.17 Model with an Extended Range

assumed growth rate in revenues for Product 2 is decreased, the time at which the reve-
nue of Product 2 overtakes that of Product 1 is pushed further into the future. To some
extent, this can be dealt with by simply extending the time axis as far as necessary. In
practice, in a large model, the extension of all relevant ranges can be cumbersome to do
and potentially error-prone (since the formulae need adapting to ensure that the new
ranges are correctly referred to). In addition, there will always be some input values for
which no range is sufficiently large (for example, if the growth rate of Product 2 were
the same as that of Product 1).

In some cases, VBA may be used to create models in which a limitation that would
otherwise be structural simply becomes a parameter, or calculation, of a more general
model. For example, the above forecast could be entirely constructed within a simple
VBA loop (one pass through the loop for each year), which (for given input assump-
tions) is continued until the revenue conditions are met. Similarly, when using binomial
(or other) tree-based methods in option valuation, rather than build a tree in Excel
according to a fixed structure, the calculations implied within a tree can be captured
in VBA code, with the number of branches in the tree simply being an input to a user-
defined function (or subroutine).

Where a model does contain structural limitations (or contextual assumptions),
these should be noted within the overall documentation, in order to ensure that the
model is not used in contexts for which it is not suitable or meaningful.



Choosing Excel Functions for
Transparency, Flexihility and Efficiency

INTRODUCTION

This chapter highlights some key issues relating to the choice of which Excel function(s)
or calculation method to use. Very often, although there are many ways in which the
same (and correct) figures would result, model builders tend to employ either the first
approach that comes to mind, or the one that is the most familiar. Insufficient attention
is typically paid to the consideration of the possible options and the advantages or
disadvantages of each, as they relate to issue of flexibility, computational effectiveness
or transparency.

KEY CONSIDERATIONS

For the purposes of the issues discussed in this chapter, it is important to note that all
methods shown will produce a correct numerical result. In other words, the result of
the calculations per se is not a consideration; we will take the accuracy as a given (and
necessary) element in all methods, and focus on issues relating to the choice of the most
appropriate function or approach.

Direct Arithmetic or Functions, and Individual Cells or Ranges?

When dealing with basic arithmetic operations (i.e. addition, subtraction, multiplica-
tion, division), it is often worth considering whether either to use Excel’s functions, or
to perform the operations explicitly. For example, when adding together a set of items,
one could:

Use the SUM function.
Use the + operator, referring to individual cells.

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 105
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.



106 MODEL BUILDING, TESTING AND AUDITING

Where the items that are to be summed are laid out in a single contiguous range,
the SUM formula is quick to build and can readily be adapted if a new item is added
(especially by inserting/deleting a row or column within the range). However, one loses
the flexibility to move items around the model. The use of the + operator would make
most sense if one wishes to retain the flexibility to move data around, i.e. to cut and
paste individual cells. For example, it may not be fully clear at the outset as to what
the most appropriate layout is for a model. However, a major disadvantage of this
approach is that it is cumbersome to add or delete data, and there is a risk of error if
one forgets to update the formulae when doing so. Further, the approach is hard to
audit, for it is time-consuming to check that all relevant cells have been included in the
calculations (and one has not been overlooked if a row had been added, for example).

Similar comments (regarding range or individual cell references) apply not only to
many other functions where simple direct arithmetic operations could be used as alter-
natives (including PRODUCT, COUNT, AVERAGE, SUMPRODUCT and NPV), but
also to Logical functions, such as AND, OR, as well as MIN, MAX, and many others.

In Figure 9.1, an example of an OR function used with a contiguous input range is
shown. Note that the function is placed close to its inputs (which is generally to be rec-
ommended, as discussed in Chapter 7). Of course, this approach would inhibit the
moving of one of Row 2 or Row 3 if this were needed at some later time. For example,
Inclusion Flag 1 may relate to operations, Inclusion Flag 2 to financing and it may be
appropriate to place these in separate calculation areas in some models.

In Figure 9.2 we show how the alternative (individual cell) syntax would be one
which would allow for the cells (i.e. in Row 2 and Row 3) to be moved to different
parts of the model.

Note that when developing a larger model from a very small one, in the case of the
approach used in Figure 9.1, one would likely detect that the OR function is built in
a way that is inappropriate if rows are moved, so that one may change the syntax to
that used in Figure 9.2 before making structural changes (e.g. moving rows). However,
where such (contiguous input range) approaches are used in models with longer audit

A B C D
1
2 Inclusion Flag 1 0
3 Inclusion Flag 2 1
4 Inlusion flag TRUE =0R(C2:C3)

FIGURE 9.1 OR Function with a Contiguous Input Range

A B (& D
]
2 Inclusion Flag 1 0
3 Inclusion Flag 2 1
4 Inlusion flag TRUE =0R(C2,C3)

FIGURE 9.2 OR Function with Separate Input Cells
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A B C D
1
Z Inclusion Flag 1 0
3 Inclusion Flag 2 il
4
5
240
241
242
243 Amount before effect of inclusion flags 154
244 Inlusion flag TRUE =0R(C2:C3)
245 Amount after effect of inclusion flags 154 =C243*C244

FIGURE 9.3 OR Function with a Contiguous Input Range and a Long Audit Path

paths (see Figure 9.3), during the process of moving Row 2 or Row 3, it would be easy
to overlook that the formula in Row 244 would then become incorrect.

The SUM function can also be used in the multi-argument form, i.e. where it is
applied to individual ranges that are separated by commas (e.g. SUM(A2, A3, A4),
rather than SUM(A2:A4), and more generally SUM(A2,A3,A4,B6,B7,B8), rather than
SUM(A2:A4,B6:B8)). This latter approach can make sense if one knows that the ranges
may need to be moved, whilst the items within each range would not need to be sep-
arated from each other. On the other hand, in practice, the individual components, if
moved, are likely not to be placed near each other, so that the audit paths may become
more longer and less transparent. Thus the “mixed use” form is generally not optimal.
For example, rather than:

“B12 = SUM(B10,C3 : C10)”
the use of separate steps (for example):

“C12 = SUM(C3: C10)”
“B12 =B10+C12”

would be more transparent (see the discussion in Chapter 7).

IF Versus MIN/MAX

In many cases, one’s intuition may be to use an IF function, because the corresponding
thought process is of a binary nature. However, in some cases, the name of a function
can be a misleading guide as to the best or clearest choice. Indeed, the MIN or MAX
functions are often more appropriate than the IF function. For example, when creating
formulae to allocate an amount to various bands (or tranches, layers, bands or “buck-
ets”), several implementations are possible. The screen-clip in Figure 9.4 shows two
possibilities, of allocating the amount that is shown in Cell C2 to either the asset side or
the liability side. In the first, an IF function is used, and in the second, the MIN/MAX
functions are used.
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A B & D E
1
2 Excess Cash/(Borrowings) 5,000 |
3
4 Using IF, allocation to Result Formulae
5 Asset side (i.e. excess cash) 5,000 |=IF{C2>=0,C2,0)
& Liability side (i.e. additional borrowing) 0 |=-IF{C2<=0,C2,0)
7
] Using MIN, MAX, allocation to Result Formulae
g Asset side (i.e. excess cash) 5,000 |=MAX(C2,0)
10| Liability side (i.e. additional borrowing) 0 |=-MIN(C2,0)

FIGURE 9.4 Possible Implementations of Allocating an Amount to Either Excess Cash or
Additional Borrowings

A B i D
1
2 Taxable Income | 120000
3
4 Allocation to Tranche |Layer Capacity |Allocated
3 First 10000
6 Second 35000
T¥ Third 55000
8 Final

FIGURE 9.5 Parameters for an Income-allocation Example

In this simple case (in which there are only two layers), the decision between the
two approaches may not be so important: the only direct difference here is that whilst
the IF function may be a more intuitive representation of the underlying logic (through
its name), it requires three parameters (in which C2 is repeated), whereas MIN/MAX
require only two parameters and have no repetition.

Whereas in simple models, there may be only one or two bands, in more general
cases, there may be more (in either, or both of, the positive or negative cases). For
example, when working out the income tax due based on a (positive) income figure,
different tax rates may apply to parts of the income. Figure 9.5 shows an example in
which it is desired to allocate the income (Cell D2) into the layers (in the range D5:D8,
defined by the parameters in C5:C7), so that in subsequent calculations, a different tax
rate can be applied to the income within each band.

In the author’s experience, most modellers would initially try to build the required
formulae using IF functions, which quickly leads one to building complex embedded IF
formulae. These are not only hard to read and test, but also are very difficult to adapt
appropriately if an additional band needs to be added (each additional band would
involve an additional embedding within the function). This quickly becomes unwieldy
and error-prone when more than two bands are needed.

Figure 9.6 shows an example of completed formulae based on the use of the MIN
function, rather than embedded IF functions. In this case, the intermediate bands
are all based on the same copied formula (that may also be copied if a new band is
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d A B C D E F G

-

2 | [raxable Income | [ 120000]

3
4 Allocation to Tranche |Layer Capacity |Allocated Cumulative Allocation |Formulae in col D Formulae in col E
5 [First 10000] 10,000 10,000(=MIN(D$2,C5) =5UM(D$5:05)
6 |second 35000 35,000 45,000[=MIN(D$2-E5,C6)  =SUM(D$5:D6)
7 | [rhird 55000| 55,000 100,000|=MIN{D$2-E6,C7)  =SUM{D$5:D7)
8| |Final 20,000 120,000|=D%2-E7 =5UM(DS5:D8)
9
10| [votal | | 120,000] =SUM(D5:08)
1 Error-check 0 =D2-D10

FIGURE9.6 Completed Income-allocation Example

A B c D E F G H |
1
2 2018 2017 2018 2018 2020] [Formulae in Coumn G
3 -
4 | |Procuct Line 1 |’ 20.0 810 720 e56] =Fa1.G8)
5 Growih (% pa) 10.0%) ~10.0% ~1000% -10.0% -100%] =F5
6 |
7 | |Product Line 2 - i 57.5 6.1 760 87.5] =F7(1+GE)
8 Growth (% pa ) 15.0%] 15.0% 15.0% 15.0% 150%] =F8
g
10| |PLzePLa 0| 0 0 1 1| =F(GT>G4.1.0)
11
12| [many Embedoed Fs [ ] 0 1 o]  =IF(G10=1 IFF 1001 0FED= 1,0 F(D1001.0,1))))
13| |TwoEmbedded IFs | 0 0 1 0] =IF(G10=1FIF10=0,1.0).0)
14| [iF wen anD 0 0 1 0 =IF(AND(G10=1,F10%0).1.0)

FIGURE 9.7 Core Revenue Forecast for Two Product Lines

introduced). The formulae for the first and last bands need to be adapted (for example,
to reflect that the last band has unlimited capacity).

Similar situations arise in many applications, including financial statement model-
ling, project finance, tax calculations and production share or royalty agreements. In
the case of financial statement models, the amount is initially calculated from the cash
flow statement, and is needed on the balance sheet to ensure consistency, i.e. that the
balance sheet indeed balances: the amount corresponds either to an additional cash
balance resulting from the cash flow (when the amount is positive) or to the additional
borrowing that is required (when the amount is negative).

Embedded IF Statements

The potential for embedded IF functions (i.e. the use of an IF function within another
IF function) arises quite frequently, in cases that require (or appear to require) a sequen-
tial logic: that is, to check whether a first condition is met, and if not check a second
condition, and, if not, whether a third condition is met, and so on.

The file Ch9.1.EmbeddedIFs.1.xlsx contains an example which forecasts the rev-
enues of each of two product lines: one whose revenues are initially large but are in
decline, and another whose revenues start smaller but grow quickly. Row 10 contains a
flag field which indicates whether, in each year, the revenue for product line 2 is greater
than that for product line 1. The main aim is to find out (as a calculated field) the first
year in which the revenues of product line 2 are forecast to be greater than those of
product line 1 (which, from Cell F19, we can see happens in 2019) (see Figure 9.7).
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Of course, there are various ways to find the required information, some of which
may use IF functions. Implementations of some of these are shown in Rows 12 through
14, including:

Using a sequence of IF statements, in which each formula is self-contained and
evaluates all previous columns (Row 12). Thus, the formula in the last column (G)
has as many embedded levels as the number of columns up to that point. Needless
to say, not only is this complex, but also it is extremely cumbersome to create or
modify (as a single formula cannot be copied across columns).

Using only two IF statements, based on using the result of the previous column
(Row 13); this is an improvement over the first approach.

Using the result of the previous column, and also the AND function, meaning that
only one IF function is necessary (Row 14). This approach is probably the most
transparent of the three, as it makes directly clear which conditions need to hold
for the IF function to return a 1 (i.e. to indicate that a match has taken place for the
first point in the sequence), whereas the second approach (Row 13) is a less direct
statement of what is ultimately the same logic.

In principle, the use of one set of logical criteria that is embedded within another
is often intransparent, inflexible and error-prone. In particular, the presence of inad-
vertent errors may arise as it can be very difficult to test the model properly: ide-
ally, such testing involves ensuring that the calculations work correctly along all
logical paths that may arise as the model inputs are varied across a wide range of
values. However, without being able to see the results of the individual logical steps,
it is difficult to know which paths have been activated by a specific combination
of input values. Thus, there may be logical paths which are incorrect, but which
become active for the first time only when another user requires a different set of
input values.

In essentially all practical contexts, when there are more than two potential
embedded logical functions (mostly frequently embedded IF statements), there is
almost always a more convenient, transparent and flexible approach. These typically
involve one of:

Using MIN/MAX or AND/OR functions (as shown in the earlier examples).
Using lookup functions (see Chapter 25). In the above example, the MATCH func-
tion (see Chapter 25) would generally be a better way of determining (based on the
flag in Row 10) the first year in which the revenues of product line 2 are forecast
to be greater than those of product line 1.

The file Ch9.2.EmbeddedIFs.2.xlsx contains an example of using lookup func-
tions to eliminate embedded IF statements (see Figure 9.8). The file contains a table
of data, showing the average temperature by time of day (Cells B2:C7). The user
can input a time of day (in Cell B11 or B15) and the functions return the average
temperature (Cells C11 and C135 respectively). In the first case, a sequence of embed-
ded IF functions are used, whereas in the latter the INDEX/MATCH combination is
employed. The latter is clearly easier to read, and would work immediately if a new
time of day (e.g. early evening) were introduced as a new row in the data set, whereas
the first approach would require significant adaptation. The embedded IFS approach
has the additional disadvantage that the data would need to be placed in time-order,
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A B c D E
1
2 Time of Day Average Temperalure
4
5
[
r
8
9 Embedded ifs:
10| |Cument Time of Day Average Temperature |  Formula
11 IJ‘.‘Ir_--n;,:-_-:-. 1d| =IF{B11="Moming",C3.IF(B11="Noon",C4 IF(B11="Alemodn",C5.IF (B11="Evening",C& CT))))

13 Lookup Funciions
14 |Cur.'1:nl.' Time of Day Average Temperalure | Formula
15| [Afemnoon 14| NDEX(C3:C7 MATCH(B15,83.87.0).1)

1R

FIGURE 9.8 An Example of Using Lookup Functions in Place of Embedded IF Statements

whereas in the example, when using the lookup function approach, the data set can
be in any order.

Short Forms of Functions

Generally, it is logically clearer and more transparent not to use the short forms of
functions, but rather to use the slightly longer but more explicit logical expressions.
This section provides a discussion of these issues.

A statement such as:

IF(E7 > F6,1,0)
is generally clearer than simply:
=F7>F6

For, even though the second is shorter, it requires the user to explicitly consider the
outcomes that result in each case.

Similarly, expressions such as =IF(G3, Valuel,Value2) are unsatisfactory, since it is
not explicit what aspect of G3 is being tested. In fact, it would return Valuel if cell G3
contains any non-zero number, Value2 if G3 is contains the number 0 or is blank, and
#VALUE in the case of a text entry. More explicit statements of which aspect of G3 are
being tested are preferable. For example, depending on the context, one may require
the ISBLANK, ISNUMBER or ISTEXT functions, perhaps in combination with AND,
OR or NOT.

Using full expressions, such as:

— IF(AND(G10 = 1, F10 = 0), 1, 0)
is arguably clearer than:
— AND(G10 =1, F10 = 0)

for the same reason (i.e. that the consequence of results of the test are being made explicit).
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Further, the fact that short-form functions often return TRUE or FALSE can lead
to modelling errors:

Many modellers may interpret the returns values as text fields, and in subsequent
formula write expressions such as:

— IF(B3 = “TRUE”,....)

Although such return statements are generally treated (by Excel) as if they were 0
or 1, this is not always the case. Figure 9.9 shows an example in which the pure
SUMPRODUCT function does not evaluate as one might expect when its inputs
are the results of short-form logic (with Cell C14 containing the value 0). To create
the correct calculations, one needs to implement a modification as shown in Cell
C15. However, the need to perform such modification is easy to overlook, and it
also creates a more complex formula.

Text Versus Numerical Fields

As noted above, it is generally preferable to ensure that formulae in Excel evaluate to a
numerical value where possible. Such a principle helps to ensure that subsequent (depend-
ent) calculations are robust and correct. For example, a function that could be written
to return the text field “TRUE” should generally rather return a 1 (and similarly for
“FALSE” returning a 0). This is in addition to the points noted above (where the use of a
1 is generally preferable to the TRUE that is output by some short-form functions). Also
related to this is that it is generally preferable to use the =NA() function rather than the
text field “N” (or similar) in the relevant circumstances (see Chapter 22 for more details).

SUMIFS with One Criterion

For the SUMIF and AVERAGEIF functions, the range to be summed or averaged is
the last parameter, whereas the range in which the condition is to be checked is the

A B C D
1
2 Values |Include Formula
3 1 TRUE =B3<5
4 2| TRUE =B4<5
5 3 TRUE =B3<5
& 4 TRUE =Bb<5
¥ 5 FALSE =B7<5
= 6 FALSE =B8<5
g 7 FALSE =B9<5
10 8 FALSE |=B10<5
1 9 FALSE =Bll<5
12 100 FALSE =Bl2<5
13
14 0|=SUMPRODUCT(B3:B12,C3:C132)
15 10|=SUMPRODUCT(B3:B12,C3:C12*1)

FIGURE9.9 The SUMPRODUCT Function When Using Short-form Logic
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first parameter. This is in contrast to SUMIFS and AVERAGEIFS, where the range to
be summed or averaged is the first argument, with the criteria being the latter (and
optional) ranges. Thus, even when a SUMIF or AVERAGEIF formula is required (i.e.
with only one condition to check), often it is better to instead use a SUMIFS or AVER-
AGEIFS: such an approach allows additional criteria to be easily added if necessary, or
for the formulae to be more easily copied or used in other formulae.

By contrast, the COUNTIF functions can be directly transformed into a COUN-
TIFS function if an additional criterion needs to be added. However, for the sake of a
consistent approach, one may argue always to use COUNTIFS even where COUNTIF
would suffice.

Including Only Specific Items in a Summation

In some cases, one may not yet know which items should be included in a final cal-
culation. For example, one may need to choose a subset of people to form a team,
whilst respecting some constraint on the total budget that is determined by adding the
compensation of each person who is in the selected team. Possible desired teams can
be explored by trial and error until one is found which can deliver the project whilst
meeting the budget constraint.

The file Ch9.3.FlexSUM.xlsx contains an example. Figure 9.10 shows an approach
which one sees frequently, in which the cost of a “trial team” has been formed by link-
ing to direct cell references (Sheet1 in the file).

A B = D E
1
2 Name Total Comp
3 Amelia 39477
4 Olivia 51607
5 Emily 36457
3] Ava 41536
Fi Isla 60284
8 Jessica 51366
9 Poppy 32527
10 Isabella 84495
11 Sophie 15000
12 Mia 67321
13 Ruby 15000
14 Lily 39672
15] Grace 87395
16 Evie 79219
17 Sophia 36089
18 Ella 70585
19 Scarlett 79436
20 Chloe 44854
21 Isabelle 56400
22 Freya 45169
23
24 Total 1034000 =SUM(D3:D22)
25
26
27 Sub-Group/Team 428733 =D3+D6+DT7+D10+D12+D16+D21

FIGURE 9.10 Direct Cell Reference Approach
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It will no doubt be clear to many readers that a more transparent and flexible
approach is to use a flag field (Column B) to explicitly define and identify the inclusion
or not of someone within the team, and then to use a function to calculate the total
cost of this team (Sheet2 in the file). Figure 9.11 shows that the calculation of team cost
can then be achieved by using the SUMIFS function or the DSUM Database function
(discussed in Chapter 26). This approach could also be the basis for the employment of
optimisation techniques or tools (for example, those that find the optimum combina-
tion of 1s or Os to achieve the objective at minimum cost).

AGGREGATE and SUBTOTAL Versus Individual Functions

The SUBTOTAL and AGGREGATE functions (see Chapter 17) have a wide variety of
options, and to some extent could always be used in place of the underlying functions
(for example, using AGGREGATE instead of SUM, COUNT or AVERAGE). However,
such generalised approaches are often more cumbersome for a user to understand and
audit; it would typically be necessary to check which function number and options are
being used in a specific case (as most modellers would not remember these details).

Al B C D E
1
2 Incl?  Name Total Comp
3 1 Amelia 39477
4 Olivia 51607
5 Emily 36457
6 1|Ava 41536
Fi 1 1sla 60284
g Jessica 51366
9 Poppy 32527
10 1/Isabella 84495
11 Sophie 15000
12 1/ Mia 67321
13 Ruby 15000
14 Lily 20672
15 Grace 87385
16 1 Evie 79219
17 Sophia 36099
18 Ella 70585
19 Scarlett 79436
20 Chloe 44954
21 1 Isabelle 56400
22 Freya 45169
23
24 Total 1034000 =SUM{D3.D22)
25
26 Sub-Group/Team
27| [ 1]with sumiFs 428733 =SUMIFS(D3.022 B3:B22,627)
28
29 Incl? |With DSUM 428733 =DSUM(B2.D22 D2 B29.B30)
30 1

FIGURE 9.11 Flexible Identifier Approach
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Therefore, unless their use provides a unique capability (or some form of flexibility
that is not available with the underlying functions), it would typically make sense to
use the more specific (not generalised) function.

Cases where the generalised functions may be considered as appropriate include:

The possibility to exclude error values from the calculations (when using
AGGREGATE).

The ability to rapidly change from one type of calculation to another (e.g. from
SUM to AVERAGE or COUNT) by changing a single function argument.

The potential to use the Wizard for the SUBTOTAL function (in order to place the
function at the end of each change in the category identifier).

Array Functions or VBA User-defined Functions?

Often, there is a choice as to whether to use an (Excel) array function or a VBA user-
defined function. Where such calculations return a value to a single cell (not to an array
of cells), and essentially involve working with tabular data “behind the scenes”, either
approach is generally possible. For example, the calculation of the semi-deviation of a
data set can be conducted as an array function (see Chapter 18), or as a user-defined
function (see Chapter 33). Similar dual approaches could be used for some other cal-
culations, such as of the statistical moments when frequencies are known, and the rank
order correlation between two data sets (also shown in Chapter 33).

The choice between the two approaches can be finely balanced in some cases.
Whilst one may wish to avoid using VBA unless it is truly necessary (or already used
elsewhere in the model), array functions are more cumbersome to work with and often
less flexible. For example, if the range of cells that drives the function is altered in size,
it is typically slightly harder to alter the range references for an array function than it
is for a user-defined function (where one can be sure — if correctly written — that each
range is referred to only once).

Volatile Functions

A Volatile function is one whose value is updated at every recalculation of Excel, even
when the values of its arguments have not changed. For reasons of computational effi-
ciency, most Excel functions update only when their argument values change (i.e. they
are not Volatile).

The main Volatile functions are NOW, TODAY, RAND, OFFSET, INDIRECT,
CELL and INFO.

The use of Volatile functions slows down each recalculation (especially if many
are used), so generally they should be used only to provide a unique functionality that
cannot be replicated by other (non-Volatile) functions:

OFFSET and INDIRECT should be favoured only when they are used to create
flexible ranges or references. Where this is not necessary, other functions (such as
INDEX or CHOOSE) may be sufficient (see Chapter 25).

The ADDRESS function may be chosen in preference to the CELL function in
some cases.
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Effective Choice of Lookup Functions

The effective use and selection of lookup functions is a very important aspect of build-
ing flexible, transparent and efficient models. The key points are covered in detail in
Chapter 25; here, we provide only a summary for consolidation purposes:

Lookup functions should generally be considered whenever there would otherwise
be logical functions embedded within others, especially embedded IF functions.
VLOOKUP and HLOOKUP should generally be avoided, with the INDEX/
MATCH combination (or perhaps LOOKUP) used instead. The reasons for this
are discussed in detail in Chapter 25, but briefly include: flexibility (e.g. placement
of data ranges and the ability to move parts of a range), robustness (avoiding
hard-coded row or column numbers, avoiding two-dimensional ranges), auditing
(reducing size of precedents and dependent ranges) and computational efficiency
(avoiding repetition of multiple identical implicit matching processes, size of model
due to audit paths).

Since the SUMIF or SUMIFS functions can be used to form the conditional sum of
all items in a list, they can also be used to find the value of a single item in a list that
has some property. However, lookup functions should generally be used for such
purposes, as they are more transparent and effective in this context.

Where a logical statement has only two outcomes, the selection between using IF
or CHOOSE may not be clear-cut: it would seem to make sense to use IF when the
logical part is a result of a general branching, and to use the CHOOSE if the role
of the branching process corresponds to an explicit decision that would be made.
When building scenario input data, CHOOSE would be used for data sets which
may need to be moved around (cut and paste), whereas INDEX would be used for
cases where the data will always be only in a contiguous range.

OFFSET and INDIRECT can be used to create flexible ranges and references, but
as Volatile functions, they are computationally inefficient, and so should be used
only where their unique functionality is employed.
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Dealing with Gircularity

INTRODUCTION

This chapter discusses the issue of dealing with circularities. We make a distinction
between circularities that arise as an inherent property of the real-life situation and
those resulting from the presence of circular formulae within an implemented model
(also called circular references). We discuss the potential advantages and disadvantages
of using circular formulae, ways to deal with circular logic and methods to (where
desired) retain the inherent circularity in the logic of a real-life situation whilst avoid-
ing any circular formulae in the model.

THE DRIVERS AND NATURE OF CIRCULARITIES

This section discusses the fundamental distinction between circularities that are an
inherent property of the real-life situation and those resulting from the way that for-
mulae are implemented in Excel.

Circular (Equilibrium or Self-regulating) Inherent Logic

Many real-life situations can be described using mathematical equations. Often, such
equations express some form of equilibrium or self-regulation within a system. For
example, the heat generated by a thermostatically controlled radiator depends on the
difference between the current room temperature and the target level. At the same
time, the room temperature will be affected by (depend on) the new heat generated by
the radiator. Similarly, in economics, “circular” logic may arise as a statement of some
form of equilibrium within the system being modelled, characterised by the presence of
a variable(s) on both sides of some equation(s).

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 117
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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In financial modelling contexts, examples of circular logic include:
The bonus of senior management could depend on the net income of the company,
which is itself calculated net of bonus expense. Written as formulae, one has:

Bonus = Bonus%.Net Income

Net Income = Net Profit Before Bonus — Bonus

(For simplicity of presentation, we ignore tax; i.e. the bonus may generally be sub-
tracted from pre-tax income.)

The interest rate at which a company may be able to borrow will depend on the
risk that the debt principal and the periodic interest payments may not be able to
be met. If the interest-coverage ratio (operating profit divided by interest payment)
is used as a measure of this risk, a circularity in logic is created: an increase in the
assumed borrowed amount would lead to higher interest charges, a reduced cov-
erage ratio, and hence tend to reduce the amount able to be borrowed (that was
just increased). Similarly, for projects financed partially with debt, the debt capacity
will depend on the ability to repay the debt, which is linked to the post-tax (and post
interest) cash flows, and hence to the level of debt.

The discount rate used to determine the value of a company (when using the dis-
counted cash flow approach) depends on the company’s debt-equity ratio (or debt-
to-value ratio). However, a value determined from this approach may initially be
inconsistent with the ratios assumed to determine the discount rate, for example if
debt levels are regarded as fixed, so that the equity value is a residual that depends
on the valuation, meaning that the new implied debt-equity ratio may not be the
same as the one that was assumed to derive the value in the first place. The theo-
retically correct valuation is found only if all assumptions are consistent with each
other, which requires an equilibrium (or circular) logic.

A tax authority may exercise a wealth tax on individuals depending on their net
worth, but the net worth is calculated after deducting the wealth taxes.

Circular Formulae (Circular References)

Circular references arise when the calculations to evaluate an Excel cell (or range)
involve formulae whose value depends on the same cell or range. This may often occur
through a sequence of cell references or formulae, in which the first depends on the last.
Such circularities may be intentional or unintentional:

Unintentional circularities generally result from a mistake or oversight when cre-
ating formulae, most often where a model is poorly structured, or has an unclear
logical flow (e.g. does not follow the left-to-right and top-to-bottom principle, or
uses multiple worksheets with complex linkages between them). A simple example
would be if, in Cell B6, a formula such as “=SUM(B4:B6)” had been used in place
of “=SUM(B4:BS5)”, so that the value in B6 refers to itself.

Intentional circular references. In principle, these are used to reflect a circular (or
equilibrium) logic that is present in the real-life situation. For example:

Models corresponding to any of the situations described above (i.e. management
bonus, cost of debt, debt capacity, cash flow valuation, wealth tax) could poten-
tially be implemented in ways that deliberately contain circular references.
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When calculating period-end cash balances (based on operating income and
interest earned during a period), the interest earned within a period may depend
on the average cash balance during that period (multiplied by the interest rate).
This creates a circular reference, since the average cash balance requires the final
balance to be known. In terms of equations, one has:

Cend = Cbeg + Cop + IntRate.(Cbeg + Cend)/2

where Cend is the closing balance, Cbeg is the starting balance, Cop is the non-interest
cash inflow and IntRate is the interest rate; the circularity is visible due to the presence
of Cend on both sides of the equation.

Generic Types of Circularities

By considering possible combinations of circular logic and circular formulae, one may
consider four categories of intentional modelling situations:

NCL/NCF: No circular logic and no circular formulae. This is the situation
for many traditional models: the underlying situation does not require cir-
cular logic, and the models also do not contain such logic (apart from unin-
tended errors).

CL/NCEF: Circular logic but no circular formulae. This is where the underlying
situation contains a circularity in its logic, but the model ignores this, usually for
reasons of simplicity (of implementation) or transparency. Many traditional mod-
els fall into this category, such as corporate valuation models, which often ignore
circular logic relating to the cost of debt.

CL/CF: Circular logic and circular formulae. This is where circular formu-
lae are implemented in the model to capture circularity (equilibrium) in the
underlying situation. For example, the approach could be used in the contexts
cited earlier.

NCL/CF: No circular logic but circular formulae. Although this category would
apparently not exist (except when unintentional circularities arise by mistake),
there are cases where the original real-life situation may not be fully circular, but a
slight modification to the assumed reality creates circular logic. In fact, the interest
calculation described above may be considered to be such a case, since interest is
usually not truly paid based on the average balance in a period, but perhaps on
interim cash balances at various times throughout a period (so that the assumption
that it depends on average balances is a modification to the specification of the
reality, that is subsequently captured in the model). In other words, this category is
effectively a CL/CF form of this modified reality.

RESOLVING CIRCULAR FORMULAE

In this section, we cover the key methods to deal with potential circular references:

Correcting the formulae when the circularity results from a mistake or typing error.
Ignoring the logical circularity, i.e. creating a model which provides only an
approximation to, or modification of, the original situation, and in which there is
no circularity within the formulae.
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Algebraic manipulation. This involves writing the equations that create the
circularity as mathematical formulae, and manipulating them in order to isolate
or solve for the (otherwise circular) variables on one side of an equation only. This
implicitly retains the equilibrium logic that created the original circularity.
Using iterative methods, with the aim of finding a stable set of calculations, in
which all items are consistent with each other. In practice, this can be achieved by
implementing one of several approaches:
Excel’s in-built iterative calculation method, in a model with circular formulae.
Iterating a “broken” circular path using a VBA macro (or manually conducted
copy-and-paste operations).

Correcting Mistakes that Result in Circular Formulae

Clearly, circular formulae that have been implemented by mistake should be removed
or corrected. This should be done as soon as they are detected, because it is generally
complex to audit completed models to find how the circularity arises: since there is no
starting point for a circularity, the tracing of precedents and dependent can become
time-consuming and frustrating. It may be that one will need to delete formulae on the
circular path and rebuild the model in some way, as an interim step to find and correct
the circularity.

Avoiding a Logical Circularity by Modifying the Model Specification

In some cases, a real-life situation may contain circular logic, but it may be possible to
ignore this, yet build a model whose accuracy is regarded as sufficient. For example,
many corporate valuation models simply ignore the circular logic relating to the dis-
count rate and to the cost of debt. Similarly, for the example concerning ending cash
balances, one could eliminate the circularity by assuming that interest is earned on the
opening cash balance only:

Cend = Cbeg + Cop + IntRate.Cbeg

This approach is simple to implement in practice, but may not be sufficiently accu-
rate in some cases. An improvement in accuracy can be achieved by introducing more
sophistication and complexity, in which interest is earned on the total of the opening
balance plus the average non-interest cash inflow:

Cend = Cbeg + Cop + IntRate.(Cbeg + Cop)/2

Of course, a reformulation will alter the value of some calculations and outputs,
which may or may not be acceptable according to the context. For example, the cal-
culation of the bonus based on pre-bonus income (rather than on post-bonus or net
income) would eliminate the circularity. However, the presentation of a result in which
the bonus is inconsistent with the final net income figure may not be acceptable or
credible (especially since it is a figure which may attract particular attention; an incon-
sistency in less visible figures may be acceptable).
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Eliminating Circular Formulae by Using Algebraic (Mathematical)
Manipulation

From a purely mathematical perspective, a formula containing a circularity such as:
B6 =1+ (1/10).B6
can be rearranged to give:
(9/10).B6 =1
and then solved:
B6=10/9
Similarly, in the bonus example:

Bonus = Bonus%.Net Income

i.e. Bonus = Bonus%.(Net Profit Before Bonus — Bonus)

i.e. Bonus.(1 + Bonus%) = Bonus% .Net Profit Before Bonus
i.e. Bonus = Bonus%.Net Profit Before Bonus/(1 + Bonus%)
and Net Income = Net Profit Before Bonus — Bonus.

Thus, by using the last two formulae in order, the circular references have been
eliminated, whilst the underlying circularity of the logic has been retained.
In the calculation of ending cash balances, the circular equation:

Cend = Cbeg + Cop + IntRate.(Cbeg + Cop)/2
can be re-written to isolate Cend on the left-hand side:

Cend.(1 — IntRate/2) = Cbeg.(1 + IntRate/2) + Cop
i.e. Cend =(Cbeg*(1+IntRate/2)+ Cop)/(1 - IntRate/2).

Using the last formula, the ending cash balance can be calculated directly from
the starting balance, the interest rate and the non-interest cash flow without creating a
circularity. Once Cend is calculated, the interest income can be calculated (also without
creating a circularity) as:

Interest Income = IntRate.(Cbeg + Cend)/2.

Note that when using the algebraic approach, the order of the calculation of the
items can be counter-intuitive. For example, using the equations above the bonus is
calculated by using the pre-bonus income, and the net income calculated once the
bonus is known (which contrasts to the description and formulae at the beginning of
the chapter, which defined bonus as a quantity that is determined from net income).
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Similarly, in the interest calculations, using the formula from algebraic manipulation,
the value of Cend is calculated before the interest income, and the interest income is
calculated from CEnd, which is counter to the logic that the interest income drives the
value of CEnd (or that CEnd depends on interest income).

Resolving a Circularity Using Iterative Methods

The role of a variable that is present on both sides of an equation can often be deter-
mined by an iterative solution method (whether working in Excel or more generally).
This means that one starts with a trial value (such as zero) for a variable, and this is
substituted into one side of the equation (and where the other side is the isolated value
of this same variable). For example, with:

B6 =1+ (1/10)*B6

using an initial value of B6 as zero on the right-hand side, the process results in
the sequence 0, 1, 1.1, 1.11, 1.111. This shows that where a single and stable
correct figure exists (i.e. 10/9); iterative methods generally converge very quickly
to this.

In theory, an iterative sequence could be explicitly replicated in Excel by building
multiple copies of a model, in which the first is populated with trial values, and the
outputs of this are used to provide inputs to the second copy, and so on. For example,
Figure 10.1 shows the bonus calculations (using a bonus level of 5% of net income).
The net income (Cell D5) is determined after subtracting the bonus (Cell D4) from the
pre-bonus income figure, and the bonus (Cell D4) itself depends on the net income
(Cell DS), thus creating a circular reference. Note that when the circular formula is
entered for the first time the result may evaluate to zero (Cell D4). At this point, the
figures are not consistent, i.e. the bonus figure as shown is equal to 0% (not 5%) of
the net income.

In Figure 10.2, we illustrate the iterative process that uses a sequence of models,
where the output of each is an input to the next. The values in Row 4 (cells D4:14)
and Row 5 (cells DS5:I5) rapidly converge to stable figures that are consistent with
each other.

Of course, it is generally not practical to build multiple copies of a model in this
way. Rather, iterative methods within the same model are required. There are several
possible approaches to doing this, which are discussed in the next section.

A B C D E F G H
1
2 Assumptions Values
3 PAT: Pre-Bonus 1000| (Assumed calculated from earlier in model)
4 Bonus (% of net income) 5.0% 0]=C4*D5
5 Net Income 1000]|=D3-D4

FIGURE 10.1 Example of a Circular Reference Arising from Implementing Equilibrium Logic
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Assumptions 1] 1 2 3 4 5
PAT: Pre-Bonus 1000 1000 1000 1000 1000 1000]|=H3

Bonus (% of net income) 5.0% _._~—-"'O'“' 50 +247.5 »447.6_»#47 6w 47.6]|=5C4*H5
Net Income « 1000 50 53 52 52 952|=I3-14

FIGURE 10.2 Illustrative Iterative Process by Using Multiple Copies of a Model

LRRT I SR SR

ITERATIVE METHODS IN PRACTICE

In practice, iterative methods (for item(s) on a circular path) take the value of a vari-
able at some cell, and calculate the dependent formulae in the circular path, until the
original cell has been recalculated, and then the process repeats. This is rather like sub-
stituting the value into the “later” parts of the model, until such later parts (due to the
circularity) meet the original cell. The general expectation is that the values that are cal-
culated will settle (or “converge”) to stable values which are consistent with each other.

This section discusses three key approaches to the implementation of iterative
methods within an Excel model:

Using Excel’s default iterative calculation.
Using manual iterations of a broken circular path.
Automating the iterations of a broken circular path using a VBA macro.

Excel’s Iterative Method

In the presence of a circular reference, Excel does not have the capability to manipulate
the equations or find a correct algebraic solution. Rather, it will use its in-built iterative
calculation method, in which the value of a variable at some point on the circular path
is used in all dependent formulae, until the original point is reached, giving rise to a
new updated value of that variable. This updated value is then used to recalculate the
dependent items again, and so on.

The file Ch10.1.BonusCircRef.xIsx contains the bonus model with a circular refer-
ence. Figure 10.3 shows the model after applying Excel’s iterations (producing results
that are the same as in the explicit multi-model approach shown earlier).

A B C D E F G H
1
2 Assumptions Values
3 PAT: Pre-Bonus 1000] (Assumed calculated from earlier in model)
4 Bonus (% of net income) 5.0% 47.6|=C4*D5
3 Net Income 952.4|=D3-D4
6

Sheetl +

Ready Calculate 51

FIGURE 10.3 Results of Allowing Excel to Iterate the Bonus Model Which Contains Circular
References
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The general presence of a circular reference will be signalled with a “Calculate”
message on Excel’s Status Bar (as can been seen toward the bottom of Figure 10.3).
Further, the Calculation Option settings (under File/Options/Formulas) will have an
effect according to the selected option:

If (the default) Enable Iterative Calculation is switched on:

On (the default) Automatic calculation method:
No circular reference warning message will appear when the formula is created.
The model will directly iterate. The values that result will depend on the num-
ber of iterations and the maximum change conditions (that are defined within
the calculation options, e.g. the default is to allow 100 iterations).
The Status Bar will show (using “Calculate”) that there is a circularity present.
Each further use of the F9 key will result in further iterations being conducted.
The model’s values will change only if the earlier iterative process has not
converged.

On the Manual recalculation method:
No circular reference warning message will appear when a formula containing
a circular reference is first created.
The formula will evaluate a single time (i.e. to a context-specific, generally
non-zero, value), but it will not iterate beyond this.
The Status Bar will show (using “Calculate”) that there is a circularity present.
The use of the F9 key will result in the model performing iterative calculations
(with the values that result depending both on the number of iterations and on
the maximum change conditions defined in the calculation settings).
Each further use of the F9 key will result in further iterations being conducted.
The model’s values will change only if the iterative process has not converged.

If Enable Iterative Calculation is switched off:

On the Automatic calculation method:
A circular reference warning message will appear when a formula containing
a circular reference is first created.
The formula will evaluate to zero when created or re-entered.
The Status Bar will explicitly state the presence of a circular reference and
indicate the address of one of the cells on the circular path.
The Excel worksheet will highlight the circularity with precedence and depend-
ence arrows.
The use of the F9 key will have no further effect on the values in the model,
since iterative calculation is switched off, so that the circularity cannot be
attempted to be resolved.

On the Manual recalculation method:
No circular reference warning message will appear when a formula containing
a circular reference is first created.
The formula will evaluate a single time (i.e. to a context-specific, generally
non-zero, value), although the whole model will not evaluate.
The Status Bar will show that there is a circularity present, but these will not
be immediately highlighted with explicit cell references in the Status Bar, nor
with precedence and dependence arrows in the Excel worksheet.
The use of the F9 key will result in a message warning that there is a circular
reference. At this point, the Status Bar will also explicitly state the presence of
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a circular reference and indicate the address of one of the cells on the circular
path. The Excel worksheet will highlight the circularity with precedence and
dependence arrows. However, there will be no effect on the values in the
model, since iterative calculation is switched off, so that the circularity cannot
be resolved.

It is also worth noting that since Excel’s default settings (i.e. when first installed)
are typically the Automatic and Iterative calculation options (by default), the only
indication of a possible circular reference is the presence of “Calculate” in the Status
Bar. However, such a message can appear for other reasons (most notably when Excel
detects that a model that is set on Manual calculation needs to be recalculated, for
example due to a change in the input values used). Thus, the detection of a possible
circular reference (e.g. as part of a model auditing process) will need to be done as a
deliberate step.

Fortunately, it is simple to detect the presence of a circular reference: by switching
off Tterative calculation, a circular reference warning will be displayed, the Status Bar
will show the address of a cell on the circular path, and the dependence and precedence
arrows appearing in the Excel worksheet. (In Automatic calculation, these will directly
appear, whereas in Manual calculation, one will need to press the F9 key for this infor-
mation to appear.)

Creating a Broken Circular Path: Key Steps

An alternative to using Excel’s iterations is to “break” the circular path within the
model. This is done by:

Modifying the model to isolate in a single cell (or in a dedicated range) the value
of one variable or calculation that is on the circular path.

Adding a new cell (or range), whose role is to represent the same variable, but
which contains only numbers. The new range may initially be populated with any
values (such as zero).

Relinking the formulae that depend on the original variable, so that they instead
depend on the new range. This would need to be done for each formula that is
dependent on the original precedent chosen, which is why it is ideal to find or
create a precedent with a single dependent if possible. There would then be no
more circularity, but there would be two ranges which represent the same varia-
ble: the new range (containing pure numbers) and the original range (containing
calculated values). Unless the values are the same, the circularity has not been
fully resolved.

Iterate: this means recalculating the model (e.g. pressing F9) and copying the
updated values (at each iteration) of the original field into the field containing only
numerical values. This can be repeated until the values in each field have converged
to the same figure (or the difference between them becomes very small).

The file Ch10.2.Bonus.Iterations.Manual.xlsx contains an implementation of this
within the earlier bonus example (see Figure 10.4). Note the process that would have
been required if one had started with the model shown in Figure 10.3: first, one would
identify that Cell D4 and DS (in Figure 10.3) are on the circular path, and that D4 has
a single dependent. Second, a new range is added (i.e. Row 5 in Figure 10.4). Third, the
formulae that are dependent on Cell D4 (i.e. Cell D6 in Figure 10.4, corresponding to
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A B e D E
1
2 Step 1 Assumptions |\|’alues |
3 PAT: Pre-Bonus |_ ‘_O-DD_I
4 Bonus (% of net income): Calculated ﬁ.O%II‘ 50|=C4*D6
5 Bonus (% of net income): Pasted Values 0
6| |Netlncome =D3-D5 =D3-D5
7

FIGURE 10.4 Creating a Broken Circular Path

Cell DS in Figure 10.3) are relinked to depend on Cell D5. Fourth, when the model is
recalculated, the values of net income (Cell D6) and the calculated bonus (Cell D4) are
both updated, as they depend on the values in the new range (Cell DS), rather than on
themselves (as was the case with the original circularity). Since the new range (Cell DS5)
contains only values, there is no longer a circularity.

Whilst the process of adapting a model in this way may seem complex at first, in
fact it is easy and straightforward to implement if the model is structured in this way
as it is being built.

Repeatedly Iterating a Broken Circular Path Manually and Using
a UBA Macro

As noted earlier, when iterative processes are convergent, typically only a few iterations
are required in order to have stable values. This means that the iterative process can be
implemented in several ways:

Manually pasting the values of the calculated bonus field (Cell D4) into the new
bonus value field (Cell D5), ensuring that one recalculates the model after the
paste, and repeating this process until one observes sufficient convergence between
the figures.

Implementing a VBA macro to repeatedly assign the values from D4 into DS,
also ensuring that the model recalculates each time (repeating this until suffi-

cient convergence has been achieved, which may be checked automatically by the
VBA code).

For example, Figure 10.5 shows the result of conducting a single (manual) paste
of the values of B4 onto B5 and letting the model recalculate once, whilst Figure 10.6

A B C D E
1
2 Assumptions Values
3 PAT: Pre-Bonus 1000
4 Bonus (% of net income): Calculated 5.0% 47.5|=C4*D6
5 Bonus (% of net income): Pasted Values 50.0
6 Net Income 950|=D3-D5

FIGURE 10.5 Results After One Paste of the Broken Circular Path Approach
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A B C D E
1
2 Assumptions Values
3 PAT: Pre-Bonus 1000
4 Bonus (% of net income): Calculated 5.09 47.6(=C4*D6
5 Bonus (% of net income): Pasted Values 47.5
6 Net Income 953|=D3-D5

FIGURE 10.6  Results After Two Pastes of the Broken Circular Path Approach

shows the results of doing this an additional time. Unsurprisingly, the sequence of
results produced is the same as that shown for the first steps in Figure 10.2 (i.e. to the
values 0, 50, 47.5. . ., as shown in cells D4, E4 and F4).

Of course, the manual approach may be sufficient for very simple models which
are to be used in only basic ways. However, in practice there are several advantages to
using a VBA macro:

It reduces the chance of an error, especially when repeatedly pasting multi-cell ranges.
It saves time, since the pressing of a button to run a macro will be quicker than
repeatedly copying and pasting ranges, and checking for convergence.

One is less likely to forget to update the model by recalculating the circularity
(indeed, the macro could be automatically run though a workbook open or change
procedure, as discussed in Part VI).

It is easier to run sensitivity analysis, since one can integrate the circular reference
macro within a single larger macro (see Chapter 14). The manual procedure would
be very cumbersome, as several copy-and-paste procedures would be required each
time that an input value is changed.

In Part VI, we describe a simple macro to assign values from one range into
another (rather than using copy/paste) which is very straightforward. For example, a
code line such as:

Range ("BonusValue") .Value = Range ("BonusCalc") .Value

will perform the assignment (where the Cell D4 has been given the range name
BonusCalc and DS the name Bonusvalue).

Of course, a recalculation is required after every assignment statement to ensure
that the values are updated. Thus, a simple macro that would perform the assignment
and recalculate the model several times (here: 10) could be:

Sub MRResolveCirc ()

For i = 1 To 10

Range ("BonusValue") .Value = Range ("BonusCalc") .Value
Application.Calculate

Next i

End Sub

The file Ch10.3.CircRef.BasicMacro.xlsm contains the above macro, and a text-
box button has been assigned to run it (see Figure 10.7).
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A B C D E F G
1
2 Assumptions Values
3 PAT: Pre-Bonus 1000
4 Bonus (% of net income): Calculated 5.0% 47.6 Resolve Circularity
5 Bonus (% of net income): Pasted Values 47.6
6 Net Income 952.4
=

FIGURE 10.7 Resolving a Broken Circular Path Using a Macro

Note that it would be straightforward to add more capability and sophistication,
such as using a preset tolerance figure (e.g. 0.00001) and iterating until the difference
between the two figures is less than this tolerance, whilst allowing a higher maximum
number of iterations if not:

Sub MRResolveCirc2 ()

NitsMax = 100 'Set Max no. of iterations
Tol = 0.00001 'Set tolerance

icount = 0

Do While VBA.ADbs (Range ("BonusValue) .Value - Range ("BonusCalc") .
Value) >= Tol
icount = icount + 1
If icount <= NitsMax Then
Range ("BonusValue") .Value = Range ("BonusCalc") .Value
Application.Calculate
Else
Exit Sub
End If
Loop

Further, one may display messages to the user if the circularity has not been resolved
after a specific number of iterations, as well as error-handling procedures, and so on.

PRACTICAL EXAMPLE

In this section, we show each method within the context of a practical example. We
assume that one wishes to forecast a final cash balance based on a starting balance,
some non-interest cash flow and interest earned. We discuss the main five possible
approaches, as covered earlier:

Calculating interest income based on average cash balances. This creates a circular
logic that may be implemented either with:

Circular references, resolved using Excel iterations.

Circular references, resolved using a VBA macro.

Elimination of the circular references using algebraic manipulation.
Calculating interest income based on cash balances which exclude non-interest
income, thus modifying the model (and its results) to eliminate both the circular
logic and the circular references:

Using starting cash balances only to calculate interest income.
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Using starting balances and non-interest-related cash flows to calculate interest
income, thus providing additional accuracy (since the results should be closer
to those obtained using circular logic than if only starting cash balances
were used).

Usiny Excel Iterations to Resolve Circular References

The file Ch10.4.1.CircRef.Res.xIsx contains a model in which interest income (Row
5) is calculated by referring to the average of the starting and ending cash balances.
Figure 10.8 shows the results after using Excel iterations until the figures are stable.

Using a Macro to Resolve a Broken Circular Path

The file Ch10.4.2.CircRef.Res.xlsm contains the model with the same underlying logic
(interest earned depending on average cash balances), in which a macro is used to
resolve a broken circular path (see Figure 10.9). Row 7 contains the pure-values range,
so that the macro (at each iteration) copies (assigns) the values from Row 6 into Row
7, until the absolute sum of the differences between the cells in Row 6 and Row 7 (cal-
culated in Cell C8) is within the tolerance level (that is embedded within the macro).

A B C D E F G H
1
| Circularity 1 2 3
3 Cash Flow
4 Operating Cash Flows 100 100 100
5 Interest Income 3.0% 3.05 6.18 0 47]=5C5* AVERAGE(FO,F11)
G Total Cash Flow 103 .05 106.18 10942
7
8 Cash Balance
9 | Starting 50000 15305 259 23|=E11
10 Increase 103 .05 106.18 109 42| =F&
1 End 50| 153.05 259.23  36B.65|=F0+F10

17

FIGURE 10.8 Using Excel’s Iterative Process in a Model with Circular References

A B C D E F G H | ]
1
2 Circular logic resolved using madro 1 2 3
3 Cash Flow Rum Dne Iteration ‘
4 Operating Cash Flows 100 100 100
5 Interest Income 3.0% 3.08 5.18 §.42| =5C5*AVERAGE(F11,F13)
6 Total Cagh Flow Calg 10305 10618  100.42|=F4+F5
7 Total Cash Flow Values 10305 10618 10942 Resolve Fully |
B Litiereree fabsoitnte rems] e aae e aser
5
10 Cash Balance Mamed Ranges used in Macros:
11 Starting 5000 153.05  259.23|=£13 MaxDifference  =Sheerl!SCS8
12 Increase 10305 10618  109.42|=F7 TCFFormulae =Sheetl!SD56:5F56
13 End 50| 153.05 259.23  368.65|=F11+F12 TCFValues =SheetlISDST:5F57

14

FIGURE 10.9 Using a Macro to Resolve Circular References
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Algebraic Manipulation: Elimination of Gircular References

The file Ch10.4.3.CircRef.Res.xIsx contains a model in which the formulae (derived
earlier in the chapter) resulting from algebraic manipulation are used (see Figure 10.10).
Note that, as well as containing no circular references (although the underlying logic
remains circular), the order of the calculations is different to those in the original
model: the ending cash balance is calculated before the interest income is known, with
interest income calculated using the average period cash balance.

Altered Model 1: No Circularity in Logic or in Formulae

An alternative approach is to reformulate the model (and implicitly its specification,
in the sense of the assumed or approximated behaviour of the real-world situation), so
that there is no circularity of any form.

The file Ch10.4.4.CircRef.Res.xlsx contains the case in which interest income is
determined from starting cash balances only. This removes the circularity, as interest
earned no longer depends on ending cash balances (see Figure 10.11). Note that the
values of the ending cash balances are different to the above examples in which circu-
larity was retained.

A B C D E F G H
1
2 Algebraic Manipulation: No circularity 1 2 3
3 Cash Flow
4 Operating Cash Flows 100 100 100
5 Interest Income 3.0 305 6.18 9.42)=5C5* AVERAGE(F9,F11)
& Total Cash Flow 103.05 106.18 109.42
7
8 h Balan
9 Starting 50.000 153.05  259.23|=Ell
10 Increase 103.05 106.18 105.42)=F6
11 End 50] 153.05 259.23 368.65]=(F9°(1+5C5/2)+F4)/(1-5C5/2)

12

FIGURE 10.10  Using Algebraic Manipulation to Eliminate Circular References

A B C D E F G
1
2 Altered Model 1: No circularity 1 2 3
3 Cash Flow
4 Operating Cash Flows 100 100 100
5 Interest Income 3.0% 150 455 7.68|=5C5"F9
& Total Cash Flow 101.50 104 55 107 .68,
7
8 Cash Balance
9 Starting 50.000 151.50 256.05|=E11
10 Increase 101.50 104.55 107.68|=F&
1 End 50 151.50 256.05 363.73|=F9+F10

an

FIGURE 10.11  Altering the Model to Eliminate Circularity Using Starting Balances
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Altered Model 2: No Circularity in Logic in Formulae

Another approach to reformulate the model would be to calculate interest income from
starting cash balances as well as from all other (non-interest) cash sources. This would
also eliminate the circularity, whilst potentially giving results that are closer to those
that would be obtained if the circularity were retained.

The file Ch10.4.5.CircRef.Res.xlsx contains such a model (see Figure 10.12). Note
that the values of the ending cash balances are much closer to those in the earlier exam-
ples which used circularity.

Note that in this example, the only non-interest cash flow is the single line for the
operating income. In a larger model, one may wish to include all non-interest cash
items (including capital investment, dividends or financing cash flows). Doing so can
be a little cumbersome in practice, because one needs to create a partially complete
cash flow statement, which includes all non-interest-related cash items. Sometimes a
convenient compromise is to include only the major cash flow items in such a state-
ment, where the identity of the larger items can be known in advance.

SELECTION OF APPROACH TO DEALING WITH CIRCULARITIES:
KEY CRITERIA

When faced with a situation in which there is a potential for circular references, one
has a choice as to which approach to use, not only in terms of their incorporation into
a model, but also in the methods used to resolve them. This section discusses some key
issues to consider when making such a choice.

Currently, there seems to be very little consensus or standardisation around
whether and/or how to use circularities:

Some modellers take the view that circular references should be avoided at all costs.
Some modellers (especially some practitioners of financial statement modelling and
of project finance modelling) seem to place significant value on retaining circular
references in the calculations, typically for the sake of accuracy and consistency.

A B C D E F G H
1
2 Altered Model 2: No circularity 1 2 3
3 Cash Flow
4 Operating Cash Flows 100 100 100
5 Interest Income 3.0% 3.00 6.0% 9 27]|=5C5%(F9+F4/2)
6 Total Cash Flow 103.00 106.09 109.27|
7
3 Cash Balance
9 Starting 50.000 155.00 258.09]|=E11
1D| Increase 103.00 106.09 109.27|=F&
11 End 50 153.00 259.09 368.36]=F9+F10

FIGURE 10.12 Altering the Model to Eliminate Circularity Using Starting Balances and Interim
Non-interest Cash Flows
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Some modellers prefer to ignore the circular logic of a situation when building
models, including many valuation practitioners, as mentioned earlier in the
chapter.

Although the reasons to use (or to avoid) circularities are often not addressed
explicitly, there is surely some underlying rationale for many of these views, which
manifests itself differently according to the context, and the modeller’s experience,
capabilities and biases. Indeed, there are several issues to consider when selecting an
approach to deal with potential circularities:

The accuracy and validity of the underlying logic.

The complexity and lack of transparency of the model.

The potential for errors due to iterative processes to not converge to a stable figure,
but to diverge or float in ways that may not be evident.

The risk of destroying calculations by the propagation of non-numerical errors
along the circular path, without any easy possibility to correct them.

The possibility that macros may be poorly written, not robust, or contain errors
(especially when written by modellers with insufficient experience with VBA).
That mistakes may be made when performing algebraic manipulation, resulting in
incorrect calculations.

That calculation speed may be compromised.

That sensitivity analysis may be more cumbersome to conduct that in models with-
out circularity.

These issues are discussed in detail in the remainder of the text.

Model Accuracy and Validity

Where a real-life situation involves circular (equilibrium) logic, it would seem sensible
to capture this. On the other hand, although the economic concept of equilibrium is
widely accepted, the notion of “circular reasoning” is generally regarded with suspi-
cion. Thus, in some cases, one may be willing to reduce accuracy in order to retain
more confidence:

Where there is a strong need for the calculations to be as accurate as possible, and
(internally) consistent, one may essentially be obliged to accept that circular logic
is required. For example, typically in project finance modelling, the debt covenants
or other contractual aspects may be set with reference to the figures in a model.
Similarly, in the earlier bonus example, if the bonus net income figures are not
consistent, then these may not be credible and are technically also wrong. In such
cases, one’s options are either to use algebraic manipulation (where possible) or to
use iterative methods with Excel or VBA.

Where the requirements for accuracy or consistency may be less strict, or circular
logic may be distrusted per se, it may be sufficient (or preferable) to ignore the
circular logic. The reduced accuracy may be acceptable either because the results
are not materially affecting (e.g. in most interest calculations when this is only a
small part of the overall cash flow) and/or simply because ignoring the circularity
has become standard practice in a specific context (as is the case in some valua-
tion work).
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Note that in principle, the use of algebraic manipulation provides the best of both
worlds: retaining the implicit circular logic whilst not having circular formulae. Unfor-
tunately, there are some limitations and potential drawbacks:

In practice, it can be used only in a limited set of specific and simple situations.
Many real-life modelling situations typically contain calculations that are too com-
plex (or impossible) to be manipulated algebraically. For example, even the rela-
tively minor change of introducing multiple interest rates (that apply depending on
the cash balance) would mean that manipulations similar to those shown earlier
are no longer possible (due to the presence of IF or MIN/MAX statements in the
equations).

Even where appropriate manipulations are possible, there is generally no easy way
to know if a mistake has been made when doing so. To check the results of imple-
menting the manipulated formulae with those that would be achieved if the origi-
nal formulae had been used, one would have to implement both (and the original
formulae would then contain circular references which would need to be resolved
by an iterative method).

Users of a model who are not familiar with the approach may find it hard to
understand. Not only would they not be explicitly aware of the underlying alge-
braic manipulation (unless it is made very clear in the model documentation or
comments), but also the corresponding Excel formulae are generally less clear.
Further, the order of the calculations is sometimes also not intuitive and confusing
(e.g. ending cash balances calculated before the interest income).

Complexity and Transparency

Models with circular references are hard and time-consuming to audit (and even more
so in multi-sheet models). The circular dependency path literally leads one to moving
in circles when trying to understand the formulae and check their accuracy; after trying
to follow the logic along a calculation path, one eventually simply returns to where one
started, often without having gained any new useful information! In addition, some
users may be insufficiently familiar with, and distrust, iterative processes per se. Finally,
the potential requirement to use macros to run iterative processes can lead to further
unwillingness to consider the use of circularity.
In terms of implications for choice of method, this suggests that:

The use of circular formulae should be avoided whenever possible.

Where circular logic (without circular formulae) is desired to be retained:
The use of a “broken” circular path (combined with a macro to conduct the
required iterations) can be an appropriate way to retain the circular/equilib-
rium logic (and hence the accuracy of the model) whilst having clear dependency
paths (with definite start and end points).
The use of algebraic manipulation (where available) is not necessarily more
transparent (nor less complex) than the use of a broken circular path, since
users who are not familiar with (or capable of understanding) the mathematical
manipulations may find the model harder to follow.

The use of alternative modelling approaches may overcome any complexity

associated with the need to use iterative processes. However, the complexity
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of the model will not be significantly reduced, since the alternative model and
the broken-path model would be of similar transparency and complexity in
principle. The disadvantage of using an alternative modelling approach is the
reduced accuracy compared to if a broken circular path (or circular formulae)
were used.

Non-convergent Circularities

The use of iterative methods can have negative consequences for the robustness of a
model, and the extent to which the displayed results are meaningful and converge to
the correct values.

In fact, whilst the general expectation when using iterative processes is that they
will converge, this will not necessarily be the case. In fact, iterative processes may
be either:

Convergent
Divergent
Floating.

For example, we noted earlier that an iterative process applied to a formula such as:
B6 = 1+ (1/10).B6

converged after only a few iterations (to the true figure of 10/9).
On the other hand, whilst it is clear that the formula

B6=1+2.B6

has the true (mathematical) solution B6=-1, an iterative method (using an initial value
of zero) would produce the rapidly divergent sequence: 0, 1, 3,7, 15, 31, 63, 127, 255,
511,1023. ...

In fact, just as iterative processes converge quickly (where they are conver-
gent), they also diverge quite quickly (where they are divergent). Thus, the presence
of divergent circularities will typically be evident, unless only very few itera-
tions are used.

The file Ch10.5.1.CircRef.Res.xIsx contains an example of the earlier interest-cal-
culation model in which there is a circular reference. For ease of presentation, the file
contains a second copy of the model (see Figure 10.13). In the second copy, the interest
rate has been set to 200% (Cell C16). At this or any higher value, the iterative process
will diverge. Since (in Excel) the number of iterations is 100 by default, the numbers
shown are large, but not yet very large. Each pressing of F9 results in 100 additional
iterations, so that the figures become progressively larger.

Such divergent behaviour (when the interest rate is 200% or higher) results from
the circularity in the logic (not just the specific model, as implemented here): the inter-
ested reader can verify that the divergence will occur (or errors or incorrect results pro-
duced), whether a macro is used to iterate, or whether algebraic manipulation is used.
The alternative models (in which interest earned is not linked to ending cash balances)
do not have these properties.
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A B i D E F G H

1

2 | Circularity 1 2 3

3 Cash Flow

4 Operating Cash Flows 100 100 100

54 Interest Income 3.0% 3.05 6.18 9.42|=5C5*AVERAGE(FS,F11)
6 | Total Cash Flow 103.05 10618 109.42

7 4

8 | Cash Balance

9 Starting 50.000 153.05 259.23]=E11

10| Increase 105.05 106.18 109.42)=F&

1 | End 50| 153.05 159.23 368.65] =F3+F10

12

13| Circularity 1 2 3

14 | Cash Flow

15 Operating Cash Flows 100 100 100

16 | Interest Income 200.0% 20000.00 19E0400.00 127518800.00| =5C16*AVERAGE(F20,F22)
17| |Tetel Cash Fiow 010000  1920500.00 127518900.00

18
19 Cash Balamce
20 Starting 50.000 19350.00 1860650.00{ =E22
21 | Increase 20100.00 1380500.00 127518900.00) =F17
22 End 50| 20150.00 2000450.00 129479550.00{ =F20+F21

an

FIGURE 10.13 Example of a Divergent Circular Reference

Circularities that are neither divergent nor convergent can exist; we call these
“floating circularities”. For example, whereas the equations:

x=y+10
y=-x

have the solution x =5,y = -5, an iterative process applied to the Excel cells with
the formulae:

E3 =D3+10
D3 =-E3

will produce a sequence of floating values for D3 and E3, i.e. they cycle through a set
of values, without ever converging or diverging. The values will depend on the number
of iterations used and on the assumed or implied starting values (of say D3) at the first
iteration (i.e. which point in the cycle one looks at).

The file Ch10.6.1.CirRef.Floating.xIsx contains an example. The file is set to Man-
ual recalculation, with iterative calculation on, and set to only one iteration (thus,
each pressing of F9 will result in a single iteration). Figure 10.14 shows the results

Model Constant Calc1 Calc2
10 -1 9
=E3 =C3+D3

F S TE R N

FIGURE 10.14 The Result of One Iteration with a Floating Circularity
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of conducting one iteration, Figure 10.15 shows the result of conducting two, and
Figure 10.16 shows the result of conducting three. The floating nature of the circularity
can be seen as the values in Figure 10.16 are the same values as those in Figure 10.14,
whilst those in Figure 10.15 are different.

The non-convergent nature of the calculations (and the different results that are
possible) can be seen in more detail from the lower part of the file, shown in Fig-
ure 10.17. This shows the explicit iterative steps, from an assumed value of D3 at the
beginning of the iterative process (Cell D7). The user can verify that the sequence gen-
erated is different if an alternative starting value is used.

Floating circularities can arise in subtle ways, for reasons that may not be imme-
diately apparent. For example, one may start with a calculation of all future cash
sources, uses and cash balances, with the forecast showing that future balances are
always positive, as shown in Figure 10.18. One may then to decide to add an additional
draw-down line item, in which, at the beginning of the project, the minimum future
cash balance is withdrawn (e.g. so that this cash can immediately be used for other
purposes). In other words, Cell C3 is replaced by a formula which calculates the (nega-
tive of) the minimum of the range D4:H4 (see Figure 10.19, which shows both models
for simplicity). This will create a “floating” circularity: as soon as cash is drawn down,
the future minimum balance becomes zero, so that no future cash can be drawn down,
which then resets the future minimum cash balance to a positive number, so that cash
can be drawn down after all, and so on.

Floating circularities are arguably the most dangerous type:

Since they do not diverge, the values shown may look reasonable. However, the
values are not stable, and depend on the number of iterations used.

Their cause is often subtle, so one may not be conditioned to be aware of their
possible presence.

Their presence may be overlooked, especially if intentional (convergent) circularities
are also used. The main risk is that a floating circular reference will unintentionally
be introduced, yet the modeller (or user) is likely to ignore any circular reference
warning messages in Excel (because a circular reference was used intentionally).

Model Constant Calcl Calc 2
-9 1
=E3 =C3+D3

B W P -
=
(=]

FIGURE 10.18 The Result of Two Iterations with a Floating Circularity

P | -t

Model Constant Calcl Calc2
10 -1 9
=E3 =C3+D3

aw

FIGURE 10.16 The Result of Three Iterations with a Floating Circularity
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A B C D E
.
2 Model Constant Calc1 Calc 2
3 10 -1 El
4 =-E3 =C3+D3
5
6 Iteration Number |value of C3 Value of D3 using D3=-E3  Value of E3 using E3=C3+D3
7 0 10 -1 9
8 i 10 -9 1
9 2 10 =1 9
10 3 10 -9 1
1 4 10 -1 9
12 5 10 -9 1
13 6 10 -1 El
14 7 10 -9 1
15

FIGURE 10.17 The Values of Each Item at Each Iteration with a Floating Circularity

A B & D E F G H J
1
2 | 1 2 3 4 5 Column C:
20| Cash flow 10 10 10 10 10 HN/A
4 Cumulative Cash 10 20 30 a0 50 =C3
= | =C3 =CA+D3 =D4+E3 =EA+F3 =F4+G3 =G4+H3

FIGURE 10.18 Initial Forecast Model

A B i D E F G H £
2 || ol 2 3 a 5 Column C:
3 | Cash flow 10 10 10 10 10 #N/A
4| Cumulative Cash 10 20 30 a0 50 =C3
5 =C3 =CA+D3 =DA+E3 =FE4+F3 =F4+G3 =G4+H3
|
7 | 1 2 3 4 5|  columnc:
8 Cash flow 10 10 10 10 10 =-MIMN(DS:H3)
9 Cumulative Cash 12 22 32 42 52| =C8
10 | =C8& =C9+DB8 =D9+E8 =E9+F8 =F9+G8 =G9+HS

FIGURE 10.19 Modified Forecast Model with a Floating Circularity

The main implication is that, if using Excel’s iterative method, there is a risk
that inadvertent floating circularities may be introduced inadvertently or be hidden
by other intentional circularities. To avoid this, in principle, Excel’s iterative method

should not be used.
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Potential for Broken Formulae

In models with circular formulae, errors may propagate along the circular path,
without any easy mechanism to correct them. This can cause significant problems: in
the best case, one would have to revert to a prior saved version of the file. In the worst
case, one may have inadvertently saved the model with such errors in (or such errors
are only propagated at the recalculation that may take place automatically when a
file is saved), with the result that the model is essentially destroyed and may have to
be rebuilt.

The issue arises because once a non-numerical error value (such as #DIV/0!) is
introduced onto the circular path, then the iterative process will propagate it. How-
ever, if the error is corrected at only one cell on the path, the iterative process will not
generally be able to recover, because some of the other cells on the path will contain
non-numerical errors, so that the iterative calculation process (which requires pure
numerical values as inputs) simply cannot be conducted.

Figure 10.20 shows the earlier circular calculation of interest earned (i.e. depend-
ing on average cash balances), in which the periodic interest rate had been set to 250%
and the model iterated several times. Since the circularity is divergent, eventually the
#NUM! error appears on cells along the circular path.

Figure 10.21 shows the result of replacing the 250% interest rate to a periodic rate
of 3%, and iterating the calculations several times. One can see that the formulae on
the circular path are not corrected.

In Figure 10.22, we show that even when the formulae are re-entered across Row 3,
and the iterations conducted, the model remains broken. The same is true if formulae
are entered in Row 6 or Row 10.
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1
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3 Cash Flow
4 Operating Cash Flows 100 100 100
5 nterest Income 250,07 ENUMI ENUMI ENUMI =5C5"AVERAGE(FS,F11)
& Total Cash Flow ENUM! ENLIM! N I
8 h Balang
9 Starting 50.000 ENUMI SENUMY =E11
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i1 End 50 EhUM! ENUM! ShUME =F3+F10

FIGURE 10.20 Initial Error Propagation due to a Divergent Circularity
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FIGURE 10.21 Errors Remaining After Correction of the Cause of the Divergent Circularity
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FIGURE 10.22 Errors Remaining After Partial Rebuild of Model Formulae

In fact, only in the case in which the formulae are entered all the way to Row 11,
are the formulae re-established, and then only in the first column (see Figure 10.23).
Thus, to recover the model, one would need rebuild it at Row 11, progressing from left
to right, one cell at a time (by re-entering the formula in each cell and then iterating or
recalculating the model).

Many practical models (which are mostly larger and often do not have a strict
left-to-right flow) would be essentially impossible to rebuild in this way; therefore, the
potential arises to essentially destroy the model.

Note that such a problem is much simpler to deal with in a model that has been
built with a broken circular path: when an error such as the above arises, the pure-
values field that is used to break the circular path will be populated with the error
value (e.g. #NUM!). These can be overwritten (with zero for example), in addition to
correcting the input value that caused the error or divergence. Since there is no circular-
ity in the formulae, once the contents of the values field are reset from the error value
to any numerical value, the dependent formulae can all be calculated and reiterated
without difficulty.

Figure 10.24 shows the earlier model with a broken circular path, iterated to the
point at which the #NUM! errors occur, and Figure 10.25 shows the result of correct-
ing in model input (periodic interest, in Cell C5), overwriting the #NUM! errors in
Row 7 with zeros, and performing the iterations.

The main implication is that the use of a broken circular path is preferable to the
use of Excel iterations, if one is to avoid the potential to destroy models or create sig-
nificant rework.
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1
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3 Cash Figw
4 Operating Cash Flows 100 100
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7
8 Cash Balance
9 Starting 50.00 153.05 ENUM! =E11
L Increase 103.05 #NUMI SHUM! =FE
11| |ea 50 153.05 #NUM! FHUM! wF9eF10

FIGURE 10.28 Successful Rebuild of One Column of the Model
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FIGURE 10.24 Errors in a Model with a Broken Circular Path
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FIGURE 10.25 Simple Process to Correct Errors in a Model with a Broken Circular Path

Calculation Speed

Since each iteration is a recalculation, the use of iterative processes will result in longer
calculation times in similar models in which iterations are not necessary (i.e. one
without circular formulae). Further, it is likely that in general, Excel iterations would
be quicker than the use of a VBA macro, simply because Excel’s internal calculation
engine is highly optimised (and hence difficult for a general programmer to surpass in
performance).

The main implication is that, from the perspective of speed, circular formulae are
less efficient (so that algebraic manipulation or modified models without circular for-
mulae would be preferred), and that, where circular formulae are required, the use of
VBA macros is generally slightly less computationally efficient than the use of Excel’s
iterations.

Ease of Sensitivity Analysis

For models in which there is a dynamic chain of calculations between the input and
outputs (whether involving circular formulae or not), Excel’s DataTable sensitivity fea-
ture can be powerful (see Chapter 12). The introduction of a macro to resolve circular
references will inhibit the use of this, meaning that macros would also be required to
conduct sensitivity analysis in this case (see Chapter 14).

The main implication is that, from the perspective of conducting sensitivity
analysis, the use of broken circular paths is more cumbersome than the use of the
other methods.
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Conclusions

The overall conclusions of the discussion in this section are:

Where there is circular logic that is inherent in a situation, one should consider
whether it is genuinely necessary to capture this within the model (for accuracy, presenta-
tion or consistency purposes), or whether an alternative sufficiently accurate approach
(which has no circular logic) can be found. In such a case, the models can be built using
standard techniques (i.e. without requiring macros or iterative methods), with such
models calculating quickly and allowing for standard sensitivity analysis techniques to
be employed. Clearly, where this is possible, it should be the preferred approach.

Where it is necessary to capture the effect of circular logic within the model, sev-
eral methods can be considered:

Algebraic manipulation. This will avoid any circular formulae, whilst neverthe-
less creating a model that captures the circular logic. The model will not require
iterative methods, will calculate efficiently, and allow for sensitivity analysis to be
conducted (using Excel DataTables). Disadvantages include the very small number
of cases where it is possible to do the required manipulations, the possibility of
mistakes made during the manipulation (since to check the result would require
implementing an alternative model which contains circular references), and that
the transparency of the model may be slightly reduced (since the manipulations
may not be clear to some users, and the order of the calculation of some items is
changed and may not be intuitive).

Excel iterations. This allows the retention of sensitivity analysis using DataTables
and is more computationally efficient than using macros to iterate the circularity.
The most significant disadvantages include:

The difficulty in auditing the model.

The potential for a floating circularity to not be detected, so that the model’s

values may be incorrect.

The potential to damage the model and to have to conduct significant rework.

The process by which Excel handles iterations may not be clear to a user, as it is

neither transparent nor very explicit.

Breaking the circularity and iterating. The advantages of this are significant,
and include:

The model is easier to audit, as there is a (standard) dependency route (with a

beginning and an end).

One is in explicit control of the circularity, so that inadvertent (floating) circular

references (which may create incorrect model values) are easy to detect, because

any indications by Excel that a circular reference is present will be a sign of a

mistake in the formulae.

The process to correct a model after the occurrence of error values is much simpler.
The main disadvantages compared to the use of Excel’s iterative method include
the need to write a macro, the slightly more cumbersome process to run a sensitiv-
ity analysis, and a slightly reduced computational efficiency.

In the author’s view, the overall preference should be to avoid circularity by model
reformulation if possible (where accuracy can be slightly compromised), then to
explore possible algebraic approaches, and otherwise to use a macro to resolve a bro-
ken circular path. Excel’s iterative method should essentially not be used.
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Model Review, Auditing and Validation

INTRODUCTION

This chapter discusses model auditing and related areas. Generally speaking, the
context is that one is dealing with a model that has been built by someone else. The
chapter aims to provide a structure to the definitions of possible objectives, outputs
and activities of such processes.

OBJECTIVES

In model review contexts, it can useful to consider three generic types of objectives and
outputs. These are presented in this section (as the author’s definitions, which are not
generally agreed standards).

(Pure) Audit

This involves the documentation of aspects of the model, without changing it, nor
passing any direct judgement on it. The typical output is a description, including items
relating to:

Structural characteristics. These include noting the number of worksheets, the
presence of links to other workbooks, and the visibility, accessibility and protec-
tion of worksheets, columns, rows or ranges.

Layout and flow. These could include the location of input cells, the extent to which
the audit paths are short or not, whether there are circular references (or circular
logic) and so on. It may also be worth noting whether the outputs are clearly iden-
tifiable, and whether there is any in-built sensitivity analysis (such as using DataTa-
bles). The extent to which calculations flow between worksheets can also be noted.
Formulae and functions. Here, one may note the functions used, the number of
unique formulae, and the consistency of formulae when used in contiguous ranges
(e.g. as one moves across a row), and whether formulae are implemented in accord-
ance with best practice principles (e.g. no mixed formulae, multiple embedded
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functions, the types of lookup functions used, and so on). It is also important to
note whether there are named ranges, as well as the nature of their use (whether in
formulae, for navigation or in VBA code).

Whether VBA code, macros or user-defined functions are used (and whether the
code is accessible or the VBA module is password-protected).

The presence of other objects, such as PivotTables, Charts, Data Filters and
Comments.

The nature of the formatting used, such as general cell formatting, borders, italics,
Conditional and Custom Formatting. One may also note whether there are merged
cells, or many blank rows and columns.

The type of calculations conducted, and (where there is no formal model speci-
fication) one may develop possible hypothesis about objective of model and its
decision-support role.

Whether there are input restrictions, such as ranges using Data Validation.

Other contextual conditions, such as calculation settings, the author, the date of
last modification.

Whether other Excel add-ins are required to run the model.

Possibilities to improve the model’s calculations, transparency, user-friendliness,
flexibility or efficiency (that would require restructuring to implement).

Note that the process (in its pure form) does not make any judgement about the
validity, strengths and weaknesses of a model, does not attempt to judge its suitability
to support a decision, and does not implement any improvements nor corrections. As
such, the value-added created by a pure audit may often be quite limited.

Validation
Validation involves two core elements:

The determination of whether the model is in conformance with its specification,
in terms of adequately representing the real-life situation, and that it captures the
decision-support requirements adequately (including flexibilities and sensitivities),
and so on. Essentially, this corresponds to the first step within the process shown
in Figure 1.1.

The verification that the model’s implementation as captured through the formu-
lae and so on is correct (the second step in Figure 1.1),

In principle, a model that has been validated should be appropriate for decision
support, including allowing sensitivity analysis to be conducted. However, in practice, a
model which calculates correctly and which also allows for sensitivity analysis to be run,
may nevertheless not be optimised from a presentational or flexibility perspective, may
not be sufficiently transparent, and may not follow other general best practice principles.

Further, a genuine validation is often hindered by the fact that (in many prac-
tical situations) no sufficiently precise explicit specification has been documented.
Thus, rather than being genuinely “(externally) validated”, often only a more limited
set of activities can be conducted, in which one looks for errors or inconsistencies,
but the model largely “self-validates”, i.e. its formulae and labels become an implicit
specification.
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Improvement, Restructuring or Rebuild

This involves conducting activities to restructure or rebuild the model to improve it,
to make it match a specification more closely, to improve transparency, increase flex-
ibility, improve its use in decision support and generally to capture best practices, as
described earlier in the text.

In fact, in the author’s experience, in Excel modelling contexts, it is usually this
activity where there is the highest potential to create value-added (compared to pure
auditing or validation activities): first, perhaps paradoxically, model review activities
are often initiated in cases where a model has not been built according to best practice
principles, and a user or decision-maker has found it to be complex to understand or
follow (e.g. due to inappropriate data structures, poor flow, formatting and formulae
etc.). Second, the detection of errors, general model testing and the running of sensitiv-
ities are time-consuming (and may not be fully possible) in a model that has been built
badly. Third, once errors or mistakes are found, it becomes very difficult (essentially
impossible) to check for other errors without first correcting the model (due to interac-
tions between the errors); for example, one may hypothesise that most of a complex set
of calculations is correct, yet the results shown are incorrect, due to a known error. If
this error remains uncorrected, it often becomes difficult to test the formulae to detect
a second error. Thus, it is often more beneficial to improve a model (after which audit-
ing or validation of this improved model becomes much easier or largely unnecessary).

The basic objective of restructuring is to create a model which follows best practice
principles, is transparent and is easier to test and validate than the original model.

Without wishing to repeat the earlier discussion of best practices, some of the key
elements to do this include:

To use appropriate workbook, worksheets and data structures.

To reduce the number of worksheets to that which is genuinely required.

To create a logic flow which follows a vertical (top-to-bottom) or horizontal (left-
to-right) flow of logic as far as possible (not a diagonal flow), and where the total
length of main audit paths is as short as possible subject to this.

To create a clear layout, and use appropriate formatting to highlight key structural
aspects. Often, the use of formatting is the single most effective way to rapidly
improve transparency, because it is relatively simple to implement. (Formatting can
also be a useful work-organisation tool, to act as a record to highlight any areas of
the model that are not immediately changed or corrected, but which require fur-
ther once other aspects of the model have been checked; such highlighting would
use a separate colour to other aspects of the model, and be removed once the pro-
cess is complete.) More generally, it will be necessary to move parts of the model
from one area to the next.

To ensure that it is easy to conduct relevant sensitivity analyses, for example by
elimination of mixed input-calculation cells, and more generally to be able to easily
test the model or run likely scenarios.

To correct formulae, and/or make them more transparent, robust or efficient. Of
course, if the original model’s calculations are correct, then the two models (orig-
inal and rebuilt) will produce the same results, even though they may have quite
different structures and formulae. More often, one may identify and correct mis-
takes, at which point the results of the two models will differ.
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To reduce duplicate calculations. When consolidating calculations together that
have otherwise been in separate parts of a model, one often finds repetitions
that can be eliminated.

Of course, in practice the amount of effort that is worthwhile to invest in such
restructuring will depend on the context and objectives.

PROCESSES, TOOLS AND TECHNIQUES

Where a model has been built in conformance with best practice principles, the process
required to conduct an audit or to validate the implementation should generally be
relatively straightforward. These processes can be much more complex if best practice
principles were not followed.

In any case, when doing so, some specific process and techniques are worth following:

Avoiding unintentional changes.

Developing a general overview of the model.

Generating a detailed understanding of the logic flow, including of the inputs
and outputs.

Testing and checking the formulae, and for items that may lead to unexpected or
inadvertent errors.

In fact, when restructuring a model, similar processes may be followed, at least
in the early stages. For example, when moving formulae around within a model, or
consolidating calculations from several worksheets, one may wish to ensure that no
changes to the calculated values arise. Only later in the process (as formulae are being
corrected) may some changes in the calculated values be acceptable.

Avoiding Unintentional Changes
To avoid unintentional changes, the following principles apply:

Work with a copy of the model.
Do not update linked values when opening the model. Where there are links to
other workbooks, further work will generally be required to ensure that a robust
procedure is used to update them (such as the use of mirror sheets, as discussed
earlier); in some cases, it may even be appropriate to integrate the linked work-
books into a single one.
Do not run any macros (or press any buttons that might run macros), until one has
established what they have done.
Do not insert rows or columns until one has established whether this can be done
without causing errors. Cases where rows or columns cannot be robustly inserted
without further research include:
Where multi-cell range names are used (see Chapter 7).
Where lookup functions are used (especially those which involve two-
dimensional ranges, mostly notably if the column or number driving the lookup
process in a VLOOKUP or HLOOKUP function has been hard-coded).
Where a macro refers to a cell reference rather than to a named range.
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Save the work regularly as a new file (e.g. with a numbering sequence), in order
to create a rapid recovery trail if one observes that unexpected or incorrect behav-
iours after changes have been made.

Use cut and paste (rather than copy and paste) to retain the cell references when
formulae or ranges are moved. However, ranges should not be moved until one has
checked that this can be done without error. For example, the moving of parts of
the range that is referred to by functions which can take range inputs (SUM, MAX,
MIN, OR, AND, VLOOKUP, and many others) can be problematic. One may have
to rebuild the equivalent calculations using other approaches before some parts of
the ranges can be moved. For example, a SUM function may need to be replaced
by its individual components, or a VLOOKUP by several INDEX/MATCH combi-
nations. Similarly, an OR function that refers to a multi-cell contiguous range may
instead be re-written to refer to individual cells.

Document any changes that are made. For example, in some cases it may be appro-
priate to use in-cell comments, such as if a formula in a cell or range has been
altered. Generally, one should record any other notes (on errors, potential errors,
or changes made) within a separate document (such as a Word file), and to do this
(i.e. record each item) in parallel with the work on the model (not afterwards). In
this way, a natural by-product of the process is ready-made documentation about
the original model and changes made.

Use the methods to track the new and original values, discussed later in this section.

Developing a General Overview and Then Understanding the Details

The first main part of a review process is to gain a general overview of the model
(whilst avoiding making unintentional changes, as discussed above). The main aim
is to generate a broad understanding, similar to a pure audit. Once an overview has
been established, it will generally be necessary to generate a very detailed under-
standing, especially of the logic and its flow. In a sense, this latter step is simply
an extension of the first step, using similar tools and techniques, but with a more
detailed focus.
Typical tools and techniques to assist in gaining a general overview include:

Reading any documentation about the model’s objectives, uses, limitations, tech-
niques used within it, how it can be modified, and so on.

Inspecting for protected or hidden worksheets or ranges (e.g. using the Review
tab, right-clicking on a sheet tab). For example, if under Review there is an
option to Unprotect Workbook, then it is possible that there are hidden work-
sheets which may only be accessible with a password. Clearly it is necessary to
make these worksheets visible to create a full understanding of the model, espe-
cially if any formulae in the visible part of the model refer to cells in these hidden
worksheets.

Inspecting the model for macros (in a simple case, by opening the Visual Basic Edi-
tor); it is possible that a file with an xlsm extension does not contain macros, just
as one with an xIs extension may. One would also wish to check whether the VBA
code is fully accessible or has been password-protected. Where accessible, a brief
scan as to the quality and likely functionality of the code is worthwhile.
Unfreezing any frozen panes (on the View tab).
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Inspecting the formulae to identify the types of functions and formulae used,
whether there are mixed formulae, embedded functions, lookup functions, other
advanced Excel functions, and so on. The use of Formulas/Show Formulas is a
very quick way to get an overview of this, including observing the consistency of
formulae in contiguous cells.

Checking for circular references. By switching off Iterative calculation, a circular
reference warning will be displayed, the Status Bar will show the address of a cell
on the circular path, and the dependence and precedence arrows appearing in the
Excel worksheet. (In Automatic calculation, these will directly appear, whereas
in Manual calculation, one will need to press the F9 key for this information to
appear.) Of course, where circular references are resolved using a broken path,
their presence will not be detected. Typically, such models will use a macro (as
discussed in Chapter 10), which can be detected as part of the macro inspection
process (the presence of named ranges, with names such as MyRangeCalculated
and MyRangePasted, are also an indicator of the likely presence of such logical cir-
cularities). In rare cases, the requirement to resolve circular references by manual
methods as part of the modelling process would be subtle to detect.

Checking for the use of named ranges (using the Name Manager).

Checking for links to other workbooks. A warning about links will appear when a
workbook is opened that has links to another workbook. In the first instance, such
links should not be updated before an inspection of them has taken place. Data/
Edit Links can be used to list the source workbooks. Links that use direct cell refer-
ences have syntax such as “=[Source.xlsx|Sheet1!$D$18”, and hence their location
in the destination workbook can be found by searching for “[”, using the Find
menu (the Options sub-menu in the “Look in” box can be used to set the search
area to Formulas, to avoid finding the square bracket within text labels). Where
links are created through the use of named ranges, the syntax does not involve
“[”, being of the form “=Source.xlsx!DataToExport”. Thus, one may additionally
search for fields such as “.xIsx!”, “.xIsm!” and “.xls!” to find further possible links.
Conducting visual inspection about the overall structure and layout, such as the
number of worksheets, and an initial assessment of the extent of the flow of calcu-
lation across sheets, the extent to which the audit paths are short, and so on (the
conducting of a detailed assessment of the logic typically makes more sense only
after a general overview of the whole model has been established).

Checking for the use of multi-sheet (“three-dimensional”) formulae (as described in
Chapter 6), which may create inadvertenterrors if sheets are added, deleted or moved.
Identifying the inputs and their general location and assessing whether the inputs
and outputs (rather than just the calculations) are clear, and whether any sensitiv-
ity analysis or other results summaries have been built in.

Checking of some contextual conditions, such as calculation settings, the author,
the date of last modification.

Checking for the presence of objects such as PivotTables, Charts, Data Filters and
Comments, and reviewing these briefly.

Where there is no formal model specification or the documentation provided
about the model is insufficient, one may develop a possible hypothesis about the
objectives of the model and its decision-support role by considering the type of
calculations conducted and the labels used.
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One may also identify areas where the model could be improved, especially if
model restructuring activities may be needed or are desired. General areas for
potential improvement could include: optimisation of the workbook structure,
worksheet structure and data structures, improvements to the flow, format, trans-
parency, modifying the functions used, correcting or improving formulae, including
automated scenario and sensitivity techniques, replacing the Excel iterative method
with a macro, increasing computational efficiency, and so on.

Once a general understanding has been created, a more detailed analysis of the
calculations and logical flow will generally be necessary. In this respect, some tools are
of particular importance (which may also be required at the more general overview
stage, albeit used with less intensity and frequency):

Following the forward and backward paths from a specific cell using the
Formulas/Trace Precedents and Formulas/Trace Dependents toolbar. This has
several uses:
Following the general logic and calculations in the model.
Identifying possible outputs, where this is not otherwise clear. The end-point
of a sequence of forward-tracing paths should generally correspond to an
output (or potential output), and the beginning to an input. Of course, not
all such end points may be relevant outputs, and some intermediate cal-
culations could also be relevant outputs, so some judgment is still likely to
be required.
Note some specific techniques to save time:
Double-clicking on a tracing line will allow the paths to be followed (back-
wards and forwards, by double-clicking on the same line again) and across
worksheets.
Using the short-cuts Ctrl+[ and Ctrl+] to go to a cell’s direct precedents or
dependents can save significant time.
Using the drop-down menu under Home/Find & Select to select cells (or other
objects) which meet various criteria, such as:
Constants (which are generally inputs to the model).
Ranges containing Conditional Formatting or using Data/Validation. (Ranges
which contain Conditional Formatting can also be found using Home/Con-
ditional Formatting/Manage Rule, selecting Show formatting rules for/This
Worksheet.)
Objects.
A more complete menu is accessible under Home/Find & Select/Go To Special or
FS5/Special, which includes additional options (see Figure 11.1), including:
Selection of errors.
Selection of direct (or all) precedents and dependents of a cell.
The last used cell.
One can search for all cells containing mixed formula (e.g. =E4*1.3) or for fixed
values arising from formulae (e.g. =5*300) by visual inspection using Formulas/
Show Formulas.
Using Excel’s in-built general error checking, under File/Options/Formulas (see
Figure 11.2), one can check for formulae referring to empty cells, formulae which
are inconsistent in some way or formulae which contain an error.
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FIGURE 11.1 The Go/To Special Menu

Error checking rules

B Cells containing formulas that result in an error [¥] Formulas which omit cells in a region
[¥] Inconsistent calculated column formula in tables G Unlocked cells containing formulas
[¢] Cells containing years represented as 2 digits @ {Formulas referring to empty ce

[¥] Numbers formatted as text or preceded by an apostrophe G [] Data entered in a table is invalid G

i] Formulas inconsistent with other formulas in the region G

FIGURE 11.2  Excel’s In-built Error-checking Options

These detailed processes will be required generally, as well as specifically before
one begins to rebuild or improve a model. They will help not only to identify mistakes,
but also to see possibilities to improve the calculations, transparency, user-friendliness,
flexibility or efficiency. It will also help one to understand potential limitations, as well
as structural changes that may need to be made in order to optimise transparency and
flexibility (such as eliminating some two-dimensional lookup processes, and moving
items to different places within the model).

Note also some further points about conducting changes to improve models:

= Since there is no starting point for a circularity, the tracing of precedents and
dependents can become time-consuming and frustrating. It may be that one will
need to delete formulae on the circular path and rebuild parts of the model.

= When removing unnecessary calculation paths or repeated references, one will
generally need to work backwards from the last part of the dependency chain, to
avoid deleting items that are used in subsequent calculations (which would result
in #REF! errors).
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When the calculations from several worksheets are combined into one (by using
cut and paste), the formulae that have been moved will contain sheet references to
the sheet within which they are now placed (such as Model!. . . , when they have
been moved into the Model sheet). These references are unnecessary and are simple
to remove using Find/Replace to replace the sheet name and exclamation mark
with nothing.

When named ranges with worksheet-only scope are moved into different sheets,
one may have to take extra care with, or rebuild, formulae which use such names,
especially if the original worksheet is deleted.

Testing and Checking the Formulae

In addition to following the formula from a logical and conceptual perspective, it is
almost always necessary to test complex formulae by using specific input values to
ensure that they are correct and robust. In principle, the conducting of manual sen-
sitivity analysis (changing the value of one input and observing its effect on specific
calculations) is often sufficient to do this. More generally, some of the other techniques
and approaches discussed elsewhere in this text (such as the simultaneous variation of
multiple inputs, the use of DataTables and determining the limits of validity of formu-
lae through using extreme values of inputs, using calculation breaks, and so on) can be
helpful. Similarly, where (value-added) error checks can be introduced, the sensitivity
of these to changes in input values can be tested.

Using a Watch Window and Other Ways to Track Values

When conducting general checking of formulae using sensitivity analysis, as well as
when making changes to a model’s structure, layout or formulae, one effective way of
observing the effect of the changes is to use a Watch Window (on the Formulas tab). One
may watch several variables to see the effect as changes are made or input values altered.

When using a Watch Window, one will typically be able to focus on only a few key
calculations. An alternative method is to track the effect of changes on a very wide set
(or all) model calculations. There are various ways to do this:

New worksheets can be added to the model which contain copied values of the cal-
culations in the original worksheets (i.e. by using paste values, as well as pasting the
same formats). A further set of sheets can be used to create formulae which calculate
the difference between the original values and those contained in the revised model.
These formulae are easy to set up (by copying a single one) at the very beginning as
all corresponding worksheets have the same structure. (Once structural changes are
made to the workbook that is being improved, this correspondence would no longer
exist.) The calculations of these differences should evaluate to zero (even as struc-
tural changes are made) at least until it is decided to correct any calculation errors.
A more general, powerful (and more complex) approach is to use a similar method
in which the various parts are kept in three separate linked workbooks (that are
always kept open at the same time): the original model, the adapted model and
calculations of the difference between the two. The advantage of this approach is
that one can compare not only the base case values, but also the effect within each
model of changing input values (in both) simultaneously.
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Sensitivity and Scenario Analysis:
Core Technigques

INTRODUCTION

This chapter introduces the techniques required to conduct sensitivity and scenario
analyses. At the most basic level, these can be used to answer What if? questions,
and often represent an important part of providing appropriate decision support. In
addition, as covered earlier, sensitivity-related techniques are a key part of all stages of
the modelling process, from model design to final use. The first section of this chapter
provides an overview of ways to conduct sensitivity analysis and of related tools. The
second section describes one of these in detail, namely Excel’s DataTable functionality.
The third section shows some examples using this functionality, including the running
of sensitivity and scenario analysis. The later chapters cover the details of the other
approaches to sensitivity analysis.

OVERVIEW OF SENSITIVITY-RELATED TECHNIQUES

There are several simplistic ways to conduct sensitivity analysis:

To manually change an input value and note the effect on an output. Whilst this is
a very useful way to test a formula as it is being built, it would be cumbersome and
inefficient to use this to conduct sensitivities on a completed model:
One would need to make a note of the input values used and the resulting output
values, which would be cumbersome when several input values are to be changed.
The analysis would need to be repeated if the model is modified in any way, since
there is no dynamic link between the inputs and the sensitivity results.
To copy the model several times, and use different input values in each copy. Of
course, whilst this would retain a record of the inputs used and the outputs calcu-
lated, doing so would generally be inefficient and error-prone, not least since the
whole process would need to be repeated if the model subsequently needed to be
modified in some way.
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In this text, the focus is on more efficient and automated ways to run sensitivities
and scenarios. These include methods based on:

Using a finite number of pre-defined sensitivities or scenarios:
Using an Excel DataTable to capture the effect of changing one or two model
inputs simultaneously. This can be combined with a lookup function to run sce-
nario analysis, in which several inputs are changed simultaneously. These are
covered in detail later in this chapter.
Using VBA macros to change input values and record the results for the output.
This is generally required whenever other procedures also need to be run after
every change in the value of model input values (for example, if circularities are
resolved by macros). This is covered in Chapter 14.

Generating many inputs combinations automatically:
Simulation can be used to generate combinations by random sampling of pos-
sible values. These are introduced in Chapter 15 and covered in more detail in
Chapter 16.
Optimisation techniques search for combinations of input values so that the out-
put equals some value, or is minimised or maximised. One may typically require
that constraints (restrictions) need to apply to some input or output values in
order for a particular input combination to be considered valid. In Chapter 13,
we introduce Excel’s GoalSeek and Solver as key tools in this respect, whilst
Chapter 15 provides some further details about optimisation modelling in gen-
eral contexts.

DATATABLES

This section describes the main aspects of Excel’s DataTable functionality. It may
be helpful to readers to refer to the example models shown later in the chapter
whilst doing so.

Overview

A DataTable is an Excel functionality that shows the value of a model calculation(s)
or output(s) as an input value(s) is varied through a set of pre-defined values. In other
words, it recalculates the model for each of an explicitly defined set of input values and
displays the results of a specific pre-selected output(s).

Some of the key uses are:

To display the sensitivity of selected outputs to a chosen input(s). As well as
being useful in its own right, it can help users who wish to see sensitivity analysis
without having to become familiar with the details of the model (such as senior
decision-makers). The values within the DataTable can also be used to populate
graphs that show the effect of such changes.

To create and check formulae (including detecting potential errors) by showing
the values of key calculations or outputs as some inputs vary. For example, if it is
seen that the values of an output are unaffected as the input values change (or are
affected in an unexpected way), this is an indicator of a possible error.
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A DataTable can exist in a one-way or two-way form, corresponding to the num-
ber of inputs that are varied simultaneously:

A one-way DataTable shows the value of one or more calculations (or outputs) as the
value of a single input is changed. Such tables may exist in a column form or in row
form: in the column form, the set of values to be used for the input is placed in a col-
umn (and in the row form, it is placed in a row). They may track the value of several
model outputs (which, in the column form, are placed in the top row of the table).

A two-way DataTable varies two inputs, and shows the value of a single model
output (or calculation). The values of the inputs to be varied are placed in the
table’s left column and top row, and that of the output calculation is placed in the
top-left corner of the table.

Implementation
A DataTable can be implemented by:

Creating an appropriate range of input values in a column or row (for one-way
tables) or in a row and column (for two-way tables).

Setting the outputs (or intermediate calculations) that are to be shown in the table
by using a direct cell reference to the relevant calculations in the model. The output
references are placed in the top row in a one-way column-form table, the left col-
umn in a one-way row-form table, and the top left cell in a two-way table.
Selecting the whole table area (including the top row and left column), and using the
Data/What-If Analysis/Data Table to link the values in the column or row to the input
cells (in a one-way table, one of the cell reference entry boxes will be left blank). A fre-
quent mistake is to use a row input for a column table or vice-versa, but the presence
of such mistakes is usually clear from inspection of the values in the table.

(The reader may wish to briefly refer to Figure 12.1 and Figure 12.2 to see an
illustration of these.)

Note that to be sure that the correct results are calculated, one may have to press
F9 to cover the case where Excel’s calculation not set to Automatic (i.e. is on the Man-
ual setting or on the “Automatic except for data tables” setting).

Limitations and Tips
There are several limitations to DataTables, and some tips in using them most effectively:

They can used be correctly only where there is a dynamic link between the model’s
inputs and the output calculations. For example, if another operation (such as
GoalSeek, or the running of a macro) needs to be performed each time input values
are changed, then — since the DataTable will not execute this procedure — the out-
put values would generally be incorrect. Of course, the same issue applies to such
models even if one wishes to simply alter the value of any input. An effective way
to create sensitivity analysis in such a model is to use a macro to run the necessary
procedure (such as GoalSeek), and another macro to run the sensitivity analysis,
with this latter macro calling on the former each time the model input values are
changed (see Chapter 14).
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A B C D E F G H |
1
2 Income Statement 2016) 2017 2018 2019 2020 2021 2022
3
4 Revenues 400 410| 4305 4520| 4746 4884 5233
5 % growth 250 TED%! 50% 50% 50% 5.0%
)
[ Variable Costs 140 160 1550 1627 1709 179.4 1384
8 % revenues 35.0%/ 39.0%| 35.0% 350% 36.0% 350% 35.0%
9
10 Fixed Costs (incl depreciation) 70 T2 734 749 76.4 79 79.5
11 % growth 29%| 20% 20% 20% 20% 20%
12
13| [eBIT 190 178 202 214 227 241 255
14
15| [Total from 2018 1,140 Data Table ? X
16
17 Row input cell: T
18 OME -AND TWO-WAY DATATABLES
19 Column input cell: | 5E55| +
20 1,440 |-C15
21 0.0% Cancel
22 5.0%
23 5.0%
24

FIGURE 12.1 Populating a DataTable by Linking Its Values to a Model Input Cell

18 OMNE -AND TWO-WAY DATATABLES

19

20 1,140|=C15

21| 0.0% 930

22 5.0% 1140

23 8.0% 1280

24

25 202 214 227 241 255
26 0.0% 189 187 186 184 183
27 5.0% 202 214 227 241 255
28 8.0% 210 231 254 279 306
25 |

30 00% 50% B80%

H 1,140 930 1140) 1280

32

33 1,140 340% 350% 360% 3I7.0% 38.0%
34 0.0% 971 950 930 909 889
35 5.0% 1188  1164| 1140/ 1116 1093
36 8.0% 1332 1306/ 1280 1254) 1228
37

FIGURE 12.2 Examples of One- and Two-way DataTables

Their presence will slow down recalculation of the model, because any change to
the formulae or inputs values will cause all the tables to be recalculated. Especially
for large models, one may wish to switch to the “Automatic except for data tables”
setting, and pressing F9 when one wishes to recalculate them. Where DataTables
have been used for error checking during a model-building process, they can be
deleted once the model is built.
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When testing a model, one can “re-use” a DataTable simply by changing the out-
put reference to link to a different calculated cell or model output. In this way, one
can rapidly see the effect on several calculations (including on error checks), and
can avoid building unnecessarily large numbers of tables. The output reference cell
of the DataTable could also contain a CHOOSE function (rather than a pure cell
reference) so that it can be selected to point to one of several outputs.

DataTables should not be used in sequence, i.e. the output of one should not
be used as an input to another. The values in any tables beyond the first in the
sequence can often be incorrect, since the logical order of calculations (dependency
sequences) that should be applied may be ambiguous.

The values in a table are those of an output as the selected inputs are varied, but
whilst other inputs take the values to which they are currently set. In other words,
the current values of the other model inputs will affect the values shown in the table.
Thus, generally, one should ensure that all inputs are set to their base case values.
It can be convenient to show the model’s base case as one of outcomes within the
DataTable. This can be done by formatting the cells that correspond to the base
case with some form of highlighting. However, since the definition of the values
that define the base case could be altered, the position of the base case output with
the DataTables would also change. One approach to overcome this is to build the
model so that it contains both a base value for the input, as well as a variation to
be applied to that input, with the original input call being calculated from these (as
discussed in Chapter 4). The DataTable sensitivity analysis can be run in which it
is the variation which is altered (and not directly the base value). In this way, the
physical placement of the base case within the table can always be the same (i.e.
that for which the variation is zero), so that the table can also be formatted (e.g.
with borders and colour-coding) to highlight this case.

The identity of the inputs that are varied within the DataTable are not directly vis-
ible without reference to the formulae within the cells of the table. Especially when
the inputs varied are of the same type (e.g. all dollar figures, or all percentages) and
are of similar magnitude, it may be easy to misinterpret to which inputs the rows
and columns correspond. One-way tables have the advantage that a label can be
written in the top-left corner, whereas for two-way tables, the labels can be typed
in the row and column immediately above and to the left.

Since the calculation area of the table forms an array function in Excel, it is not
possible to change individual cells within it. An extension of the table area can be
achieved by selecting the new area and overwriting the original table (such as if
an additional output reference is added to a one-way table, or if additional values
are desired to be added to the set of values to be tested for a particular input).
However, if a reduction in size is required, the table will need to be recreated. In
practice, rather than deleting a table in its entirety, one can use Clear Contents
to remove the (array) formulae within the interior of the table, and rebuild the
required structures from the retained row/column inputs values.

In principle, at most two model input values can be changed simultaneously in a
table, since it has a two-dimensional structure. Where more than two changes are
required, scenarios can be pre-defined and a (one-way) sensitivity analysis can be
conducted, in which the input to vary is the scenario number or definition (see later
in the chapter for an example).
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The table must be placed in the same worksheet as the inputs that are varied. One
can overcome this in practice in several ways: by structuring a model in a single
worksheet as far as possible, by moving the input’s position to be in the same sheet
as the DataTable, or by using lookup functions (such as INDIRECT, as discussed
in Chapter 25).

PRACTICAL APPLICATIONS

Example: Sensitivity of Net Present Value to Growth Rates

The file Ch12.1.RevSensitivityDataTables.xlsx contains examples of completed one- and
two-way DataTables for a model which forecasts revenues, cost and profit, based on his-
toric data and input assumptions. Figure 12.1 shows the last step in the process, in which
the cell reference to the input is being made in the dialogue box for a one-way (column
form) DataTable, where the numbers in the left-hand column of the table (cells B21:B23)
represent the values that the input assumption for revenue growth (Cell ES) is to take.

Figure 12.2 shows the results of doing this, as well as providing some additional
examples of DataTables. Note that the second table (Rows 25 through 28) is a one-way
column-form table with multiple outputs (the EBIT profile over time), the third table is
a one-way row form table, and the fourth is a two-way table.

Example: Implementing Scenario Analysis

Scenario analysis involves assessing the effect on the output as several inputs (typically
more than two) are changed at the same time, using explicit pre-defined combinations
(each representing a logical set that could arise in practice). For example, when looking
at profit scenarios, a worst case could be represented by one in which prices achieved
are low, whilst volumes sold are also low, and input costs are high.

Scenario analysis has many applications, including;:

When it is considered that there are distinct (discrete) cases possible for the value
of a variable, rather than a continuous range.
To begin to explore the effect on the model’s calculations where several input
variables change simultaneously. This can be used both as a first step towards a
full simulation, or as an optimisation method that looks for the best scenario. In
particular, it can be useful to generate a better understanding of a complex situa-
tion: by first thinking of specific scenarios, and the interactions and consequences
that would apply for each, one can gradually consolidate ideas and create a more
comprehensive understanding.
As a proxy tool to capture dependencies (or conditional occurrences) between varia-
bles, especially where a relationship is known to exist, but where expressing it through
explicit (parameterised) formulae is not possible or is too complex. For example:
In the context of the relationship between the volume sold and the price charged
for a product, it may be difficult to create a valid formula for the volume that
would apply for any assumed price. However, it may be possible to estimate
(through judgement, expert estimates or market research) what the volume
would be at some specific price points. In other words, although it may not
be possible to capture the whole demand curve in a parameterised fashion,
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individual price-volume combinations can be treated as discrete scenarios, so
that the dependency is captured implicitly.

The relationship between the number of sales people and the productivity of each,
or that of employee morale with productivity. This may be hard to establish in a
functional form, whereas particular combinations may be able to be estimated.
In macro-economic forecasting, one may wish to make assumptions for the val-
ues taken by several variables (perhaps as measured from cases that arose in
historic data), but without having to define explicit parametrised relationships
between them, which may be hard to do in a defensible manner.

Scenarios are generally best implemented in Excel by combining lookup functions
(e.g. CHOOSE or INDEX) with a DataTable: each scenario is associated with an inte-
ger, which is used to drive a lookup function that returns the values that apply for the
model input values for that scenario. The sensitivity analysis is run by varying the sce-
nario number. (One could alternatively have named scenarios, in which the sensitivity is
to the scenario name, but then a MATCH (or SWITCH) function is typically required
in addition.) Note that, although Excel’s Scenarios Manager (under Data/What-If Anal-
ysis) can be used to create scenarios, it has the disadvantage that the scenarios are not
explicitly visible nor computationally accessible in the worksheet. (This approach is not
discussed further in this text, nor generally used by the author in practice.)

The file Ch12.2.RevScenario.DataTable.xlsx contains an example (see Figure 12.3).
There are three pre-defined revenue-growth scenarios (Rows 3-5), with the one that is
to be used shown in Row 2, and selected by choice of the value placed in Cell A2. The
original input values (Row 10) are replaced by cell references to the values that apply
in that scenario. The DataTable (Row 25-28) is a one-way, column-form table, which
uses the scenario number as the input.

A B C D E F G H I J
1
2 | | Revenues Scenarios B0 5.0% B0 B0 5.0 [ =CHOOSE[$A2,1314,15]
3 Low 20 20 30% 4.0 5.0
2 Base 5.0 5.0 B0z 5.0 5.0
5 High B0 f.0% 0 0054 12.5%
[+
7 Income Statement 2016 2017 2018 2019 20zZ0 2021 2022
8
9 Revenues 400 410 43 452 475 495 b23
10 % growth 5.0 5.0 B0 5.0 B0 =12
11
12 ¥ariable Costs 140 60| 1550 162.7 1703 1754 1844
13 % TEvenues Sh0m BR0] B 3E0M BN B 360X
14
15 Fized Costs [incl. depreciation) FiLl T2 Ti4 4.9 T 4 ] 9.5
16 ¥ gramth 2.8% 20 2.0 20 20 0
17
18 EEIT 130 178 202 214 227 241 255
19
20 | [Toral irom 208 [ 1,140]
21
22
23 DNE-YWAY DATATABLE
24
25 1140
26 1 340
27] 2 1140
28 3 1278

FIGURE 12.3 Combining a DataTable with a CHOOSE Function to Run Scenarios
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Using GoalSeek and Solver

INTRODUCTION

This chapter provides a description of Excel’s GoalSeek, as well as an introduction to
Solver. These can both be considered as forms of optimisation tools, in the sense that
they search for the input value(s) required so that a model’s output has some property or
value. Solver’s functionality is richer than that of GoalSeek, so that this chapter focuses
only on its general application, whilst some further aspects are covered in Chapter 135.

OVERVIEW OF GOALSEEK AND SOLVER

Links to Sensitivity Analysis

Whereas the sensitivity techniques discussed in Chapter 12 can be thought of as
“forward-calculating” in nature, GoalSeek and Solver are “backward” approaches:

GoalSeek (under Data/What-If Analysis) uses an iterative search to determine the
value of a single input that would be required to make an output equal to a value
that the user specifies.

Solver determines the values that are required of several inputs so that the output
equals some value, or is minimised or maximised. One may also impose restric-
tions on the allowable value of inputs or calculated values for the set of values to
be considered valid. Solver is a free Excel add-in that initially needs to be installed
under Excel Options/Add-Ins, and which will then be found under Excel’s Data/
Analysis menu. It can also be installed (and uninstalled) using the Manage tool for
add-ins under Office/Excel Options/Add-ins.

Tips, Tricks and Limitations

Whilst Goal Seek and Solver are quite user-friendly, it is almost always preferable to
set up the calculations so that the target value that is to be achieved is zero (rather than
some other figure that must be typed into the dialog box). To do this, one simply adds
two cells to the model: one containing the desired target value (as a hard-coded figure),
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and the other that calculates the difference between this value and the model’s current
output. Thus, the objective becomes to make the value of the difference equal to zero.
This setting-to-zero approach has several advantages:

It is more transparent, since the original value is retained and shown in the model
(rather than being a figure that is entered in the GoalSeek dialog box each time
that it is run).

It is more efficient, and less error-prone. If the procedures are likely to be run several
times (as is usually the case, not least if other model input values are changed), then it
is much easier to enter zero as the desired target value within the GoalSeek or Solver
dialogs, rather than to repeatedly enter a more complex value (such as 12.75%).

It allows for the easier adaptation and generalisation of macros which are recorded
when the procedures are run.

It allows one to use simple techniques to improve accuracy: within the cell contain-
ing the difference calculation, one can magnify the raw difference (by multiplica-
tion by a number such as 1000), and use GoalSeek to set this magnified difference
to zero. This will usually increase accuracy, since the tolerance of Goal Seek’s iter-
ative method cannot otherwise be controlled. A similar approach can also be used
for Solver, but is usually not necessary, due to its higher inherent accuracy.

When using Solver, some additional points are often worth bearing in mind:

There must be only one objective, whereas multiple constraints are allowed. Thus,
a real-life objective such as “to maximise profits at minimal cost” would generally
have to be reformulated. Typically, all but one of the initial (multiple) objectives
must be re-expressed as constraints, such as “maximise profit whilst keeping costs
below $10m and delivering the project within 3 years”.

Solver (and GoalSeek) can only find a solution if one exists. Whilst this may seem
obvious, a solution may not exist for several reasons: first, one may have too many
constraints (or modified objectives). Second, the nature of the model’s logic may
not capture a true U-shaped curve as an input varies (this is often, but not always,
a requirement in optimisation situations). Third, if the constraints are not appro-
priately formulated, then there can also be many (or infinitely many) solutions; in
such cases, the algorithms may not converge, or may provide solutions which are
apparently unstable. Fourth, infinitely many solutions can arise in other special
cases, for example if one is asked to find the optimal portfolio that can include two
assets which have identical characteristics, and so that any amount of one can be
substituted for the same amount of the other.

From a model design perspective, it is often most convenient and transparent to place
all the inputs that are varied within the optimisation in a single contiguous range.

PRACTICAL APPLICATIONS

There are many possible applications of such tools, such as to determine:

The sales volume required for a business to achieve breakeven.
The maximum allowable investment for a project’s cash flows to achieve a speci-
fied return target.
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The internal-rate-of-return of a project, i.e. the discount rate for which the net
present value is zero (which could be compared to the IRR function).

The required constant annual payment to pay down a mortgage over a certain time
period (which could be compared with the PMT function).

The mix of assets within a portfolio to sell so that the capital gains tax liability is
minimised.

The parameters to use to define a quadratic (or other) curve, so that it best fits a
set of data points.

The implied volatility of a European option, i.e. the volatility required so that
the value determined by the Black-Scholes formula is equal to the observed
market price.

Examples of most of these are given below.

Example: Breakeven Analysis of a Business

The file Ch13.1.GoalSeek.Breakeven.xlsx contains a simple model which calculates
the profit of a business based on the price per unit sold, the number of units sold
and the fixed and per unit (variable) cost. We require to determine the number of
units that must be sold so that the profit is zero (i.e. the breakeven volume), and use
GoalSeek to do so. (Of course, this assumes that all other inputs are unchanged.)
Figure 13.1 shows the initial model (showing a profit of 1000 in Cell C11, when
the number of units sold is 1200, shown in Cell C4), as well as the completed Goal-
Seek dialog box. The model has been set up with the difference calculation method
discussed earlier, so that the target value to achieve (that is set within the dialog
box) is zero.

In Figure 13.2, the results are shown (i.e. after pressing the OK button twice, once
to run GoalSeek, and once to accept its results). The value required for Cell C4 is 1000
units, with Cell C11 showing a profit of zero, as desired.

A B C D E F G
1
2 Inputs
3 Price per unit 10.0
4 No of units '__::_:-}__E_E Goal Seek ? X
5 Fixed Cost 5000 Set celk sC814 +
6 VC per unit 5
- To yalue: o
s P By changing cell: | $C54| *
9 Revenue 12000|=C3*Ca Erad
10 Total Cost 11000 =C5+C4*C6
1 Profit 1000|=C5-C10
2
13 Target Number 0
14 Difference with Target 1000|=C11-C13

iE

FIGURE 13.1 Initial Model with Completed GoalSeek Dialog
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d A B £ D
1
2 Inputs
3 Price per unit 10.0
4 Mo of units 1000
5 Fixed Cost 5000
& VC per unit 5
T
8 Calculations
9 Revenue 10000|=C3*C4
10| Total Cost 10000|=C5+C4*Co
11 Profit 0]=C3-C10
12
13 Target Number 0
14 Difference with Target 0|=C11-C13

FIGURE 13.2 Results of Using Goal Seek for Breakeven Analysis

Example: Threshold Investment Amounts

The file Ch13.2.InvestmentThreshold.IRR.xIsx contains an example in which Goal-
Seek is used to determine the maximum allowable investment so that the post-tax cash
flow stream will have an internal rate of return of a specified value. Figure 13.3 shows
the GoalSeek dialog to run this. Note that the difference calculation (Cell C12) has
been scaled by 1000, in order to try to achieve a more accurate result. The reader can
themselves experiment with different multiplication factors, which in principle should
be as large as possible (whereas the author’s practical experience has been that very
large values create a less stable GoalSeek result, and are also generally unnecessary in
terms of generating sufficient accuracy).

Al A B C D E F G H | J K L

1

2 Period 01J8n 18 01)3n 19 01Jan20 01)8n21 01Jan22 01)an23 01Jan 24 0118625
3 EBIT 250 250 250 250 250 250 250
4 Interest charges 1000 3.0% 30.0 30.0 30.0 30.0 30.0 30.0 30.0
- PBT 0 2200 2200 220.0 220.0 220.0 220.00 220.0|
(] Tax 25% 0 55 55 55 35 55 35 55
7 Investment 1 ::';'E_;: 0 0 [1] 0 0 0 0
8 Total Cash Flow I -753 165 165 165 165 165 165 165
B Goal Seek 7

10 Target 10.00%

11 XIRR | 12.00% I=XIRR(E8:L8,E2:L2,10%) | S&t ce: c1n 2

12 Difference (scaled) 2000.0%|=(C11-C10)*1000 To value: 0

13| By changing cell: | $ESH *

14

FIGURE 13.3 Running GoalSeek with a Scaled Target Value for Improved Accuracy




Using GoalSeek and Solver 167

Example: Implied Volatility of an Option

The file Ch13.3.GS.ImpliedVol.xlsx contains the calculation of the value of a Euro-
pean option using the Black—Scholes formula (with six inputs, one of which is the
volatility). GoalSeek is used to find the value of the volatility that results in the Black—
Scholes-based value equalling the observed market price. Figure 13.4 shows the model
and results of running GoalSeek.

Example: Minimising Capital Gains Tax Liability

The file Ch13.4.Solver.AssetSale.OneStep.xlsx contains an example of the use of
Solver. The objective is to find the portion of each of a set of assets that should be sold
so that the total proceeds is maximised, whilst ensuring that the realised capital gain
(current value less purchase value) does not exceed a threshold at which capital gains
tax would start to be paid. Figure 13.5 shows the model, including the data required
to calculate the proceeds and capital gains for the whole portfolio (Columns C, D, E),
and the corresponding figures if only a proportion of each asset is sold (Columns E,
E G), which are currently set at 100%. Thus the complete selling of all assets in the
portfolio would realise £101,000 in proceeds and £31,000 in capital gains. With a
capital gain threshold of £10,500, one can see that selling 10,500/31,000 of each asset
(approx. 33.9%, as shown in cell H12) would result in the capital gain that is exactly
equal to the limit, whilst proceeds would be £34,210 (cell H13). This can be considered

A B C D E F G H 1 J K
1 Baack-Scholes Formula for European Call Option
2
3 Parameters variables |es Cainvane 5.00|=S"EDT"NDOne-E"ERT"ND Two
4 Stgma (Volatility) 21.96%|5 100
5 Irate 5.0%| T-t (years) 0.25 (Call Price (nbserved) £.00|
3] =] 0L0%(E A0 Differance 0.00]
7
g Inermesats calculasons for BS Call Valus Mamed Rangs Cell
9 Exp{-D{T-1)) 1000 =EXP-D*Trainust) D =impliedVollSCS6
10 Exp{-T-t]) 0,988 =EXP(-lrate" Tminusl) DOne =ImpliedVoll$C512
1 SigmaRootTminust 0.110{=Sigma*SORT(Tminust) DTwo =ImpliedVoll$CS13
12 a1 0.17| ={LN{S/E y+{Irate-0+0.5"Sigma* Sigma)*Tmh E =ImpliedVollSESE
13 az 0.06| =(LN(S/E )+ (Irate-D-0.5" Sigma*Sigma) Tmir EDT =ImpliedVoll SC59
14 MDONE) 0.557|=HORMSDIST(DONE) ERT =ImpliedVoll $C$10
15 MIDTwa) 0.524| =HORMSDRST(DTwa) Irate =impliedVollSCS5

FIGURE 13.4 Using GoalSeek to Determine the Implied Volatility of a European Option

A B = D E F G H 1
1
2 Purchase Price
3 Fund 1 16,000
4 Fusnid 2
3 Fund 3
[ Fund &
7 Fund 5
8 Fund &
g Total
10
1 Tax payable abave capital gainof: | 0
12 Threshald % if scid in equal progortion (to give exact capital gain) =H11/E9
13 Procesds Bt this theeshald =H12*D8
14

FIGURE 13.5 Model for Calculation of Sales Proceeds and Capital Gains
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as a first estimate (or lower limit) of the possibilities. Thus the objective is to find an
alternative set of proportions in which the realised figure is higher than this, whilst
respecting the capital gains limit.

The completed Solver dialog box (invoked, as described at the beginning of the
chapter, on the Data tab, after installation) is shown in Figure 13.6. Note that the
weights (trial values for the proportions) are constrained to be positive and less than
one (i.e. one can only sell what one owns, without making additional purchases or
conducting short sales). Figure 13.7 shows the completed model with new trial val-
ues once Solver has been run. Note that total proceeds realised are £45,500, and that
the constraints are all satisfied, including that the capital gains amount is exactly the
threshold value. Of course, the proportion of each asset sold is different to that of the
first estimate, whilst the proceeds are higher (£45,500).

It is also worth noting that, since the situation is a continuous one (i.e. the inputs
can be varied in a continuous way, and the model’s calculations depend in a simple con-
tinuous way on these), one should expect that the optimum solution will in principle be
one in which the constraints will be met exactly. (If the total portfolio value were below
this threshold, this would not apply of course, as it would also not if one constrained
the possible values of the inputs in some specific ways.)

Solver Parameters @
Set Objective: (et | +
To: (®) Max (O Min (O Value OF: 0

By Changing Variable Cells:
$F$3:5F58

»

Subject to the Constraints:

SHS9 <= SHS11
§F53:5F38 <=1 add
§F53:5F38 >=10
Change
Delete
Reset All
Load/Save
|:| Make Unconstrained Variables Non-Negative
Select a Solving GRG Monlinear il Options

Method:
Solving Method
Select the GRG Monlinear engine for Solver Problems that are smooth nonlinear. Select the LP

Simplex engine for linear Solver Problems, and select the Evolutionary engine for Solver
problems that are non-smooth.

FIGURE 13.6  Application of Solver to Optimise Sales Allocation
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A B L& D E F G H |
1
2 [Purchase Frice Value Trial Values: % sold Value Gaies
3 Fund 1 [ 0
4 Fund 2 25,000 7,000
3 Fund3 7.000 1.000
[ Fund & 3,343 1,114
7 Fund § 5,336 1,778
8 Fund & 3 4821 1,607
9 Total 45,500 10,500
10
1 Tax payabie abowe capital gain of; 10,500
12 Threshold % if sold in equal praportion (to give exact capital gain) 339% | =H11/ES
13 Proceeds at this thresheld | 34210|=H12*D9
14

FIGURE 13.7 Results of Running Solver to Determine Optimum Sales Allocation

Example: Non-linear Curve Fitting

In many situations, one may be required to create (or model) a relationship between
two items for which one has data, but where the relationship is not known. One may
have deduced from visual inspection that the relationship is not a linear one, and so
may wish to try other functional forms. (Where this cannot be done with adequate
accuracy or validity, one may instead have to use a scenario approach, in which the
original data sets represent different scenarios and the relationship between the items
is captured only implicitly as the scenario is varied.)

The file Ch13.5.Solver.CurveFitAsOptimisation.xlsx contains an example of the
use of optimisation to fit a curve. A hypothesised relationship (in this case using a
logarithmic curve) is created with trial values for each of the required parameters of
the relationship. One then reforecasts the calculated values (in this case, the employee
productivity) using that relationship. The parameters are determined by setting them as
variables that Solver should find in order that the square of the difference between the
original and the predicted values is minimised. Figure 13.8 shows the results of doing
this. Note that the trial values for the parameters which describe the hypothesised

A ] C ] E F G H [ ] K L M
1| Data Sample using Results

2 | [« Costfemployee (0007ETE) | | 1500 800 500 350

3 ¥ Employie produdtivity (FTES/ 000 units) 7. 4

4

5 Ta be chosen oot ing Sobrer) o minimise IaS! Squaies emor

6| | L7

7l |e 13.51

8| |C o

]

0| fiones of Predicted Values

11| [Ypredeiings-Bj+C B50 T35 B2l AX: 523 OBS|«SCHE°UMS2-SC5TRECSE |Totals:

12| [res 050 025 022 022 123 -03f-11453 0.6 | =sungoaza12)
13| |Res*2 D35 005 005 005 151 DA0f-iifuid L03| =sunfDadaid) <minimise
]

15 12

i1 4

17 e . st

» B — = - =

B g

20| ko o

3 ; 72 ar iacnton
2| r

n - o - e

24 Cant Par Emplopee

FIGURE 13.8 Results of Using Solver to Fit a Non-linear Curve to Data
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curve (called A, B, C) are in cells C6, C7 and C8 respectively, the predicted values are
in Row 11 and the item to minimise (sum of squared differences) in cell K13.

It is also worth noting that other forms of relationship can be established in this
way, including the determination of the parameters that define the standard least-
squares (regression) method to approximate a linear relationship (instead of using the
SLOPE and INTERCEPT or LINEST functions, discussed later in the text). One may
also experiment with other non-linear relationships, such as one in which the produc-
tivity is related to the square root of the cost (rather than its logarithm), and so on.
These are left as an exercise for the interested reader.
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Using VBA Macros to Gonduct
Sensitivity and Scenario Analyses

INTRODUCTION

This chapter discusses the use of VBA macros to run sensitivity and scenario analysis.
This is needed in cases where any form of additional intervention or procedure is
required between the changing of an input value and the calculation of the output.
Examples of where such approaches may be required include:

Where a model contains circular references that are resolved using a macro (as
described in Chapter 10).

If, after changing input values, GoalSeek or Solver needs to be run before the final
output can be calculated.

If other macros are needed to be run for any reason if input values change. For
example, each scenario may require external data to be queried before the model
is recalculated.

(Note that readers who are not familiar with VBA should nevertheless be able to
follow the core principles of this chapter; otherwise they may choose to selectively
study Part VI first.)

When using a VBA macro to run sensitivity analysis, generally two sets of proce-
dures require automation:

The first steps through the values to be used for the input(s) in the sensitivity or
scenario analysis. This forms the outer loop of the overall process, and is a general
step that essentially applies to all such approaches.

The second applies the additional procedure that is to be performed at each
step of the first loop (e.g. resolving circularities, running GoalSeek, querying the
external data etc.). This forms the inner loop of the process, and is specific to
each situation.

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 171
Michael Rees.
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PRACTICAL APPLICATIONS

The examples covered in this section include those which:

Demonstrate only the outer loop of the process, to run both sensitivity and sce-
nario analysis. The objective here is to focus on the core concepts and VBA code
required for the general (outer) loop.

Describe the steps and syntax required to automate specific procedures, especially
GoalSeek and Solver (the resolution of circular references using a macro was dis-
cussed in Chapter 10, so is not covered here). More generally, macros to automate
other forms of procedures (e.g. querying external data sets) can be developed by
using the techniques discussed in Part VI.

Example: Running Sensitivity Analysis Using a Macro

The file Ch14.1.ProfitSensitivity.xIsm contains an example of using a macro to run a
sensitivity analysis, by stepping through a set of input values, recalculating the model
and recording the results for the output(s). The model is similar to that used in Chap-
ter 13, where it was used to demonstrate the application of GoalSeek to find the break-
even sales volume of a business for a given set of input assumptions, including the
sales price. In this example, we are not (yet) using GoalSeek to find the breakeven
volume; rather (as a first step), we aim to calculate the profit for various values of the
input price (shown in cells E3:E11), and to record the resulting profit figures (in cells
F3:F11). (Thus, at this stage, without the need for the additional GoalSeek procedure
such analysis could be performed using a DataTable.) In order to automate the use of
various input prices, the cell references that are required by the macro are given named
ranges. Figure 14.1 shows the model prior to the running of the macro (including the
button to run it), and Figure 14.2 shows the model once the macro has been run.
The core elements of the VBA code are:

N = Range ("PriceHeader") .CurrentRegion.Rows.Count - 1
For i = 1 To N
Range ("Price") = Range ("PriceHeader") .Offset (i, 0)
Application.Calculate
Range ("ProfitHeader") .Offset (i, 0) = Range ("Profit")
Next i
A B iC o E F G H |
3
2 Inputs PriceHeader  |ProfitHeader Name Range
3 Price per unit 12.0 8.0 Price =Sheetl!5C53
4 Mo of units 1000 8.5 PriceHeader =Sheetl!SES2
B Fixed Cost 5000 9.0 Profit =Sheetl!5C511
[ VC per unit 5 9.5 ProfitHeader =Sheetl!SFS2
7 10.0
8 Calculations 10.5
9 Revenue 12000 11.0 Run Sensitivity
10 Total Cost 10000| 11.5
1 Profit 2000 12.0

12

FIGURE 14.1 Model Before Running the Sensitivity Analysis Macro
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A B C D E F G H |
1
2 Inputs PriceHeader ProfitHeader Mame Range
3 Price per unit 12.0 8.0 -2000| Price =Sheet1!5C53
4 Mo of units 1000 8.5 -1500 PriceHeader =Sheetl!5ES2
5 Fixed Cost S000| 9.0 -1000 Profit =Sheetl!5C511
6 VC per unit ] 9.5 -500| ProfitHeader =Sheetll5F32
7 10.0 0
8 Calculations 10.5 500
9 Revenue 12000 11.0 1000 Run Sensitivity
10 Total Cost 10000 11.5 1500
11 Profit 2000 12.0 2000

12

FIGURE 14.2 Model After Running the Sensitivity Analysis Macro

(As covered in Part VI, in practice more sophistication (and best practices) could
be built into this procedure, including clearing the results range at the beginning of
each run of the macro, and the use of full and explicit referencing. One could also
track the initial state before the macro is run (i.e. the value used for the price) and
reset the model to this state afterwards, as well as perhaps switching off screen-
updating, and so on.)

Example: Running Scenarios Using a Macro

The file Ch14.2.RevScenario.xIsm contains an example of the use of a macro to run
scenario analysis. The macro simply runs through a set of integers, and uses a lookup
function (such as CHOOSE) to select the appropriate data for each scenario. All cells
or ranges that need referencing from the VBA code are given Excel named ranges as
part of the process of writing the macro. Figure 14.3 shows the results of running the
macro, whose key elements are:

For i = 1 To 3

Range ("ScenarioNo") = 1

Application.Calculate

Range ("ResultsHeader") .Offset (i, 0) = Range ("Output")
Next i

Example: Using a Macro to Run Breakeven Analysis with GoalSeek

The file Ch14.3.GoalSeekMacro.Breakevenanalysis.xIsm contains an example of the
automation of GoalSeek within a macro. It is similar to the first example in the chap-
ter, with the additional step added in which (for each value of the price) GoalSeek is
used to find the breakeven volume. The macro was created by simply recording the
GoalSeek process once, and placing this within the loop which steps through the set
of values that are to be used for the prices. Figure 14.4 shows the results of running
the macro.
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FIGURE14.4 Use of GoalSeek Within a Macro to Calculate the Price-Volume Breakeven Frontier

N

For i
Range ("Price")

Note that we are using the setting-to-zero approach described earlier. The core
aspects of the VBA code are:

Range ("PriceHeader") .CurrentRegion.Rows.Count - 1

1 To N

= Range ("PriceHeader") .Offset (1,

0)
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Range ("DiffToTarget") .GoalSeek Goal:=0, Changing-
Cell:=Range ("Volume")

Range ("BEvenVolHeader") .Offset (i, 0) = Range("Volume")
Next i

Example: Using Solver Within a Macro to Create a Frontier of
Optimum Solutions

The use of Solver within VBA code is in many ways similar to that of GoalSeek: in
principle, the most effective method is to record a macro of the process, ensure that all
Excel ranges are referred to with named ranges and place the code within an appropri-
ate loop (which is used to govern the way that input values are changed before Solver
is applied). However, there are several points worth noting:

One first needs to make a reference to the add-in within the Visual Basic Editor.
This can be achieved using Tools/References and checking the relevant box for
the Solver. Of course, Solver needs to be have been installed on the computer (as
described in Chapter 13). This can therefore be inconvenient if the optimisation is
to be run by someone who is not familiar with this process (e.g. if the file is sent
to someone else by e-mail, who will need to implement this procedure).

The recording of a macro does not capture the full syntax necessary to place the
code within a loop. To automate the process requires one to add the True state-
ment after SolverSolve in the code. This captures the closing of the message box
once Solver has finished running, which is otherwise not captured by the record-
ing process.

The file Ch14.4.SolverAssetSale.OneStep.xIsm contains the example from
Chapter 13, in which the maximum sales proceeds were realised for a specific capital
gains threshold. It is adapted to calculate the same figure in the case that a range of
threshold values is desired to be run. The following shows the core of the required
code, using the (essentially self-explanatory) named ranges created in the file, and not-
ing the points above about referencing and the addition of the True statement:

N = Range ("ResultsHeader") .CurrentRegion.Rows.Count - 1

For i = 1 To N

'CHANGE CGT Threshold Values

Range ("CGTThreshold") .Value = Range ("CGTThresholdsHeader") .Offset (i, 0).Value
Application.Calculate

'RUN SOLVER

SolverOk SetCell:=Range("ValueRealised"), MaxMinVal:=1, ValueOf:=0, _
ByChange:=Range ("TrialValues"), _

Engine:=1, EngineDesc:="GRG Nonlinear"

SolverSolve True

'RECORD RESULTS

Range ("ResultsHeader") .Cells (1, 1) .0ffset (i, 0).Value = Range ("ValueRealised") .Value
Range ("ResultsHeader") .Cells (1, 1).0ffset(i, 1).Value = Range("Gains") .Value

Next i
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16 |CGThrashaids |Reslised Valus  Gains (eross-chack) |
:; m :ﬁ Run Solver Loop
19 41000 9000
20 9,500 42500 9500
21 10,000 24000 10000
22 10,500 45500 10500
23 11,000 47000 11000
24 11,500 AB500 11500
25 12,000 50000 12000
26 12,500 51500 12500
27 13,000 53000 13000
28 13,500 54500 13500
29 14,000 56000 14000
30 14,500 57500 14500
3 | 15,000 55000 15000

FIGURE 14.5 Results of Running Solver with a Macro to Determine Proceeds for Various Tax
Thresholds

Figure 14.5 shows the completed model, including a table of values showing the
maximum proceeds that are realisable for various capital gains tax threshold levels.
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Introduction to Simulation
and Optimisation

INTRODUCTION

This chapter introduces the topics of simulation (with a more complete discussion
being the subject of Chapter 16). It also extends the earlier discussion of optimisation.
These are both natural extensions of sensitivity and scenario analysis. The first section
discusses the link between these methods, and uses a practical example to illustrate
the discussion. The latter sections of the chapter highlight some additional points that
relate to general applications of optimisation modelling.

THE LINKS BETWEEN SENSITIVITY AND SCENARIO ANALYSIS,
SIMULATION AND OPTIMISATION

Simulation and optimisation techniques are in effect special cases of sensitivity or sce-
nario analysis, and can in principle be applied to any model which is built appropri-
ately. The specific characteristics are that:

Several inputs are varied simultaneously. As a result, combinatorial effects are
important, i.e. there are many possible input combinations and corresponding out-
put values.

There is an explicit distinction between controllability and non-controllability of
the process by which inputs vary.

These points are described in more detail below.

The Comhbinatorial Effects of Multiple Possible Input Values

When models contain several inputs that may each take several possible values, the
number of possible input combinations generally becomes quite large (and hence so
does the number of possible values for the model’s output). For example, if 10 inputs

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 177
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could each take one of three possible values, there would be 3'° (or 59,049) possible
combinations: the first input can take any of three values, for each of which the second
can take any of three values, giving nine possible combinations of the first two inputs,
27 for the first three inputs, and so on.

In practice, one needs automated methods to calculate (a reasonably large subset
of) the possible combinations. For example, whereas traditional sensitivity and sce-
nario analysis involves pre-defining the values that are to be used, simulation and opti-
misation (generally) automate the process by which such values are chosen. Naturally,
for simulation methods, the nature of this automation process is different to that for
optimisation, as described later.

Controllable Versus Non-controllable: Choice Versus Uncertainty
of Input Values

The use of traditional sensitivity and scenario analysis simply requires that the model is
valid as its input values are changed in combination. This does not require one to con-
sider (or define) whether — in the real-life situation — the process by which an input value
would change is one which can be controlled or not. For example, if a company has to
accept the prevailing market price for a commodity (such as if one purchases oil on the
spot market), then such a price is not controllable (and hence likely to be uncertain). On
the other hand, the company may be able to decide at what price to sell its own prod-
uct (considering that a high price would reduce sales volume and a lower price would
increase it), and hence the price-setting is a controllable process or choice. In other words,
where the value of an input variable can be fully controlled, then its value is a choice, so
that the question arises as to which choice is best (from the perspective of the analyst or
relevant decision-maker). Where the value cannot be controlled, one is faced with uncer-
tainty or risk. Thus, there are two generic sub-categories of sensitivity analysis:

Optimisation context or focus, where the input values are fully controllable within
that context, and should be chosen optimally.

Risk or uncertainty context or focus, where the inputs are not controllable within
any specific modelled context. (Subtly, the context in which one chooses to operate
is an optimisation issue, as discussed later.)

These are illustrated in Figure 15.1.

Optimisation
Sensitivities and (input changes are controllable)
Scenarios
Uncertainty and Risk

(input changes are not
controllable)

(input values are changed)

/\

[

FIGURE 15.1 Basic Distinction Between Choice and Uncertainty as an Extension of Traditional
Sensitivities
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Of course, the distinction between whether one is faced with a situation in which
there is uncertainty versus one of choice may depend one’s perspective and role in a
given situation. For example, it may be an individual’s choice as to what time to plan to
arise in the morning on a particular day, whereas from the perspective of someone else,
the time at which the other person rises may be considered to be uncertain.

PRACTICAL EXAMPLE: A PORTFOLIO OF PROJECTS

Description

The file Ch15.1.TimeFlex.Risk.Opt.xlsx (see Figure 15.2) contains an example of a
portfolio of 10 projects, with the cash flow profile of each being shown on a generic
time axis (i.e. an investment followed by a positive cash flow from the date that each
project is launched). Another grid shows the effect when each project is given a specific
start date, defined in the range C15:C24, and which can be changed to be any set of
integers (the model’s calculations use lookup and other functions which the reader can
inspect). In the case shown, all projects start in 2018, resulting in a portfolio with a net
present value (NPV) of $1212m for the first 10 years’ cash flows at a 10% discount rate,
whilst the maximum financing requirement in any given year is $2270m (Cell D25).

As mentioned earlier, the role of the various launch dates of the projects could
depend on the situation:

= An optimisation context, in which the start dates are entirely within the discretion
and control of the decision-maker, and can be chosen in the way that is the most
suitable from the perspective of the decision-maker.

= A risk or uncertainty context, in which each project would be launched according
to some timetable that is not within the decision-scope of the users of the model.
Thus, each project is subject to uncertainty on its timing, so that the future cash
flow and financing profile is also uncertain.

A B [ =] E F G H [ J K L (Y]
1
2 Geneiic schedule 1 2 4 E 3 T [ E] n
3 Project 1 §m 67 BT BT ED o4 43 4d an 36
4 Project 2 ¥m B BT &Y ar 1] T B3 57 51
5 Project 3 m 43 43 43 43 43 19 15 2
& Frojectd ¥m F 45 a5 45 41 ar 34 30 T 24
7 Projeot 5 m =240 a7 ar ar ar ar ra 4l 5
] Projest & $m 300 &0 &0 &0 &0 B0 2 65 -] g2
E] Project T $m =10 44 44 a4 Ll 36 2 o] ¥ 24
L] Project & ¥m =200 T Tiy T v [l B3 56 51 a6
1i Project3 ¥m 00 T2 2 T2 £ 2 65 58 3 |
] Projest 10 $m -350 % 55 5 &5 7 B3 B2 Sk 50
L]
" Specilic dates Soper e lpen 1 2013 2020 2021 . 2023 2024 2025 2026 2027
® Projest 1 208 87 87 &7 ED 4 43 44 40 3
® Projeot 2 2008 ar 87 L 87 8 m B3 a7 1
7 Project 3 208 43 43 43 43 43 ) ) k-] 28
® Project 4 2018 46 45 45 41 ar 34 30 27 24
] Project 3 200 w n i a BT 73 T &4 57
] Project & 208 an 80 80 &0 &0 T2 -] 58 52
b Projest T 2018 44 44 44 40 = 2 23 26 24
2 Project & 2008 200) 7 L) L) T o B3 56 s1 46
b=} Projeoct 3 208 5500 [ [ T2 T2 T2 S 5] 53 a7
il Project W) 208 [350) %5 % % 85 L4 ) 62 56 50
25 Cash Flow -Z2270 iE] To3 To3 684 B35 571 M 463 417
Fud
27 Dise Cash low yes 1-10 1212 = NPT 025 MZS)
2| [MinCF yoars 1-5 -zz:gl-mnzs:r—w
=] Min acceptable =500}
3

FIGURE 19.2 Variable Launch Dates for Each Project Within a Portfolio
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Optimisation Context

As an optimisation issue, one may wish to maximise the NPV over the first 10 years,
whilst not investing more than a specified amount in each individual year. For example,
if one considers that the total cash flow in any of the first five periods (net of invest-
ment) should not drop to below (minus) $500m, then the case shown in Figure 15.2
would not be acceptable as a set of launch dates (since the cash flow in 2018 is (minus)
$2,270). On the other hand, delaying some projects would reduce the investment
requirement in the first period, but would also reduce NPV. Thus, a solution may be
sought which optimises this trade-off.

The file Ch15.2.TimeFlex.Risk.Opt.Solver.xIsx (see Figure 15.3) contains an alter-
native set of launch dates, determined by applying Solver, in which some projects start
later than 2018. This is an acceptable set of dates, as the value in Cell C28 is larger
than that in C29. Whilst it is possible that this set of dates is the best one that could be
achieved, there may be an even better set. (Note that in a continuous linear situation,
an optimal solution would meet the constraints exactly, whereas in this case, the input
values are discrete integers, so that the constraints would be respected, but not neces-
sarily met exactly.)

Risk or Uncertainty Context Using Simulation

As a risk or uncertainty issue, the same model would apply if the project start dates
were uncertain, driven by items that are not known or not within the control of the
modeller or user.

Of course, given the large possible number of combinations for the start dates,
whilst one could define and run a few scenarios, it would be more practical to have
an automated way to generate all or many of the possible scenarios. Monte Carlo
Simulation is an automated process to recalculate a model many times as its inputs are
simultaneously randomly sampled. In the case of the example under discussion, one
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could replace the start dates with values that are drawn randomly in order to sample
future year numbers (as integers), do so many times and record the results.

Figure 15.4 shows an example of the part of the model concerning the time-
specific cash flow profile in one random scenario. Each possible start date is chosen
randomly but equally (and independently to the others) from the set 2018, 2019, 2020,
2021 and 2022.

Clearly, each random sample of input values would give a different value for the
output of the model (i.e. the cash flow time profile, the investment amount and the
NPV), so that the output of the simulation process is a set of values (for each model
output) that could be represented as a frequency distribution. Figure 15.5 shows the
results of doing this and running 5000 random samples with the Excel add-in @RISK
(as discussed in Chapter 16 and Chapter 33, such calculations can also be done with
VBA, but add-ins can have several advantages, including the ease with which high-
quality graphs of the results can be generated).

Note that often — even if the variation of each input is uniform — the profile of an
output will typically have a central tendency, simply because cases where all inputs
are chosen at the high end of their range (or all are chosen at their low end) are less
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frequent than mixed cases (in which some are at the high end and others are at the low
end). In other words, the need to use frequency distributions to describe the range and
likelihood of output values is an inevitable result of the combinatorial effect arising
due to the simultaneous variation of several inputs.

Note also that, within the earlier optimisation context, one may try to use simu-
lation to search for the solution to the optimisation situation, by choosing the input
combination that gives the best output; in practice, this is usually computationally
inefficient, not least as the constraints are unlikely to be met unless a specific algorithm
has been used to enforce this. This also highlights that simulation is not the same as risk
modelling: simulation is a tool that may be applied to contexts of risk/uncertainty, as
well as to other contexts. Similarly, there are other methods to model risks that do not
involve simulation (such as using the Black-Scholes formula, binomial trees and many
other numerical methods that are beyond the scope of this text).

FURTHER ASPECTS OF OPTIMISATION MODELLING

Structural Choices

Although we have presented optimisation situations as ones that are driven by
large numbers of possibilities for input values, a specific objective, and constraints
(i.e. combinatorial-driven optimisation), the topic also arises when one is faced with
choices between structurally different situations, i.e. ones that each involve a different
logic structure. For example:

One may consider the decision as to whether to go on a luxury vacation or to buy
a new car as a form of optimisation problem in which one is trying to decide on
the best alternative. In such cases, there may be only a small number of choices
available, but each requires a different model and a mechanism to compare them
(decision trees are a frequent approach).

The choice as to whether a business should expand organically, or through an
acquisition or a joint venture, is a decision with only a few combinations (choices),
but where each is of a fundamentally different (structural) nature.

Figure 15.6 shows two categories of optimisation situation.
This topic is discussed briefly later in the chapter.

Structural Choices

Optimisation

(input changes are controllable)

Combinatorial Choices

FIGURE 18.6  Structural and Combinatorial Optimisation
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Uncertainty

The discussion so far has presented optimisation as the issue as to how to choose some
input values whilst others are fixed. However, in some cases, these other variables may
be subject to uncertainty. For example:

One may try to find the optimum route to drive through a large town, either under
the assumption that the transit time for each possible section of the route and the
traffic lights and traffic conditions are known, or under the assumption that these
items are uncertain. It is conceivable that the optimum route is the same, irrespec-
tive of whether uncertainty is considered. However, uncertainty can also impact
risk-tolerances, so that if one needed to be sure to arrive at one’s destination by
a fixed time (such as to fix the time for a meeting), one may decide to choose a
route that is longer on average but is less uncertain, so that a more reliable plan
can be made.

In the traditional frameworks used to describe the optimisation of financial port-
folios, one is trying to choose the weights of each asset in the context in which the
returns of each asset are uncertain (but with known values of the parameters that
described the uncertainty, such as the mean and standard deviation of returns).

Integrated Approaches to Optimisation

From the above discussion, it is clear that in general one may have to reflect not only
structural optimisation, but also (either or both of) combinatorial optimisation and
uncertainty. For example:

Faced with the structural decision as to whether either to stay at home or to meet
a friend at the other side of town: if one chooses to meet the friend, there may be
many possible combinations of routes that one could drive. At the same time, the
length of time required to navigate each section of the route may be uncertain.
When designing any large potential project (including when conducting risk
assessment and risk management on it), one will generally have several options
as to the overall structural design or technical solution. Within each, there will
be design-related items that are to be optimised, as well as risks to mitigate, and
residual risks or uncertainties that cannot be effectively mitigated further. Thus, the
optimal project design and risk mitigation (or response) strategy will typically have
elements both of structural and combinatorial optimisation, as well as uncertainty:
structural optimisation about which context in which to operate (or overall tech-
nical solution to choose), combinatorial optimisation to find the best set of risk
mitigation measures within that context and residual uncertainty that cannot be
further reduced in an economically efficient way.

Faced with the decision as to whether to proceed or not with a project, there may
be characteristics which allow its scope to be modified after some initial infor-
mation about its likely future success has been gained. For example, once initial
information about a potential oil drilling (or pharmaceutical) project becomes
available, the activities could be conducted as originally expected, or abandoned or
expanded. Note that, although valuable, the information obtained may be imper-
fect, incur a cost to obtain it, and the process of doing so could delay the project
(compared to deciding whether to proceed without this information). Real-life
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business situations in which a decision is possible either before or after uncer-
tainty has been resolved (decision—chance—decision structures) are often termed
“real options” situations.

Modelling Issues and Tools
Some important modelling issues that arise in optimisation contexts include:

To ensure a clear and correct distinction between controllable and non-controllable
inputs.

To capture the nature of the optimisation within the model’s logic. Where the opti-
misation is driven mainly by constraints, this is usually straightforward. Where it
is driven by the U-shaped nature (in real life) of an output as an input varies, the
model must also capture this logic. For example, a model which calculates sales
revenues by multiplying price with volume may be sufficient for some simple sensi-
tivity analysis purposes, but would be meaningless if used to find the optimal price,
unless volume is made to depend on price (with higher prices leading to lower vol-
umes). Thus, models which are intended to be used for optimisation purposes may
have more demanding requirements on their logic than those that are to be used
for simple “what-if” analysis, or if scenario approaches are used.

To formulate the optimisation so that it has only one objective. Most optimisa-
tion algorithms allow for only one objective, whereas most business situations
involve multiple objectives (and stakeholders with their own objectives). Thus,
one typically needs to reformulate all but one of these as constraints. Whilst in
theory the optimal solution would be the same in each, in practice, participants
could often be (or feel themselves to be) at an advantage if their own objective
is the one used for the optimisation (and at a disadvantage if their objective
is instead translated into one of many constraints): psychologically, an objec-
tive has positive overtones, and is something that one should strive to achieve,
whereas constraints are more likely to be de-emphasised, ignored or regarded as
inconvenient items that can be modified or negotiated. Thus, when one’s objec-
tive becomes expressed as only one item within a set of constraints, a focus on it
is likely to be lost.

Not to overly constrain the situation. A direct translation of management’s objec-
tives (when translated into constraints) often leads to a set of demands that are
impossible to meet; so that optimisation algorithms will then not find a solution.
Often, it can be useful to start with less constraints, so that an optimum can be
found, and then seeks to show how the application of additional constraints
changes the nature of the optimum solution, or leads eventually to no solution.

There is a large range of approaches and associated numerical techniques that may
be applicable depending on the situation, including;:

Core tools for combinatorial optimisation, such as Excel’s Solver. Where the opti-
misation problem is “multi-peaked” (or has certain other complex characteristics),
Solver may not be able to find a solution, and other tools or add-ins (such as Pali-
sade’s Evolver based on genetic algorithms) may have a role.



Introduction to Simulation and Optimisation 185

Combining optimisation with analytic methods. For example, in traditional
approaches to the optimisation of financial portfolios, matrix algebra is used to
determine the volatility of a portfolio based on its components. Thus, uncertainty
has been “eliminated” from the model, so that standard combinatorial optimisa-
tion algorithms can be used.
Combining optimisation with simulation. Where uncertainty cannot be dealt with
by analytic or other means, one may have to use simulation. For example, with
reference to the example earlier in the chapter, if there is uncertainty in the level of
the cash flows for each project after its launch, then for every possible set of dates
tried as a solution of the optimisation, a simulation would need to be run to see
the uncertainty profile within that situation, with the optimum solution dependent
on this (e.g. one may define the optimum one as the which maximises the average
of the NPV, or alternatively as the one in which the NPV is above some figure with
90% frequency etc.). Where a full simulation is required for each trial of a poten-
tial optimal solution, it is often worth considering whether the presence of the
uncertainty would change the actual optimum solution in any significant way. The
potential time involved in running many simulations can be significant, whereas
it may not generate any significantly different solutions. For example, in practice,
the optimal route to travel across a large city may (in many cases) be the same
irrespective of whether one considers the travel time for each potential segment of
the journey to be uncertain or fixed. The implementation of such approaches may
be done with several possible tools:
Using VBA macros to automate the running of Solver and the simulation.
Using Excel add-ins. For example, the RiskOptimizer tool that is in the Indus-
trial version of the Excel add-in @RISK allows for a simulation to be run within
each optimisation trial.
Use of decision trees and lattice methods. Decision trees are often used due
to their visual nature. In fact, decision trees can have a powerful numerical
role that is independent of the visual aspect. When there is a sequential deci-
sion structure (in which one decision is taken after another, possibly within
uncertain events in between), the optimum behaviour today can only be estab-
lished by considering the future consequence of each possible choice. Thus,
tree-based methods often use backward calculation paths, in which each future
scenario must first be evaluated first, before a final view on today’s decision
can be taken. (The same underlying logic of backward calculations can in fact
be implemented in Excel.) Generalisations of decision-tree approaches include
those which are based on lattice methods, such as the finite difference or finite
element methods that are applied on grids of data points; these are beyond the
scope of this text.
Decision trees may also need to be combined with simulation or other methods.
For example, if there are uncertain outcomes that occur in between decision points,
then each decision may be based on maximising the average (or some other prop-
erty) of the future values. A backward process may need to be implemented to
evaluate the last decision (based on its uncertain future outcomes), and once the
choice for this decision is known, the prior decision can be evaluated; such stochas-
tic optimisation situations are beyond the scope of this text.
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Despite this complexity, one nice feature of many optimisation situations (especially
those defined by a U-shaped curves) is that there are often several scenarios or choices
that provide similar (if slightly sub-optimal) outcomes, since (around the optimum)
point any deviation has a limited effect on the value of the curve (which is flat at the
optimum point). Thus, sub-optimal solutions are often sufficiently accurate for many
practical cases, and this may partly explain why heuristic methods (based on intuition
and judgement, rather than numerical algorithms) are often used.
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The Modelling of Risk and
Uncertainty, and Using Simulation

INTRODUCTION

This chapter extends the discussion of simulation that was begun in Chapter 15. We
describe the origins, uses and main benefits of simulation techniques (with a focus on risk
and uncertainty modelling), and describe some key ways to implement these. We cover
the basic use of VBA macros, as well as highlighting some key benefits of using Excel add-
ins, such as @RISK. A few simple examples of core applications (risk registers and cost
budgeting) are shown, using both Excel/VBA and @RISK. The author’s Business Risk and
Simulation Modelling in Practice Using Excel, VBA and @RISK provides a much more
extensive discussion of risk assessment processes and the issues involved in the design and
implementation of risk models; the interested reader is referred to that text.

THE MEANING, ORIGINS AND USES OF MONTE CARLO SIMULATION

Definition and Origin

Monte Carlo Simulation (“MCS”, or simply “simulation”) is the use of random sam-
pling to automate the process to recalculate a model many times as several inputs are
varied simultaneously. The creation of randomness per se is not an objective of simula-
tion; rather its role is to allow for automation of the process, and to ensure that a wide
set of input combinations is used.

The first large-scale use of simulation was in the 1940s by scientists working on
nuclear weapons projects at the Los Alamos National Laboratory in the USA, where it

was used to compute integrals numerically: the value of I: f(x)dx is equal to the average
of f(x) as x varies over the range 0 to 1. Hence, by calculating f(x) for a set of x-values
(drawn randomly and uniformly) between 0 and 1, and taking their average, one can
estimate the integral. The scientists considered that the method resembled gambling,
and coined the term “Monte Carlo Simulation”.

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 187
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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Simulation is not the same as risk modelling, but rather it is a technique that can
be applied to evaluate risk or other forms of models. For example, simulation could
be used to try to find a solution to an optimisation problem, by generating many
input combinations and looking for the one which produces the best results and
meets the constraints. In such a context, the underlying probability distributions
used to create the random samples would not be of great significance, and would
not need to correspond to any notion of risk of the input variables. Indeed, as an
optimisation problem, one assumes that such variables are not subject to risk, but
are controllable.

On the other hand, in practice, the use of simulation in business applications is
predominately to capture the risks, uncertainties and their impacts. In such cases,
the random sampling has the additional purpose (in addition to process automa-
tion) of describing the risk (or uncertainty) that is inherent in the input values: the
distributions are chosen to best match the uncertainty of the (in real life) variable
that it represents. Thus, risk modelling is a much richer subject than is that of pure
simulation.

Limitations of Sensitivity and Scenario Approaches

Traditional sensitivity and scenario approaches have several limitations, including:

They show only a small set of explicitly pre-defined cases.
The cases shown are not clearly defined, and may not be representative or relevant
for decision purposes, for example:
The likelihood of any outcome is not known (such as the extent to which the
base plan is realistically achievable or not).
The use of the most likely values for inputs will not generally result in the mod-
el’s output being calculated at its most likely value.
The average outcome is not known, yet this is the most relevant single economic
measure of the value of a project or of a series of cash flows.
Since the base case is not, in general, a well-defined case, nor are any cases which
are derived from it. For example, a +/- 10% variation of inputs around their
base values is also using undefined cases, and using these to form an average, or
to represent (say) a worst or best case could be very misleading.
It is not easy to reflect risk tolerances (or contingency requirements) adequately
in the decision, or to set appropriate targets or appropriate objectives.
It is not easy to compare one project with another when they have different
degrees of uncertainty.
They do not explicitly drive a thought process that explores true risk drivers and
risk-mitigation actions, and hence may not be based on genuine scenarios that one
may be exposed to.
They do not distinguish between variables that are risky or uncertain and those
that are to be optimised (chosen optimally).

Simulation can help to overcome some of these limitations by allowing one to
implement risk and uncertainty modelling to determine the range and frequency of
possible outcomes.
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Key Benefits of Uncertainty and Risk Modelling
and the Questions Addressable

The explicit consideration of risk (or uncertainty) has many benefits, both from a pro-
cess and decision-making perspective:

It highlights the possibility of multiple outcomes. The real-life outcome will almost
always be different to that shown in any single scenario or base case: this difference
is not necessarily the result of a poor model, but an inherent property of real life.
It forces one to consider sources of uncertainty, and to ask more in-depth questions
about the situation (such as how the uncertainty could be controlled or managed).
It may lead to a revised model which includes a larger set of factors than in the origi-
nal model, including the presence of event risks and of risk mitigation measures. The
process of doing so requires one to identify which sources of risk are the most sig-
nificant, to determine how the risk profile would be changed by the implementation
of risk-response measures, and to determine the optimal strategy for risk mitigation.
It is a necessity when modelling situations that are inherently stochastic (such as
the movement of share prices), and also to capture certain forms of dependencies
between such relationships (such as correlation).
It allows one to determine statistics that are relevant for economic evaluation,
decision-making and risk management, such as:
Measures of the centre of the range of possible outcomes:
What is the average outcome?
What is the most likely outcome?
What value is the half-way point, i.e. where we are equally likely to do bet-
ter or worse?
Measures of the spread of the range of possible outcomes:
What are the worst and best cases that are realistically possible?
Is the risk equally balanced on each side of a base case?
Is there a single measure that we can use to summarise the risk?
The likelihood that a base or other planned case can be achieved:
How likely is it that the planned case will be achieved (or not)?
Should we proceed with the decision as it is, or should we iterate through a risk
mitigation and risk response process to further modify and optimise the decision?
It allows for the calculation of project contingencies (such as: “in order to have
enough money in 95% of cases, we need to increase the project’s budget by 15%7”).
Such information is directly available once one has established the spread of pos-
sible outcomes. For example, given the spread (distribution) of possible cost for a
project, the 90th percentile will represent the total figure that would be a sufficient
budget in 90% of cases; the contingency (for 90% success) would be the figure
that needs to be added to the base budget to achieve this total figure (i.e. it would
be the difference between this figure and the base case).
It can help to partially correct for biases in the process. By showing the base (or
reference) case in the context of the full range of outcomes, some biases may be
made more explicit. These may take several forms:
Intentional biases. These are where deliberately optimistic or pessimistic values
are used for motivational or political reasons.
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Unintentional biases. One may simply be unaware of a bias until it is pointed out
or where more detailed reflections about a situation are explicitly undertaken.
One important form of unintentional bias is “the fallacy of the most likely”, in
which it may implicitly be believed that a model that is populated with its inputs
at their most likely values will show the most likely value of the output (and
similarly “the fallacy of the average”, for average values). In fact, such beliefs are
often not justified: factors such as non-symmetries of some uncertain processes,
the presence of event risks and non-linear logic within the model (e.g. MIN,
MAX or IF statements, or division by an input whose value is uncertain), can
mean that the results are biased.

The Nature of Model Outputs

The simulation will of course be used to capture the range of outcomes for key met-

rics

(performance indicators), such as cost, profit, cash flow, financing needs, resource

requirements, project schedule, and so on. Several points about such outputs are impor-
tant to be aware of:

The output is a set of individual data points. These represent a sample of the “true”
distribution of the output, but are not a distribution function per se. Nevertheless,
for simplicity, one often refers to a simulation as providing a “distribution”.

The data set allows one to estimate properties of the true distribution, such as its
average or the value in the worst 10% of cases, or to plot it graphically (such as
a histogram of the frequency distribution of the points). It also allows one to cal-
culate relationships between variables (especially correlation coefficients between
inputs and an output), and to generate X-Y scatter-plots of the values of variables
(providing the relevant data is saved at each recalculation).

The more recalculations one performs, the closer should be the estimated prop-
erties to those of the true distribution. The required number of recalculations
needs to be sufficient to provide the necessary basis for decision support; in
particular, it should ensure the validity and stability of any resulting decision.
This will itself depend on the context, decision metrics used and accuracy
requirements.

It is generally not a valid question to ask which specific combination of inputs will
lead to a specific outcome; in general, there would be many.

The Applicability of Simulation Methods

Simulation techniques have found applications in many areas. The reasons for
this include:

They can be used in almost any model, irrespective of the application or sector.
They are conceptually quite straightforward, essentially involving repeated recal-
culation to generate many scenarios. They require only an understanding of spe-
cific core aspects of statistics and probability, dependency relationships and (on
occasion) some additional modelling techniques; the required level of mathemati-
cal knowledge is quite specific and limited.

They are often by far the simplest method available to assess uncertainty or risk.
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They generally provide a reasonably (and sufficiently) accurate estimate of the
properties of the output distribution, even when only relatively few recalculations
have been conducted.

They can be a useful complement to analytic or closed-form approaches; especially
in more complex cases, simulation can be used to create intuition about the nature
and the behaviour of the underlying processes.

They can often produce a high level of insight and value-added with little effort or
investment in time or money.

KEY PROCESS AND MODELLING STEPS IN RISK MODELLING

Whereas simulation is the automation of the process to recalculate a model many
times, risk modelling involves the design and building of models to reflect the effect
of the risks and uncertainties in a situation. At a superficial level, the key steps in risk
modelling are similar to those in general risk management: For example, it is necessary
to identify key risks and uncertainties. On the other hand, the risk modelling process
needs to capture the nature of the uncertainties and their effects in ways that are much
more specific and precisely defined than for pure qualitative risk management pro-
cesses. This section describes some key elements of the process at a high level; once
again, the interested reader can refer to the author’s Business Risk and Simulation
Modelling in Practice for a detailed discussion of these.

Risk Identification

Clearly, the necessary starting point for any form of analysis is the identification of
all the risks and uncertainties that may reasonably affect a situation (to an accept-
able degree of tolerance). The process of risk identification will generally also lead
naturally to a discussion of risk mitigation or response measures, and to the subject
of the residual risk once such measures are taken. The final model will need to
reflect this revised project structure as well as the costs and effect of the mitiga-
tion measures.

Risk Mapping and the Role of the Distribution of Input Values

The risk mapping process involves describing the risks or uncertainties in a form that
can be built into a quantitative model. Thus, one needs to understand the nature of the
risk or uncertainty (e.g. continuous or discrete, a one-time or multiple event, its time
behaviour and its relationship to other items in the model).

This can be a challenging part of the process in practice: first, from a process
perspective, general project participants may have a focus on risk management, rather
than full risk modelling, and therefore not understand the need for detailed descrip-
tions of the nature of the uncertainties. Second, the quantitative process is more com-
plex than simply selecting distributions, since some processes may be composed of
compound effects, or effects which develop over time, or which interact with other
processes, or have other complex dependencies. These will need to be reflected in the
model’s logic and formulae.
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The choice of input distribution is an important part of a risk mapping process,
with the idea being that the distributions match the true nature of the underlying ran-
domness in each process as closely as possible (risk, variability or uncertain variation).
However, this is more complex than simply assuming that any identified risk or uncer-
tainty can be directly captured through a single distribution.

The Modelling Context and the Meaning of Input Distributions

It is important not to overlook the (seemingly obvious) point that in a risk model a
distribution represents the non-controllable aspect of the process, within the context
being modelled. This point is subtler than it may appear at first; the context may be
something that one may control or choose, even where the process within that context
is not. For example:

When crossing a road, one can choose how many times to look, whether to put
running shoes on, and so on; once such choices are made, the actual outcome
(whether one arrives safely or not on the other side) is subject to non-controllable
uncertainty. (Alternatively, one may choose another context, in which one does not
cross the road at all, but achieves the required objective by some other means, such
as placing an online order for groceries, so that one does not have to cross the road
whilst walking to the shops.)

In the early phases of evaluating a potential construction project, the range for the
cost of purchasing materials may be represented by a distribution of uncertainty.
As more information becomes available (e.g. quotes are received or the project pro-
gresses), the range may narrow. Each stage represents a change of context, but at any
particular stage, a distribution can be used to represent the uncertainty at that point.

Thus, an important aim is to find the optimal context in which to operate; one can-
not simply use a distribution to abdicate responsibility to optimise the chosen context of
operation! Indeed, one of the criticisms sometimes levelled at risk modelling activities is
that they may interfere with the incentives. Certainly, if one misunderstands or incorrectly
interprets the role of distributions, then there is a likelihood that such issues may arise.

The Effect of Dependencies Between Inputs

The use of probability distributions also facilitates the process of capturing possible
dependencies between input processes. There are various types of possible relation-
ships, including:

Those of a causal or directional nature. For example, the occurrence of one event
may increase the likelihood of another event occurring. Thus, the random samples
(or intermediate calculations determined from these) of one process are used to
determine the parameter value(s) of another random process.

Those which are determined the way that samples from distributions are jointly
drawn. The use of correlation (or “correlated sampling”) is one key example.

At this point, we simply note that any dependencies between the inputs would
change the distribution of the possible outcomes. For example, in a model which sums
its input values, if a dependency relationship were such that a low value of one input
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would mean that all other inputs took low values (and similarly for high values), then
the likelihood of more extreme (low or high) values would increase compared to the
case where the inputs are independent of each other.

Random Numbers and the Required Number of Recalculations or Iterations

Simulation methods will in general produce a set of numbers that should approximate
those of the true distribution of outcomes. The difference between a statistic produced
in the simulation and that of the true distribution can be considered as the “error”
associated with the simulation. Of course, the true figure is rarely known (which is the
main reason to use simulation in the first place!). Nevertheless, in principle, a more
accurate result will be achieved if:

The simulation is run many times, i.e. with many recalculations of the same model.
The algorithm used to generate the random numbers is of high quality:
The random numbers generated should be representative and not biased, so that
(given enough samples) all combinations would be generated with their true
frequency.
Since a computer is a finite instrument, it cannot contain every possible number. At
some point any random number generation method would repeat itself, at least in
theory (superior methods will have very long cycles that do not repeat in practice).

In general, for many random number algorithms used in practice, an “inverse
square root law” applies: on average, the error is halved as the number of recalculation
(iterations) is quadrupled. Truly accurate results are therefore only achievable with
very large numbers of iterations (an extra decimal of accuracy requiring 100 times as
many recalculations). At first sight, this may seem to be a major disadvantage of simu-
lation methods. However, there are a number of points to bear in mind in this respect:

Although many (recalculations) may be required to improve the relative error sig-
nificantly, the actual calculated values are usually close to the true figures, even
with small numbers of iterations; in other words, the starting point for the appli-
cation of an inverse-square-root law is one in which the error (or numerator) is
generally quite low.

The number of iterations required may ultimately depend on the objectives: esti-
mating the mean or the values of other central figures usually requires far less
iterations than estimating a P99 value, for example. However, even figures such as
the P90 are often reasonably accurate with small numbers of iterations.

One must accept that the results will never be exact; the error will (generally) never
be zero, however many iterations are run. In business contexts, the models are not
likely to be highly accurate (due to an imperfect understanding of the processes, and
the various estimates that are likely to be required); generally, it is the stability and
validity of the decision that is of importance, not the extremely precise calculation
of a figure. Thus, running “sufficient” iterations may be more important than trying
to run many more. (In some cases, the use of a fixed seed for the random number
algorithm in order to be able to repeat the simulation exactly is useful.) In addition,
in business contexts, one is generally more interested in central values (in which we
include the P90) than in cases that may only arise very rarely; such central figures
can often be estimated with reasonable accuracy with relatively few recalculations.
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When one is building models, testing them, exploring hypotheses and drawing
initial directional conclusions, the most effective working method can be to run
relatively few iterations (typically several hundred or a few thousand). When final
results are needed, the numbers of iterations can be increased (and perhaps the
random number seed can be fixed, in order to allow repetition of the simulation).
The reliance on graphical displays to communicate outputs (instead of on statistics)
will generally require more iterations; when it is intuitively clear that the underly-
ing situation is a smooth continuous process, participants will expect to see this
reflected in graphical outputs. In particular, histograms for probability density
curves that are created by counting the number of output data points in each of a
set of pre-defined “bins” may not look smooth unless large numbers of samples are
used (due to randomness, a point may be allocated to a neighbouring bin by a close
margin). The use of cumulative curves and statistics can partially overcome this, but
graphical displays in general will be apparently less stable than statistical measures.

USING EXCEL AND VBA TO IMPLEMENT RISK AND SIMULATION MODELS

The implementation of basic risk models using simulation methods in Excel/VBA is
straightforward. At the simplest level, the RAND function can be used to generate
random samples from a uniform distribution, which can be transformed into random
samples from many other distributions using the inverse functions (percentiles) for
those distributions. Some of these inverse functions are available directly in Excel, and
some can be calculated explicitly. A VBA macro can be used to recalculate the model
many times, storing the key outputs as one does so. Correlated random numbers can
also be generated with some additional effort.

In this section, we demonstrate some of the core techniques in this respect. How-
ever, the subject is in fact much richer than it may first appear. For example, there are
many ways in which the process can be structured. These could include using results
and analysis worksheets that are separate to the model worksheet(s), generating ran-
dom samples in VBA rather than in Excel, creating user-defined functions for distribu-
tions, and issues relating to computational optimisation and results presentation (e.g.
automation of graphical output). Such topics are beyond the scope of this text, and
generally covered more extensively in the author’s text Business Risk and Simulation
Modelling in Practice, as already referenced. At the same time, the potential richness
of the topics means that the use of add-ins, such as @RISK, is often also of benefit.

The core aspects demonstrated in this section are therefore simply the use of
Excel/VBA to:

Create random samples from some distributions.
Repeatedly calculate a model and store the results.

Generation of Random Samples

The generation of random samples from probability distributions can be achieved by
first using the RAND function to sample from a uniform distribution between zero
and one. The sampled value is treated as a probability value, which is used to find the
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associated percentile for the final distribution that is desired to be sampled. In other
words, the process of finding the percentile value for a given probability value is equiv-
alent to inverting the cumulative distribution at that probability value: if the probabil-
ity samples are chosen uniformly, then the inverted values will be representative of the
distribution. For example, the sampling of a uniform distribution on [0,1] would result
in a random number in the range 0 to 0.1 being drawn in 10% of cases; the inverted
Normal distribution for each of these values would produce a sample in the range —o
to —=1.28 in those 10% of cases.
For example:

For uniform continuous ranges:
Value or Impact = Min + (Max — Min) * RAND()
For the occurrence of the risk events:
Occurrence or Not = [F(RAND() < Prob,1,0)
For a standard Normal distribution
Value = NORM.S.INV(RAND())

Note that the first two examples are explicitly calculated analytically, whereas
the last example uses one of the inverse functions available in Excel. Other such Excel
functions include:

BINOM.INV, to create a sample from a binomial distribution; the parameter
Alpha of the function would refer to the random P.

LOGNORM.INV to sample a Lognormal distribution (note that this function uses
the logarithmic parameters, not the natural ones).

BETA.INV to sample a Beta distribution.

GAMMAL.INV to sample a Gamma distribution.

Repeated Recalculations and Results Storage

A simple VBA loop can be used to recalculate the model and store the results. For
example, the code below assumes that a model has been built containing three pre-
defined named ranges: one to define the number of times that the simulation should be
run, another for the output, and another which contains a header field for the results.
The VBA code then simply recalculates the model for the desired number of times and
stores the output results one under another,

Sub MRRunSim()
NCalcs = Range ("NCalcs") .Value

For i = 1 To NCalcs

Application.Calculate

Range ("SimResultsHeader") .Offset (i, 0).Value = Range ("SimOutput") .Value
Next i

End Sub
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FIGURE 16.1 Simple Model that Generates Random Samples in Excel and Uses a Macro to
Simulate Many Outcomes

Example: Cost Estimation with Uncertainty and Event Risks
Using Excel/VBA

The file Ch16.1.CostEstimation.BasicSim.xIsm contains a simple example of a model
for the costs of a family vacation, using only uniform distributions and event risks. The
simulation results are shown in the file (and the simulation can be re-run using macros)
(see Figure 16.1).

USING ADD-INS TO IMPLEMENT RISK AND SIMULATION MODELS

There are a number of commercial add-ins available to assist in the building of risk
modelling and in the running of simulations (the main large-scale add-ins are @RISK,
CrystalBall, RiskSolver and ModelRisk). This section discusses the general benefits of
add-ins over the use of pure Excel/VBA approaches, and demonstrates some results
using @RISK.

Benefits of Add-ins
The use of add-ins can have many benefits compared to the writing of VBA code:

They can facilitate many aspects associated with the processes of building risk
models and communicating their concepts and results. Key steps are often easier,
quicker, more transparent, and more robust. This is especially due to the graphics
capabilities and statistical tools, as well as the ease of creating dependency rela-
tionship, especially correlated sampling.

There is usually a large set of distributions and parameters available. Some special
distributions would also be cumbersome to replicate with Excel/VBA approaches.
Models can generally be structured without particular consideration given to
where risk distributions are placed within them, nor to whether their ranges need
to be contiguous to each other.
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= Many aspects of the simulation and random number selection are easy to control,
including the ability to repeat a simulation exactly, to conduct multiple simula-
tions, or to select the random number generation algorithms and the sampling
type. In addition, it is often straightforward to embed procedures that need to be
run at each iteration of a simulation.

= There are tools to assist in the auditing of models, and to conduct enhanced
results analysis.

= There is generally no VBA coding required.

= They are tried and tested applications, whereas bespoke-written VBA code is more
likely to contain coding errors or not be robust.

= In summary, more time can be focused on generation of insights, solutions and rec-
ommendations, and creating value-added in a business and organisational context.

Example: Cost Estimation with Uncertainty and Event Risks Using @RISK

The file Ch16.2.CostEstimation.Basic. @RISK.xIsx contains the same simple example
model used earlier, implemented with @RISK. Figure 16.2 shows a screen-clip of the
model and the simulation results.
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Core Arithmetic and Logical Functions

INTRODUCTION

This chapter discusses a core set of functions that are required in a wide range of finan-
cial modelling applications, including revenue and cost estimation, basic statistical and
data analysis, general forecasting, integrated financial statement modelling, cash flow
valuation, project finance modelling, and so on. The functions are drawn from a range
of Excel’s categories, and include:

IF, AND, OR and NOT.

MIN, MAX, MINA, MAXA, MINIFS and MAXIEFS.

COUNT, COUNTA, COUNTBLANK, COUNTIF and COUNTIES.

SUM, AVERAGE, AVERAGEA, SUMIF, SUMIFS, AVERAGEIF and AVERAGEIFS.
PRODUCT and SUMPRODUCT.

AGGREGATE and SUBTOTAL.

IFERROR.

SWITCH.

Most of these functions are likely to be well known to many readers, and are
essentially self-explanatory. Nevertheless, some specific features are worth noting,
including their behaviour in special cases (such as how they treat non-numerical (text)
or blank fields, or error values), as well as some issues that relate to the choice of which
function to use when several are available (see also Chapter 9).

PRACTICAL APPLICATIONS

Figure 17.1 shows the data set that will be referred to in several examples in the
early part of this chapter. It shows the number of visits by specific patients to a set of
physicians.

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 201
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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A B C D E
1
Z
Family First Primary Annual Visits
3 Hame Hame Physician 2016
4 | 1/Smith Amelia | Cooper 3
5 | 2|Jones Olivia  Clarke 2
6 | 3|Taylor Emily  Patel 1
Fi 4 Williams  Awva Mitchell 4
8 | 5 Brown Isla Clarke i
9 6 Davies Jessica James 2
10 | 7 Evans Poppy Cooper 4
11| 8 wilson Isabella Clarke 8
12 | 9 Thomas Sophie James
13 |10 Roberts  Mia Cooper 12
14 |11 Johnson Ruby  Clarke 0
15 [12 Lewis Lily James 4
16 |13|Walker Grace Cooper 3
17 |14 Robinson Evie Clarke 6
18 |15 Wood Sophia Patel 3
19 |16 Thompsen Ella Patel Fi
20 |17 White Scarlett Mitchell 4
21 |18/ Watson Chloe  Clarke 2
22 |19/ Jackson  Isabelle Cooper g8
4

23 | 20 Wright Freya Cooper
A

FIGURE 17.1 Data Set Used as a Basis for Several Examples in the Early Part of Chapter 17

Example: IF, AND, OR, NOT

In principle, the use of functions such as IF, AND, OR and NOT is straightforward.
However, some specifics are worth noting:

Short-forms. Many logical functions may be used in their short-forms, such as
=AND(E19=1, E20=1) or =F7>F6. These implicitly involve an IF statement, which
evaluates to either TRUE or FALSE. These are not text strings, but are interpreted
as one or zero respectively when used in most subsequent calculations in Excel. For
example, =50*(F7>F6) would return either 50 or zero. The long-form equivalent
explicitly involves an IF statement, such as =IF(F7>F6,1,0). (Note also, that these
are different to =IF(F7>F6,“TRUE”,“FALSE”), as this returns text strings, and is
therefore generally inconvenient when the results of such expressions are to be used
in further numerical calculations.) The results of short-form logical tests (i.e. FALSE
or TRUE) may, however, act in unexpected ways (i.e. not as directly equivalent to
0 or 1) when embedded within other Excel functions (such as SUMPRODUCT, as dis-
cussed in Chapter 9). Therefore, the author’s preference is to use the full logical form,
which creates an explicit, more transparent and more robust set of output values.

Tests for blanks. The statement =IF(G3,1,0) should not be used to test whether
a cell is empty or not. This would return 1 if G3 contains a strictly positive (or
strictly negative) value, 0 where G3 is equal to 0 or is blank, and #VALUE in the
case of a text entry. In addition, it is not explicit which property of G3 is being
tested by such a statement. Functions with more explicit and clear logical tests
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(such as ISBLANK, ISNUMBER or ISTEXT, perhaps in combination with AND,
OR or NOT) are to be preferred.

The file Ch17.1.IEAND.OR.NOT.xlsx shows examples of some of these func-
tions, with screen-clips shown in Figure 17.2 and Figure 17.3

(b E F G H
L] Cooper

Primary Annual Visits Threshold

Physician 2016 passed? Physician Match Both conditions ?
Coopar 3 =IFIE4>F§1,1,0) =IF(D4=G$1,1,0) =IF(AND{F4=1,G4=1),1,0)
Clarke 2 =IF(ES>F51.1.0) =IF(D5=G§1.1.0) =IFIAND(F5=1,G5=1).1.0)
Patel 1 =IF(E&>F51.1.0) =IF(DE=G51.1,0) =IF{ANDI{FE=1,G6=1),1,0)
Mitchell 4 =IF(ET>F$1,1.0) =IF(D7=G51,1,0) =IF(AND(FT=1,67=1),1,0)
Clarke 7 =IFIE8>F$1.1,0) =IF(D&=G51,1,0) =IF(AND(F8=1,G8=1).1,0)
James 2 =FIE9~F$1.1,0) =IF(D9=G§1,1.0) =IFIAND(F9=1,G9=1),1,0)
Cooper 4 =IFE10>F51,1,0) =IF(D10=G51.1,0) =IF{AND(F10=1,G10=1),1.0)
Clarke 8 =FE11>F$1,1,0) =IF(D11=G$1,1,0) =IF(AND(F11=1,G11=1),1,0)
James =IFIE12>F$1,1,0) =IF(D12=G%1,1,0) =IF(AND(F12=1,G12=1),1,0)
Cooper 12 AFIE13-F$1,1.0) =IF(D13=G51,10) =IF(ANDIF13=1,G123=1),1.0)
Clarke 0 =IFIE14>F$1,1,0) =IF(D14=G%1,1,0) =IF(AND(F14=1,G14=1),1,0)
James 4 =IFIE15-F$1,1,0) =IF(D15=G$1,1,0) =IF(AND(F15=1,G15=1),1,0)
Cooper 3 =FIE15>F$1,1.0) =IF(D16=G$1,1.0) =IFIANDIF16=1,G16=1),1.0)
Clarke L] =IF(E17>F$1,1.0) =IF(D17=GS1.1.0) =IF(ANDIF17=1,G17=1),1.0)
Patel 3 =IFIE18>F$1,1,0) =IF(D18=G$1,1,0) =IF(AND{F18=1,G18=1),1,0)
Patel 7 =IFIE18>F$1,1,0) =IF(D18=G$1,1,0) =IF(AND(F19=1,G19=1),1.0)
Mitchell 4 =FIE20>F51.1.0) =IF(D20=G%1.1.0) =IFIANDIF20=1,G20=1),1.0)
Clarke 2 =IFIE21>F$1,1,0) =IF(D21=G$1,1,0) =IFIAND(F21=1,G21=1),1.0)
Cooper 8 =FIE22>F51,1,0) =IF(D22=G$1,1,0) =IF(AND(F22=1,G22=1),1.0)
Cooper 4 =IFIE23>F$1,1,0) =IF(D23=G51,1,0) =IF(AND(F23=1,G23=1),1.0)
FIGURE 17.2 Examples of the IF and AND Functions Using the Formula View
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FIGURE 17.3 Examples of the IF and AND Functions Showing the Results
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Example: MIN, MAX, MINA, MAXA

The file Ch17.2.MAX.MIN.xlsx shows examples of the MAX and MIN functions to
work out the maximum and minimum of the values in a data set respectively, with a
screen-clip shown in Figure 17.4. It also shows the use of the MAXA and MINA func-
tions. It is worth noting that:

The MIN and MAX functions ignore blank cells and text. In particular, blank cells
are not treated as if they contained zeros. For example, the minimum (MIN) of a
set of items which includes blanks and strictly positive (non-zero) values will be the
smallest strictly positive number (not zero).

The MINA and MAXA functions do not ignore blanks, so that MINA of a set of
items which includes blanks and strictly positive (non-zero) values will be zero.
Text fields are not ignored by the functions, but their presence has no effect on the
returned output (this is in contrast to COUNTA, where the presence of text fields
will change the result).

Example: MINIFS and MAXIFS

The file Ch17.3.MAXIFS.MINIFS.xlsx shows an example of the MAXIFS function
to perform conditional queries. Figure 17.5 shows the maximum number of visits for
some of the physicians.

Note that the MINIFS and MAXIFS functions were introduced into Excel in
early 2016; prior to this, the closest similar functionality could have been achieved
either by use of the Database functions (DMIN and DMAX), array formulae, or
of the array form of the AGGREGATE function, all of which are discussed later in
this text.

G H |
Item Result Formula
Maximum number of visits 12 =MAX{E4E23)
Minimum number of visits 0 =MIN(E4E23)
Mininum number of visits including blank cells, but with no 28ros in the range 1 sMIN{D4E12)
Minimum number of visits including blank cells, but with no 2eros in the range 0 =MINAID4.E12)

FIGURE 17.4 Examples of the MIN and MAX Functions

G H I
Item Result Formula '
Mazzximum nym ber of visil
Cooper 12 =MAXIFS(ES4:E$23 DS4:0523.G5)
Clarke B =MANIFS(ES4:ES23 D54:0523.66)
Patel T =MANIFES(ES4:ES23 D84:0523,GT)
Mitchall 4 =MANIFS(ES4:ES23 D54:0523,G8)

FIGURE 17.5 Example of the MAXIFS Functions
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Example: COUNT, COUNTA, COUNTIF and Similar Functions

The file Ch17.4.CountAndVariants.xlsx shows examples of the COUNT-type func-
tions including COUNT, COUNTA, COUNTBLANK, COUNTIF and COUNTIFS
(see Figure 17.6).

A few points are worthy of note:

= COUNT counts the numbers in a range, ignoring blank cells, i.e. blank cells are not
treated as if they contained zeros, but as if they did not exist at all (i.e. as if they
were left out of the set of input cells).

= COUNTA counts both text and numbers in a range, ignoring blank cells.

= COUNTBLANK can be used to count the number of blank cells in a range, as
can COUNTIE

= COUNTIF can be used to conduct conditional calculations, and some specific
cases are worth noting:

The application of a condition of equality (such as counting the number of items
that are exactly equal to a specific figure) can be achieved by direct use of the
relevant value or cell reference in the corresponding function argument.
Conditions of inequality require the entry of the appropriate symbol (such as
>, <, >=, or <=), which are contained within inverted commas, such as “>=2".
When conditions of inequality should reference cells (rather than using hard-coded
values), manual editing of the function is required. For example, a criterion that is
desired to refer to a cell such as “>=G24” would need editing to create “>="8&G24.
“Between” conditions can be created by using the COUNTIFS function and
applying two sets of conditions to the same referred range (such as checking
both “>=" and “<=" in the same range, using two function criteria fields).
Where there is a single condition, it is essentially irrelevant whether one uses
COUNTIF or COUNTIFS. The latter function works when there is only one cri-
terion, and the use of the former is easy to adapt if additional criteria are needed
(by adding an “S” to the function).

G H |
Hem Result Formula
Humber af non-blank visit enlries 19 =COUNT(E4E23)
Humber of non-blank visi eniries 19 =COUNTAE4E2T)
Humber of Dlankwsit entries 1 =COUNTBLANK{E4 E23)
Mumber of patients, using COUNT (incorrect for patient numbers using lkst of names) 0 =COUNTIE4823)
Mumber of patients, using COUNTA 20 =COUNTABSB23)
Mumber of non-blank cellzs inrange B11.€11 4 =COUNTAB11E11)
Mumber of non-tlank calls in range B12E12 3 =COUNTAB1Z:E12)
Mumber of non-tlank celis in range B13:E13 that contain only numbers 1 =COUNTIB1IE13)
Mumber of patiants with blank entry 1 =COUNTIF(E4-E23™)
Humber of patients with 0 eniry 1 =COUNTIF(E4E23.0)
Mumber of patients with 2 visits (taken from call G23) 3 sCOUNTIF(E4E23,G24)
Humber of patients who aclually visited, excluding blanks and those with O entry 18 =COUNTIF(E4-E23,">07)
Humber of patients who visited between 2 and 4 time inclusie (blanks and Mose with 0 entry woul 11 =COUNTIFS(E4 E23 >=2" E4E23 " e=4")
Using cell references (Wial 1) Mumber of patients who visited between 2 and 4 times inclusve 0 =COUNTIFSE4 EZ3 »=G24" E4 EZ3. "<=0G25")
Using cell refergnces (Wial 2) Number of patients who visited Detween 2 and 4 times incusive 11 =COUNTIFS(E4 E23. >="8G24,E4E23,"<="8G23)

FIGURE 17.6 Examples of the COUNT, COUNTA, COUNTIF and Similar Functions
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Example: SUM, AVERAGE, AVERAGEA

The file Ch17.5.Sum.Average.xlsx shows examples of the SUM and AVERAGE func-
tion, and also the explicit calculation of the average using COUNT; a screen-clip is
shown in Figure 17.7. It also shows an example of AVERAGEA.

A few points are worthy of particular note:

The SUM function will treat as zero (or ignore, which for this function are the
same) cells which are either blank or which contain text.

The AVERAGE function ignores cells which are blank or which contain text (so
that such cells are not included in the count of the cells in the denominator of
the calculations); the function gives the same result as using the SUM divided by
the COUNT.

The AVERAGEA function treats text as if it were zero, so that it is included within
the count (for the denominator) without affecting the total (numerator), and hence
potentially providing a different answer to AVERAGE. For example, when applied
to a range containing only positive numbers and some text, AVERAGEA will
return a lower value than would AVERAGE.

Example: SUMIF, SUMIFS, AVERAGEIF, AVERAGEIFS

The file Ch17.6.SUM.AVG.IEIFS.xlsx shows examples of the SUMIF, SUMIFS, AVER-
AGEIF and AVERAGIFS functions, with a screen-clip shown in Figure 17.8. It is worth
noting that:

The COUNTIF function can be easily transformed into a COUNTIEFS function by
the simple inclusion of an additional criterion. However, an equivalent process is
not possible if the SUMIF or AVERAGEIF functions are attempted to be adapted
into SUMIFS and AVERAGEIFS; in the latter functions, the range to be summed or
averaged is required to be the first argument (parameter), whereas it must be the
last (and optional) parameter of the SUMIF and AVERAGEIF functions.

In versions of Excel prior to Excel 2013, multi-criteria formulae could have been
created using the Conditional Sum Wizard (a step-by-step utility); formulae cre-
ated in this way are array formulae which are still compatible with later versions of
Excel, but the utility itself is now essentially redundant as the “IFS”-type functions
can be readily used in its place.

G H

Item Result Formula

Number of annual wsits (otal) B4 =SUM[E4E23)

Sum, including text within the range 8 =SUMID11E11)

Awerage of two Cells: a 2ero and another numbear & =AVERAGE(E1X:E14)

Average of a cell containing a number and blank cell 8 =AVERAGE(E11:E12)

Average of only numearical fialds 8 =AVERAGE(D11:E11)

Average number of annual visits, including those with D andry 442 =AVERAGE(E4:E23)

Awerage number of annual visits, including those with 0 antry 4.42 =SUME4LE2IVCOUNT(E4E23)
Awerage of all fields 4 =AVERAGEAD11ET1)

FIGURE 17.7 Examples of the SUM and AVERAGE Functions
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Item Result Formula

Total number of visits 10 physicdian Cooper using SUMIF
Cooper 34 =SUMIF(5054.50523.G6 $E54.5E523)

Total number of visits o physidan Cooper using SUMIFS with one criteria;
Cooper 34 =SUMIFS(SES4.SES23 SD84.80823,G9)

Average number of visits to physician Cooper using AVERAGEIF;
Cooper 5.67 =AVERAGEIF(5D34.3D523.612 SES4.3E523)

Average number of visits to physician Cooper using AVERAGEIFS with one criteria
Cooper 567 =AVERAGEIFS(SES4 56523 5084:80823.612)

FIGURE 17.8 Examples of the SUMIF, SUMIFS, AVERAGEIF and AVERAGIFS Functions

A B C D E
1
2 Probability(occur) Probability(not occur) Formulae
3 Event number 1 60% 40%|=1-C3
4 Event number 2 80% 20%|=1-C4
5 Event number 3 60% 40%|=1-C5
6 Event number 4 50% 50%]=1-Ct
Fi Event number 5 90% 10%)=1-C7
8 P(all) 13.0% 0.2%]=FRODUCT{D3:D7)
9 =PRODUCT({C3:CT) =PRODUCT(D3:D7})

FIGURE 17.9 Using PRODUCT to Calculate Probabilities of Occurrence and Non-occurrence

Example: PRODUCT

The file Ch17.7.PRODUCT.xlIsx shows some examples of calculations using the
PRODUCT function. This multiplies its arguments, which can be either a single con-
tiguous range of cells. Of course, where only two cells are to be multiplied, one could
instead use a standard multiplication operation. Thus, the function is most useful when
the items in a multi-cell contiguous range are to be multiplied. In such cases, the use
of the function avoids having to create a formula with many multiplication operators
(such as =ES*E6*E77ES8). As well as being cumbersome to create, such a formula is
error-prone in cases where one may need to insert cells later. (This is analogous to using
the SUM function in place of repeated use of the addition operator that would refer to
individual cells.)

An application is to probability calculations: where several independent events
may each occur with a given probability, the probability that they all occur is the
product of the individual probabilities. Similarly, the probability that none of them
occur is the product of the probability that each of them do not occur. Figure 17.9
shows an example. Using similar calculations, one can show that in a group of 23 (or
more) people, the chance that two people share the same birthday is just over 50%
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F G H 1 J K
Person Number No. days to choose from Prob. Different date=No. days/365 Cumulative Probability |Formulae
1 365 100.0% 100.0%|=PRODUCT(1$3:13)
2 364 99.7% 99.7%|=PRODUCT({IS3:4)
3 363 99 5% 99.2%|=PRODUCT(I53:15)
4 362 99.2% 98.4%|=PRODUCT(I53:18)
5 361 98.9% 97.3%|=PRODUCT(IS3:17)
3 360 98.6% 96.0%|=PRODUCT(1S3:18)
L 359 98.4% 94 4%|=PRODUCT{IS3:19)
3 358 98.1% 92 6%|=PRODUCT({IS3:110)
9 35T 97 8% 90.5%|=PRODUCT(1$3:111)
10 356 97.5% B88.3%|=PRODUCT(I53:112)
11 355 97.3% 85.9%|=PRODUCT(IS3:113)
12 354 97.0% 83.3%|=PRODUCT({IS3:114)
13 353 96.7% 80.6%|=PRODUCT({IS3:115)
14 352 96.4% 77.7%|=PRODUCT({IS3:116)
15 EL 96.2% 74.7%|=PRODUCT(IS3:117)
16 350 95.9% 71.6%|=PRODUCT(IS3:118)
17 349 95.6% 68.5%|=PRODUCT({IS3:119)
18 348 95.3% 65.3%|=PRODUCT{153:120)
19 ur 95.1% 62.1%|=PRODUCT(IS3:121)
20 e 94.8% 58.9%|=PRODUCT({IS3:122)
21 345 94 5% 55 6%|=PRODUCT(1S3:123)
22 344 94 2% 52 4%|=PRODUCT({I53:124)
23 343 94.0% 49.3%|=PRODUCT(I53:125)

FIGURE 17.10  Using PRODUCT to Calculate Probabilities of Shared Birthdays

| L | M N | 0 | E
1 Period Number |Growth Rates |Value & adjustment |Formulae

0 100

1 2.0% 102.0%|=1+M4

2 3.0% 103.0%|=1+N5

3 5.0% 105.0%|=1+M6

4 8.0% 108.0%|=1+MN7

5 7.0% 107.0%|=1+M3

6 6.0% 106.0%|=1+M9

7 5.0% 105.0%|=1+M10

8 4.0% 104.0%|=1+M11

9 2.0% 102.0%|=1+M12

10 2.0% 102.0%|=1+M13

153.5]=053*"PRODUCT{O054:013)

FIGURE 17.11 Using PRODUCT to Calculate Future Values

(in other words, for there to be more than a 50% chance that two people in a group share
the same birthday, the group size needs to be 23 people or more) (see Figure 17.10).

Another example of the PRODUCT function is to calculate the ending value of
something that grows with rate g, in period 1, g, in period 2, and so on. The value at
the end of period N is:

Vy =V0(1+g1)(1+g2)...(1+gN)

In Figure 17.11, we show the calculation of this, assuming that the field containing
the 1+g items is first calculated in Excel (Column O).
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A B C D E
1
2 Asset Number % in Each Asset Return (expected)
3 1 40.0% 10%
4 2 25.0% 15%
5 3 20.0% 18%
6 4 15.0% 20%
7 Total 100% 14.4%
8 =SUM(C3:CB) =SUMPRODUCT(C3:C6.D3:D6)

FIGURE 17.12 Portfolio Returns Using the SUMPRODUCT

E G
|rears | 2015 2016 2007 2018 2018
|capex | 100 10 120 ) 100
[Generic Periads | 1 2 3 4 5|
|pegreciation schedute | 100%| 2 2 15 10%|
Deprediation | 205 . ) s aen Mz a0 204
2018 200 3% 5% 20%| 15%) 10%
018 05 ak =% 0% 15% 0%
2017 120 30% 2% 0% 15% 10%
18 80 30% 5% 20% 15% 0
218 50 30% 5% 0% 15% 10%
14 2ol 100] | | 0% N 2% 1% 10%
|5| Todal | 300 56.5 u.s|=_sum-vm 18 B0 590 3.5 0.0 10,0{ =SAMPRODUCT] SC950 14, M9 14)

FIGURE 17.18 Depreciation Calculations Using SUMPRODUCT

Example: SUMPRODUCT

The SUMPRODUCT function works with a set of row or column ranges of equal
size (and which are either all in columns or all in rows), and multiplies the first ele-
ments in each range, the second elements in each range, and so on, and then adds
these up. Although it can be applied when there are several ranges, the most frequent
use is where there are just two. (Where one wishes to multiply row with column
data, one can use array functions, such as TRANSPOSE or MMULT, as discussed in
Chapter 18.)

The file Ch17.8.SUMPRODUCT.1.xlsx shows an example in portfolio analytics,
where the function is used to calculate the return of a portfolio based on the weighted
average of its individual components (assets) (see Figure 17.12).

Similarly, the file Ch17.9.SUMPRODUCT.2.xlsx shows an example in which a
“triangle-type” structure is used to calculate the total depreciation profile when the
capital expenditure profile is known and the generic depreciation schedule is given (see
Figure 17.13).

Example: SUBTOTAL

The SUBTOTAL function allows a variety of summary calculations to be performed on
a set of data that is arranged in columns (not rows). It ignores other SUBTOTAL func-
tions within its range, so that double-counting (and circular references) are avoided. It
also allows one to specify how hidden rows are to be treated.
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Function FunctionNumber

To include hidden values To ignore hidden values
AVERAGE 1 101
COUNT 2 102
COUNTA 3 103
MAX 4 104
MIN 5 105
PRODUCT 6 106
STDEV T 107
STDEVP 8 108
SUM 9 109
VAR 10 110
VARP 11 111

FIGURE 17.14 Function Numbers When Using SUBTOTAL

The file Ch17.10.SUBTOTAL.1.xlsx shows a summary of the different calculation
possibilities for the function, including how to treat data that is hidden, defined using
the first parameter of the function; these are also shown in Figure 17.14.

Note that one needs to take extra care when using hidden areas and Excel filters at
the same time (see Chapter 26).

The function can be entered either:

By direct insertion into a cell. This could make sense, for example in a financial
statement model, where the total assets may be calculated from the (subtotal) of
the fixed and current assets, which may themselves each be the subtotals of more
detailed calculations (such as of equipment, working capital etc.).

Using the Subtotal Wizard on Excel’s Data tab. The use of the Wizard is particu-
larly powerful when applied to a set of data in which one of the columns contains
a category variable that has been sorted (using Data/Sort, for example) so that all
items within the category are in contiguous rows; in this case, the Wizard can be
used to create subtotals by category.

The file Ch17.11.SUBTOTAL.2.xIsx shows an example of the first approach, in
which the function has been inserted manually into several rows, in order to calculate
the total number of pages of a book, whilst also showing the number of pages in the
individual parts (see Figure 17.15).

The file Ch17.12.SUBTOTAL.3.Wizard.xlsx shows an example of the second
approach, in which the function Wizard is used. In the first step, the data set is sorted
per desired category variable for which subtotal calculations are required (using the
Sort menu on the Data tab); this is shown in the screen-clip in Figure 17.16, in which
a sort by Customer is conducted.

In the second step, the Wizard (on the Data tab, within the Outline category) is
used to create subtotals of the amounts by customer identity (see Figure 17.17).

In Figure 17.18, we show the result when the Wizard process has been completed.

Example: AGGREGATE

The AGGREGATE function (in Excel 2013 onwards), like SUBTOTAL, is designed for
columns (not rows) of data. Although in its basic form it will generally work with data
arranged in rows, one may get unexpected results if columns are hidden.



Core Arithmetic and Logical Functions 211

Al A B & D

]

2 Pages Formulae

3 PART I 80|=SUBTOTAL(9,C4:Co)

4 Chapter 1 25

5 Chapter 2 20

6 Chapter 3 35

7 PART Il 100|=SUBTOTAL(9,C8:C12)
8 Chapter 4 15

9 Chapter 5 20

10 Chapter & 30

1 Chapter 7 20

12 Chapter 8 15

13 PART 1Nl 55|=SUBTOTAL({9,C14:C15)
14 Chapter 8 .... 25

15 Chapter9 ... 30

16 PART IV 100|=SUBTOTAL(9,C17:C18)
17 Chapter 10 .... 75

18 Chapter11.... 25

19 | Total =SUBTOTAL{=SUBTOTAL(9,C3:C18)

FIGURE 17.19 Use of SUBTOTAL by Direct Insertion

Al 8 | € D Bl r| e | w8 | v | 3 | k¥ | & {_ G TR O O O [ 5] O |
1
: imﬂm‘ll I Sort ? W
4 Customer Country Dy Date Amgant £
5 Cuscoz [N FiMar1sd2ad| | "3l AddLevel | X Delete Level || [ Copy Level Qptions... B4 My data has headers
& Cusels aly 17-Mar-15 4743 .
7 Custd?  Ialy 134erls  7i82| | Column Sort On Order
8 Cust03  Iraly 1S-un-18 12759 =
= R ; TR Sortby  [Ciistomer w | Values vl |AtaZ w
10 Custl5 aly 25Mar-15 4283
1] |Cusd6  Germany  SMayl5 7992
12| |CustD6  ialy 174prl 13202
13| |CustDd  Germany Shun-15 12684
14 Cusrl0 UK 14-Jun-15 11862
15| |cuszo  maly 22May15 13630
16| |cusmor um dan-15 14593
17| |Cust0? ey SMay15 4394
18 Custds aly w‘ls 15712
18| oo ux 8Marls 6502 Cancel
0 CustDf  Framce S-4pr-15 0544
" Caver(s? Carmuny 1Rbn18 374

FIGURE 17.16 Insertion of SUBTOTAL Functions by Category Using the Wizard

The main comparison with the SUBTOTAL function is:

= The AGGREGATE function has more options as to how data is to be treated,
including to ignore error values. This is a key point; most all Excel functions
require that there be no errors within the data set (e.g. SUM, MAX, SUBTOTAL).
This property is used in Chapter 18 to show how the array form of the function
can be used to replicate conditional calculations.

= There is a slightly larger set of possibilities for the underlying functions.

= The function is not affected by the application of a filter in Excel.

= There is no Wizard to facilitate its insertion at various places within a data set.
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A B C D E F G H | 1 k
1
2 Using SORTED DATA and the Data/SUBTOTAL Wizard | il 2 v
3
4 Customer Country  Due Date Amount £
5 CustD1  Spain 28-Apr-15 Zagg| Ateachchange in:
& Custl France 18-Jun-15 13530 Customer b
7 Custdl France &-lul-15 5853 ;
8 CustDl  Germany 3 Aug15 BN Use function:
9 Custll Germany S-Aug-15 14159 sum bl
10 Cust02 UK 21-Mar-15 12232
11 Custd2 Germany 18-lun-15 5274 P St T
12 Custd2  Germany 2-lun-15 14200 || Customer
12 CustD2  Italy 15-Jul1s sass| (L] cCountry
14 Custd2 UK 22-Apr-15 11135| |[]Due Date
15 Cust02 Spain 20-Jul-15 15814 cd| Amo
16 Custd2 UK 1%-May-15 EE48
17 Custd2 Germany 20-lul-15 12122
18 CustD2 France 24-Jul-15 9386
19 Custd? UK 11-lun-15 12647 RED|ECE curre nt subtotals
20 CustD2 Germany 11-lun-15 4714 I:‘ Page break between groups
21 Custd3 Italy 15-Jun-15 12759
22 Custdz Germany 4-May-15 9373 S B e At
23 Custd3 UK 18-May-15 8302 FEraruE Bl ancel
24 Custd3 Germany 1-lul-15 10855 i
25 Custdz Spain 30-Jun-15 15753
ne TaeeeD Crm=im 3 M 10 AnocC

FIGURE 17.17 Insertion of SUBTOTAL Functions by Category Using the Wizard

The file Ch17.13.AGGREGATE.xlsx lists the function’s options and shows some
examples. Figure 17.19 shows the possibilities for the various calculations that may be
desired to be performed; these are implemented by using the corresponding number as
the FunctionNumber argument. As for the SUBTOTAL function, although the text at
this point has only covered some of the function’s possibilities, the application to the
full set of functions should be clear in principle.

The file also shows the options that relate to the way that input data is treated in
the calculations. For example, option number 6 instructs that error values are to be
ignored (see Figure 17.20).

The file also provides some examples of the function. A screen-clip of the second
worksheet is shown in Figure 17.21. Note the optional parameter, k, which represents
the additional parameter, requires the function numbers 14 through 19.

Example: IFERROR

The IFERROR function is contained within Excel’s Logical category. It allows
for an alternative value to be output in the case that the default set of calculations
returns an error.

The file Ch17.14.IFERROR.xlsx shows an example (see Figure 17.22). This is
based on the fact that the PPMT function (which calculates the principal part of a fixed
payment required to repay a loan over several periods — see Chapter 7 for details) pro-
duces valid numerical values only for those periods which are within the time-frame
of the loan. Beyond the time period in which the loan applies, the function returns a
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A B C i) E F G
1
2 Using SORTED DATA and the Data/SUBTOTAL Wizard |
3
4 | Customer Country  Due Date Amount £
5 Custll pain 28-Apr-15 4486
& CustD1 France 12-lun-15 13530
7 CustD1 France E-lul-15 5353
g | Custd1 Germany 3-Aue-15 11416
9 Custdl Germany E-Aug-15 14155
10 Custll Total | 45 444.|
11 CustD2 UK 21-Mar-15 12232
12 | Custd2 Germany 18-Jun-15 9274
13 Custd2 Germany 2-lun-15 14250
14 Cust02 Italy 15-Jul-15 4448
15 CustD2 UK 22-Apr-15 11135
16 | Cust02 Spain 20-Jul-15 15814
17 Cust02 UK 15-fay-15 6648
18 Cust02 Germany 20-Jul-15 12122
19 Cust02 France 24-Jul-15 9386
20 | Cust02 UK 11-Jun-15 12647
21 CustD2 Germany 11-Jun-15 4714
22 Custd2 Total 112711
23 Cust03 Italy 15-Jun-15 12759
24 | Cust03 Germany 4-May-15 9373
25 Custd3 UK 18-fay-15 8302
26 Custd3 Germany 1-Jul-15 10855
27 Custd3 Spain 30-Jun-15 15753
23 | Custd3 Spain I-Aue-15 4095
259 Custd3 UK E-Aug-15 12737
30 Cust03 UK 22-Jul-15 2814
21 Mech Trhain LR [~ 13nE4

FIGURE 17.18 Final Result After Insertion of SUBTOTAL Functions Using the Wizard

#NUM! error (even though by this time the loan has been repaid). In this example,
the model has been set to have 10 periods, although the loan length is only of seven
periods. Hence the principal part of the repayments for years 8, 9 and 10 (cells K8:M38)
is returned as #NUM! For most practical or calculation purposes, the (structural) fact
that there is no payment due after the end of the loan contract is equivalent to a pay-
ment amount of zero. Of course, in a technical or legalistic sense, the absence of an
obligation may not be the same has having an obligation of amount zero (this latter
case is the one that the function’s calculations most closely resemble). Therefore, it is
often most practical to consider that the error values are really zeros, particularly if
these values are required to be used in further model calculations or graphical displays.
In Row 9, this has been achieved by using an IF statement, which returns alternative
values for the payment (i.e. zero) if the time period is beyond that of the validity of the
loan. Note that the IF function is not detecting directly whether the PPMT function
has returned an error; rather, it is dealing with a specific case in which it is known in
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Function FunctionNumber
AVERAGE 1
COUNT 2
COUNTA 3
MAX 4
MIN 5
PRODUCT 6
STDEV.5 7
STDEV.P 8
Sum 9
VAR.S 10|
VAR.P 11
MEDIAN 12|
MODE.SNGL 13
LARGE(array, k) 14
SMALL(array, k) 15
PERCENTILE.INC{array, k) 16
QUARTILE.INC(array,quart) 17|
PERCENTILE.EXC{array,k) 18|
QUARTILE.EXC(array,quart) 19

FIGURE 17.19 Possibilities for the Calculations to be Performed by the AGGREGATE Function

Values to ignore OptionNumber
Ignore nested SUBTOTAL and AGGREGATE functions 0 or omitted
lgnore hidden rows, nested SUBTOTAL and AGGREGATE functions

Ignore error values, nested SUBTOTAL and AGGREGATE functions

lgnore hidden rows, error values, nested SUBTOTAL and AGGREGATE functions

lgnore nothing

lgnore hidden rows

Ignore error values

Ignore hidden rows and error values

SO U s W R e

FIGURE 17.20 Possibilities for Ignoring Input Data when the AGGREGATE Function Evaluates

A A B C o E F G
2 Auray or Refl Ref2 for Reference Form
3 678 A8
4 93 1109
5 5

& 59

4 EDIv/o!

a 1159

§ 347

L] ]

1" 363

12 416

13 11

3 Array Form: {FunctionNumber, Options, Array, [k or quart]]]
1% FunctionMumber _ Optionhumber korquat |Result  |Formala Comments
17 4 L] Ny 1199 _AGGREGATE(R1T, C17, SRSA:-LR513) Larget wilud, igroding enmord

2 Reference Form: [Funct ber, Options, Refl, [Refz, ..1]

2 FunctionNumber  OptionNumber Ref2 Result Formula [Comments

3 1 L] o Saas Calculated median of all data sets, ignosing errors |
4 12 & NA 534. EGATE(B24, (24, (Calculated median, iEnoring emors.

FIGURE 17.21 Examples of the Application of the AGGREGATE Function
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A B C D E F G H | J K L M i
1
2 Peaigdic inberast rabe
3 Peviods i end of term
4 | |Principal amount (§)
5
6 | [Princoal by peed [5um T ] 345 6 7 & 9 jFoma_
T
8 Frincipal repayment using FPUT s 123 19 138 142 149 157 165 MHUM BNUMN wRUWN | =-FRMTSC2 WS $C1.5C4)
a Principal repayment using FPUT (with IF) 1000 123 129 135 142 149 157 165 0 1] O] =IF(MG<=5CS3 MB.0)
10
11 [Prinapal repayment using PPUT (with FERROR) | 1000] 123 128 138 142 148 157 168 [ [ 0] =IFERRORPPMT{SC2 WS, 553, 5C41,0)
s

FIGURE 17.22 Example of the IFERROR Function

advance that the function would produce an error. As an alternative, one may use the
IFERROR function directly (Row 11) to simply replace any values of the PPMT that
would be an error with zeros.

Note also that prior to Excel 2007, the equivalent functionality to IFFERROR
could have been achieved by embedding an ISERROR (Information) function within
an IF statement.

Despite its ease of use, one should be cautious in the use of IFERROR. In general,
it is better to adapt the formulae that should apply to specific occurrences of “valid
errors”. If one overrides all errors however they arise, one may overlook other errors
that in fact should be corrected. Thus, in the example above, the approach using the
IF statement is arguably superior, as it is used to eliminate explicitly only those error
cases arising from the loan term, rather than eliminating all errors of whatever nature.

Example: SWITCH

The SWITCH function can be used to avoid embedded IF statements, and in this sense
is similar to many lookup functions (see Chapter 25).
The file Ch17.15.SWITCH.1.xlsx shows an example (see Figure 17.23).

A E C i D | E | F i G
1
2 Month Main Activity
3 January Work
4 February Work
5 March Work
6 April Vacation
7 May Work
8 June Work
g July Vacation
10 | |August Vacation
11 September Work
12 October Work
13 MNovember Work
14| |December Vacation
15
16 Month Main Activity
17| |april Vacation =SWITCH(B17,B3,C3,B4,C4,B5,C5,B6,C6,87,

FIGURE 17.28 General Example of the SWITCH Function
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A B D
1
2 Revenues Scenarios
3 Low 1
4 Basze P
5 High 3
&
T | Base 2| =SWITCH($B%7,B83,C3,B4,C4,85,C5)
8

FIGURE 17.24 Using SWITCH to Change a Text Description into a Number

The file Ch17.16.SWITCH.2.xlsx uses the SWITCH function to transition from
a text description of a scenario to a numbered one (see Figure 17.24). (In a real-life
example, the numerical scenario value would generally be used in a subsequent calcu-
lation that looks up the values of model inputs in that scenario and which drives the

final model calculations; see Chapter 25.)
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Array Functions and Formulae

INTRODUCTION

This chapter presents a general discussion of array functions and formulae. It is worth
treating these before presenting many other Excel functions: not only are array func-
tions present in several Excel function categories, but also essentially any Excel func-
tion can be used as part of an array formula. The chapter covers the core principles,
which are used at various places elsewhere in the text.

Functions and Formulae: Definitions

The essential feature of array functions and formulae is that “behind the scenes” they

perform calculations that would otherwise be required to be conducted in several ranges

or multi-cell tables. The output (return statement) of an array function generally extends

over a range of multiple contiguous cells; however, some return values only to a single cell.
The distinction between functions and formulae is:

Array functions are in-built Excel functions which inherently require the use of
a contiguous array in their calculations or output form. They are a type of func-
tion, not a separate function category. Examples include TRANSPOSE (Lookup
and Reference category), MMULT, MINVERSE (Math&Trig category) and FRE-
QUENCY and LINEST (Statistical category). Some user-defined functions that are
created using VBA macros may also be written to be array functions.

Array formulae use standard Excel functions or operations (such as SUM, MIN or
IF), but are written so that intermediate calculation steps are performed inherently
“behind the scenes”, rather than explicitly calculated in multi-cell Excel ranges.

Implementation

Array functions or formulae must be entered by placing the cursor within the Formula
Bar and pressing Ctrl+Shift+ENTER. The cell range over which they are to be entered
can be selected immediately before the formula is built, or after it has been built within
the first cell of the range (in which case Ctrl+Shift+ENTER needs to be used again).

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 217
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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Advantages and Disadvantages

In some specific contexts, array functions are almost unavoidable, as the alternatives
are much less efficient (the examples provided later in this chapter and in the subse-
quent text should make this clear). On the other hand, the use of array formulae is
generally a choice. Possible benefits include:

To create more transparent models, in which the explicitly visible part focuses
on displaying inputs, key outputs and summary calculations, whereas tables of
intermediate calculations (whose individual values are of no specific interest) are
conducted behind the scenes.

To create formulae which are more flexible if there are changes to the size of the
data range or the time axis.

To avoid having to implement some types of calculation as VBA user-defined functions.

There are several disadvantages in using array functions and formulae:

Entering the formula incorrectly (e.g. by using just ENTER instead of
Ctrl+Shift+ENTER) could result in an incorrect value (such as zero) appearing in
the cell; the main danger is that such values may not obviously be wrong, and so
may be overlooked (in contrast to the cases where a #VALUE message appears).
Thus, inadvertent errors may arise.

Many users are not familiar with them, which may result in the model being harder
for others to understand or interpret (or where the user may accidentally edit a
formula and return ENTER).

In some cases, their presence can slow down the calculation of a workbook.

PRACTICAL APPLICATIONS: ARRAY FUNCTIONS

Example: Capex and Depreciation Schedules Using TRANSPOSE

The TRANSPOSE function can be used to turn data or calculations that are in a row
into a column, and vice versa. Such a transposition can be performed explicitly within
an Excel range, or embedded within a formula.

The file Ch18.1.SUMPRODUCT.TRANSPOSE.1.xIsx shows an example of each
approach within the context of “triangle-type” calculations for depreciation expenses
(as presented in Chapter 17).

On the “Range” worksheet, the TRANSPOSE function is used to explicitly create
a range which contains the capex data in a column (cells C9:C14), so that this data
set can be multiplied with the column data of depreciation percentages using the
SUMPRODUCT function (see Figure 18.1).

On the “Formula” worksheet, the transposed capex data is not entered explicitly
in Excel; rather it is implicitly embedded as an array, by using TRANSPOSE within the
SUMPRODUCT formula (see Figure 18.2).

Example: Cost Allocation Using SUMPRODUCT with TRANSPOSE

The file Ch18.2.SUMPRODUCT.TRANSPOSE.2.xIsx shows an application to the
allocation of the projected costs of a set of central overhead departments to business
units, based on an allocation matrix; a screen-clip of the file is shown in Figure 18.3.
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dlA B C D E F G H | J

1

2| [rears 2015 2016 2017 2018 2019 2020

ER Capex 100 105 120 80 50 100

4

i | Generic Periods 1 2 3 4 5|

] Depreciation Schedule 100% 30% 25% 20% 15% 10%;

=t

& | [pepreciation | | 2015 2016 2017 2018 2019 2020 203
9| 2015 100 30% 25% 20% 15% 10%
10 | 2016 105 30% 25% 20% 15% 10%
1 2017 120 30% 25% 20% 15% 10
12 2018 20 30% 25% 20% 15
13 2019 50/ 30% 25% 20
14 20200 100 30% 25
15] Total, using direct reference from Row 3 | 30.0 56.5 82.3 =SUMPRODUCT:‘:{E:5(1d.69:614ﬂ

1k

FIGURE 18.1 Using TRANSPOSE to Transpose a Data Range

A B £ D E F G H 1 4 K
1
2 Years | 2015 2016 2017 2018 2019 2020!
3 Capex | 100 105 120 80 50 100
4
5 Generic Periods 1 2 3 4 5
(] Depreciation Schedule 100% 30% 25% 20% 15% 10%
T
8 Depreciation 2015 2016 2017 2018 2019 2020 201 2
9 2015 30% 25% 20% 15% 10%
10 2016 30% 25% 20% 15% 10%
1 2017 30% 25% 20% 15% 10%
12 2018 30% 25% 20% 15%
13 2019 30% 25% 20%
14 2020 30% 25% >
15 I Total, using direct reference from Row 3 30.0 56.5 £2.3| =SUMPRODUCT[TRANSPOSE(SD3:51 1],59:614}'

1%

FIGURE 18.2 Using TRANSPOSE Embedded Within a Formula

Once again, the TRANSPOSE function is used within SUMPRODUCT to ensure that
the data sets being multiplied are implicitly both row (or both column) data; the alter-
native would be to explicitly transpose all the data in one of the two input data ranges.

Example: Cost Allocation Using Matrix Multiplication Using MMULT

Excel has several array functions that relate to mathematically oriented approaches.
In fact, the cost allocation example shown in Figure 18.3 can also be considered as a
matrix multiplication in which a single row vector and a single column vector are mul-
tiplied together using MMULT. Note that when doing so, per standard mathematical
convention, the row vector must be the first of the two function-argument entries, and
no transposition of the data is required.

The file Ch18.3.MMULT.1.xlsx shows an implementation of this in the cost allo-
cation example used above; a screen-clip is shown in Figure 18.4.
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A B C D E F G H

1

2 | Example 1: Using Array functions

3

4 Indirect Expenses 217 2018 2019 2020 2021

2 | Development 6,000 6,300 6,615 6,948 7,253

6 | |Research 25,000 26,250 27,563 25941 30,388

7 | |Supply Chain 7,000 7,350 7,718 8,103 8,509

8 | |Group M 12,000 12,600 13,230 3,892 14,586

9 | |Sales & Marketing 25,000 26,250 27,563 28941 30,388,
10 | Group Support B.000 8,400 8,820 8,261 8,724
1 | Total ($K) 83,000 87,150 91,508 96,083 100,887]
12
13| [Business Units Development | Research Supply Chain  Group IT Sales & Marketing Group Support
14 | BU1 35% 20% 20% 25% 30% 25%
15| |suz 20% 25% 35% 20% 20% 20%
16 BU2 0% 35% 25% 25% 20% 35%
17 _ BU4 15% 20% 20% 0% 30% 20%
18_ Total A00% 100% 100% 100% 100% A00%
19
20 [Business Units 2017 2018 2019 2020 2021
21| [ao0 21,000 22 050 23,153 24,310 25,526
22] BUZ 16.900 19.845|=SUMPRODUCT[_ESF- ES10,TRANSPOSE(SC15:5H15)
23| |su3 23,100 24,355 25,458 26,741 28,078}
24 | |BU4 20,000 21,000 22,050 23153 24310
25 1 Total ($k) 83,000 87,150 91,508 96,083 100,887
BT

FIGURE 18.83 Use of TRANSPOSE with SUMPRODUCT in Cost Allocation

A B C D E F G H
1
2 | Example 1: Using Array functions
3
4 _ Indirect Expenses 2017 2018 2019 2020 2021
5 | [|Development 6,000 5,300] 6615 6,946 7,293
6 | |Research 25,000 26,250 27,563 28,941 30,388
7 | |Supply Chain 7,000 7,350 T.718 8,103 8,509
8 | |Groupm 12,000 12,600 13,230 13,892 14,585
9 | |sames & Marketing 25,000 26,250, 27,963 28,941 30,388
10| |Group Suppert 8.000 8.400 8,820 9,261 8,724
11 _ Total ($k) 83,000 87,150 91,508 96,083 100,887
12
13| [Business Units Development  Research Supply Chain | Group IT Sales & Marketing Group Support
14| [Bui 5% 20% 20% 25% 20% 25%
15 | |BuUz 20% 25% 35% 20% 20% 20%
16| |Bu3 0% 5% 25% 25% 20% 35%|
17| |Bus4 15% 20% 20% 30% 30% 20%
18 Total 100% 100% 100% 100% 100% 100%
19
213-. Business Units 2017 2018 2019 2020 2021
21 BU1 21,000 22,050 23153 24,310 25,526
22 | BUZ 18,900 19.545| =MMULT(SC 15:5H15,ESS:ES10) 22,873
23 | |Buz 23,100 24 255 25,468 26,741 28,078
24| |Bu4 20,000 21,000 22,050 23,153 24310
25 Total ($k) 83,000 87,150 91,508 96,083 100,887
ET3|

FIGURE 18.4 Use of MMULT in Cost Allocation

Example: Activity-based Costing and Resource Forecasting Using
Multiple Driving Factors

When building a model to forecast the resources required to be able to achieve and
deliver a desired revenue profile, one may have some resources whose activities are
determined by several underlying factors. One may have a few examples, or be able to
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make estimates of possible scenarios in terms of the resource level required for different
levels of activity drivers; from these, one can determine the scaling coefficients (under
the assumption of a linear scaling from activity levels to resource requirements).

For example, if a resource (staff) level of 30 is observed to serve 25 customers
spread over 150 sites, whereas 335 staff are needed to serve 20 customers over 200 sites,
one may write this in terms of activity coefficients:

R=AS+AC

where R denotes the resource level, S the number of sites and C the number of
customers. If the equations corresponding to the two specific cases are written in full,
then matrix algebra can be used to solve for the coefficients A and A,.

The file Ch18.4.CostDriverForecasting.xlsx contains an implementation of this
(see Figure 18.5). Note that if the coefficients A and A, are considered as the compo-
nents of a column vector, they are the solution to the equation:

R"=D"A

where R is the set of resources used (cells C5:D5), D is the detailed data
of sites and customers (cells C3:D4), and T represents the transpose operation.
Therefore, A can be found by inverting the transpose of D and multiplying by the
resource vector:

A — (DT )71 RT

A B C D E
1
2 BU1 BU2
3 Mo of sites 150 200
4 Mo of customers 25 20
L Staff Level 30 35| Staff=A0.Sites+Al.Customers
6
7 Transpose 150 25|{=TRANSPOSE(C3:D4)}
8 200 20
9
10 Inverse -0.01 0.01|{=MINVERSE(C7:D8)}
11 0.10 -0.08
12
13 Transpose 30 {=TRANSPOSE[C5:D5)}
14 35
15
16 Coefficients
17 AD 0.14 {=MMULT(C10:011,C13:C14)}
18 Al 0.38
19
20 Example
21 Mo of sites 320
22 Mo of customers 40
23 Staff Level 59 =SUMPRODUCT(C17:C18,C21:C22)

FIGURE18.5 Using Array Functions for Matrix Calculations to Calculate Cost Driver Coefficients
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Rows 7 through Row 18 shows the individual steps of this operation (which could
be combined into a single column range if desired, rather than broken out as individ-
ual steps). Once the components are determined, they can be applied to a new case (or
cases) that would arise in a forecast model (in which the number of customers and sites
is forecast, and this part of the model also determines the resource requirements), as
shown in cells C21 to C23. The array functions used are TRANSPOSE, MINVERSE
and MMULT.

Example: Summing Powers of Integers from 1 Onwards

The MINVERSE array function finds the inverse of a square matrix (mathematically
inclined readers may also wish to use MDETERM to check that its determinant is non-
zero, and hence that an inverse can be found). Although the function has several uses
in more advanced financial applications (such as optimisation of portfolios of financial
assets, and in determining risk-neutral state prices, amongst others), at this point in the
text we will use it to find the solution to a general numerical problem.

For example, it is well known that the sum of the integers from 1 to N is given by:

N(N +1)
2

1+2+3+...+N =

or:

N(N +1)

Sy = 5

As is commonly known, this formula can be derived simply by writing out the set
of integers twice, once in the natural order and once in reverse order: this creates N
pairs of integers, each of which sums to N+1.

In order to more clearly relate this to the discussion below, we note that:

S\ eI vone
2 2

In a next step, one may wish to find an expression for the sum of a power of each
of the integers from 1 to any number N (e.g. sum of the squares of each integer, or sum
of the cubes of each integer). In order words, for a chosen power, p, we aim to find an
expression for:

S =142 +3" + ..+ N’

Since there are N terms and the power is p, we can hypothesise that the desired
expression is of the form:

$% =C, ,N*"'+C,N”+...+C,N'+C,N°
For example, in the case that p = 2, we may hypothesise that

§? =C,N* +C,N* +C,N' +C,N°
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with the coefficients C, still to be determined (for i=0 to 3).
If the sum of the squares is evaluated for each integer (i) from 0 to 3, we obtain:

S2=0"=0
2 =12=1
$2=12+2=5

S;=1"+2"+3" =14
Thus:
0=52=C,
1=8=C,+C, +C,
5=8=C2°+C,2+C2'
14=8=C,3 +C,3* +C,3'

One can immediately see that C;, =0 (and that this would be the case for any
power of p); this coefficient is therefore left out of the future discussion.

One way to find the value of the remaining coefficients is to solve by repeated sub-
stitution (first a forward pass, and then a backward pass): for the forward pass, first,
C, is eliminated by using the second equation to write:

C, =1-C,-¢C,
The third equation then becomes:
5=C2°+C,22 +(1-C, -C,)2!

This can be rearranged to express C, in terms of C,:

3-6C
CZ:( 2 j

The fourth equation can then be written entirely in terms of C,, by substituting the
terms involving C, for C,, and then similarly C, for C,, to arrive at an equation that
involves only C; i.e:

14=C,3° +[3"2—6C3j32 +(1—C3 —(3"2—6@)]31

This gives:
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The backward pass then calculates C, from C, (to give C, = 1), and then C, from
2

C,and C, (to give C, = %), so that:

Sy BRSNSV IEIN,
3 2 6

On the other hand, instead of explicitly solving the equations in this way, one
could use matrix algebra to express the last three equations (since the first equation
has solution C, = 0) as:

11 1\(c) (1
8 4 2(C|=|5
27 9 3)\c, ) 14

Therefore, the vector of C, can be found by matrix inversion:

C, 11 1y'(1
C,|=| 8 4 2|15
¢, ) (27 9 3) 14

This can be readily calculated in Excel using the MINVERSE function.

The file Ch18.5.MINV.SumofPowers.xlsx shows these calculations, as well as the
coefficients that result for the first, second, third, fourth and fifth powers. Note that
the results are formatted using Excel’s Fraction formatting option; Figure 18.6 shows
a screen-clip.

[ ] € |o| ¥ ] H 1 ! L3 LM L o [ a R
i
2 [S0m of integers 1 Totals Result L. o L 2|2+ 12| er1
3| [ | 1 1 tfco 1 [
i |= 2 1 x dea 3 u2
5| | 3 1 3 sjcz of 2
L e | =2 al i .
7 [sum ot squares e | Total Rosudt Le. o 1/3|me3+ L Z|me2+{ L6}
8| [ 1| 1 1 1 1fco ! [
9| |= 2 1 z 4 afc1 5 W
10| | | 1 ] 5 ez 14 1]
n i 4 1 4 18 [ =] 13
12
13| [Samm ol cubes e Total 1 st L, L] ] 1T =3 1 ™2
14 in :_ 1 1 1 1 oo 1 0
18] | E: 1 z 4 & 1sa 9 0
15| |ie 3 1 3 s 1w  sa ] s
17| | 4 1 P U - = 1 Wz
8 = E 1 s  m  us  asie 215 ]
i e — ——
20| [sumof fourth powers 4 Total Result L. = 1/S|ra54 13| mad+{ 13 ma3-{ 130
n| [ | 1 1 1 1 1o 1 0
2| = i 1 ] 4 L EL) L (o) 1 - Ly
2| |- | 1 ] w om M E 0
24| b= L | 1 & 18 & 6 10aE(Ch L 1}
= | E 1 s 3 us s auslos 979 Wz
| |i= L 1 ] B 26 1 TG 2275 1]
o I
28| [sum of fifth powers 3] Tatal | [Resun L. o 1G]] LE| o5+ 512]nAd. {1/ 12)n"E
| [i | 1 1 1 1 X 1 1o 1 -0
30| = 2 1 3 4 18 a2 da 1) [
3| |o | 1 3 s ¥ = M eEc 7y} - Wy
32| h= o 1 4 18 &m0 amelcs 1300} -0
33 i E | 1 s 3 1S s 3s ases|oe 47| s/L
sl b= o 1 & % me 1m%  yrm asessles 12201 W2
35 i 7 1 T 43 343 Mol 15807 137649|C6 29008 i

F

FIGURE 18.8 Calculation of Sums of the Powers of Integers Using MINVERSE
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From the results, we see:

S =3N* 42N
% ESNS +%N2 Ay
S = v Ine
4 2 2
S% Iviliviivoin
S 2 3 30
S NN SR IR\
6 2 12 12

Of course, the equations for higher powers may also readily be derived by extend-
ing the procedure.

PRACTICAL APPLICATIONS: ARRAY FORMULAE

Example: Finding First Positive Item in a List

In Chapter 17, we noted that the “MAXIF” or “MAXIFS” functions were introduced
into Excel in 2016. Prior to this (and hence in some models built before this time), the
functionality could have been achieved by combining the MAX (or MIN) and IF func-
tions in an array formula.

The file Ch18.6.MAXIFE.MINIEFirstCashFlow.xlsx shows an example, used in the
context of finding the date of the first negative and first positive values in a time series
(note that other approaches, such as lookup functions, can also be used; see Chap-
ter 25); Figure 18.7 shows a screen-clip.

The array formulae embed an IF statement within a MIN function to find the min-
imum (in a set of numeric dates) for which a condition is met (either that the cash flow
is positive or that it is negative). For example, the formula in Cell C7 is:

C7 = {MIN(IF(E7 : BL7 < 0,E2 : BL2))}

First Megative Cash Flow |
1-Juk18

O-lan-00

1-Jan-16 1-Oct-16

HEEHRHEE R GGG rC e

FIGURE 18.7 Combining the MIN and IF in an Array Formula to Find Dates of First Cash Flows
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Note the syntax of the IF function within the formulae: there is no explicit state-
ment as to the treatment of cases where the condition (such as E7:Bl7<0) has not
been met; the formulae explicitly refer to the date range only for cases in which the
condition is met. One may try to make such cases more explicit, for example by using
a formula such as:

C7 = {MIN(IF(E7 : BL7 < 0,1,0)* (E2 : BL2))}

However, the result would be a minimum of zero (in this case), as whenever the
condition is not met, the result of the IF statement will evaluate to zero, which would
then be multiplied by the corresponding numerical (positive) date, to give a set of data
which is either positive or zero (and thus has a minimum of zero). The fact that the
treatment of cases in which the condition is not met is not shown explicitly does reduce
transparency, since one must know (or may have to pause to consider or test) how the
array formula is treating such cases. This may be a reason to be cautious of using such
approaches if other alternatives are available.

The file also shows the equivalent calculations using the MAXIFS and MINIFS
functions (which are not shown in the screen-clip, but can be referred to by the inter-
ested reader).

Example: Find a Conditional Maximum

One may generalise the method in the prior example to find conditional maxima or
minima, subject to the application of multiple criteria.

The file Ch18.7.MAXIEMAXIFS.DataSet.xIsx shows an example in which one
wishes to find the maximum of the “Amount £” field, both for a customer or country,
and for a customer—country combination. Figure 18.8 shows a screen-clip, with the file
containing formulae IF statements such as:

CS5 = [MAX(IF(B7 : B106 = B3,IF(C7 : C106 = C3,E7 : E106)))}
C6 = {MIN(IF(B7 : B106 = B3, IF(C7 : C106 = C3,E7 : E106)))}

i A B C ] E F G H [

1

A Kustomer  Country L] As srvay formulae Formuls

3| Custl K Maximnum amsount: Custl0 19647 {=MAX{IF{{B7 B106=83),E7:E106))}

4 Mindnum amaount: Custl0 1162 {=MIN(IF{{B7 B106=83),E7E106)))

5 Madmum amount: Custl0 and UK 14001 {=MAX{IF{BT:B106=83,F(C7:C106-C3,ET:E106)))}
& Customer  Country OueDate  Amount £ Minkmum amount: Custio and UK 11862 {=MIN{IF{BT:B106=83,IF[CT:C106=C3 ET:E106))))
]

a sl Laly 13-Ape-1 } Incarrect:

10 i Laty 15-bun-15 12750 Minkuen amaust: Cust10 and UK o {=MIN{IF{AND{B7:B106=83,C7:C106=C3),1,0)*E7:E106)}
11 10 K 25-May-15 4 Non-embedded conditions 15851 {=MAX(IF(B7:B106=B3,C7:C106=C3),E7:E106)}

12 s105 t 15:Mar 15 a3

13

14

15 2

16 st € 14-un-15 11862

FIGURE 18.8 Application of Multiple Criteria Using Array Formulae to Calculate Conditional
Maxima and Minima
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Note that, as shown in cells G10 and G11:

Once again, attempting to make more explicit the case where the criteria are not
met (cell G10) is likely to result in incorrect calculations (the minimum appears to
be zero, due to the conditional not being met, rather than the true minimum, which
isa-11862 in Cell E16).

Using a single (non-embedded) IF function would also not be correct.

Example: Find a Conditional Maximum Using AGGREGATE
as an Array Formula

The above examples have shown that although one can use array formulae to calcu-
late conditional maxima and minima, there are some disadvantages, including that
the treatment of cases where the condition is not met is not very explicit, and that the
application of multiple criteria will often require embedded IF statements.

The AGGREGATE function (Excel 2013 onwards) could be used as an alternative.
One advantage is that the nature of the calculation could rapidly be changed or copied
(i.e. instead of a maximum or minimum, one could switch to the average) using the
wide set of function types possible (as shown in Chapter 17, Figure 17.19).

To use the function in the context of a conditional query, one creates a calculation
which results in an error when the condition is not met, and uses the function in the
form in which it ignore errors (Option 6).

As we are using an array formula, the array form (not the reference form) of the
AGGREGATE function should be used; that is, for the maximum, we use the LARGE
function (not MAX) and for the minimum we use SMALL (not MIN). In both cases,
the (non-optional) k-parameter is set to 1.

The file Ch18.8.MAXIFS.AGGREGATE.xlsx shows an example (see Figure 18.9).

Columns J through M of the same file show how the calculations can also be per-
formed directly using the non-array form of the AGGREGATE function, so long as the

A B [ 1] E F G H

Customer _Country s array function  Formula
Custl K 14001 {=AGGREGATE(14,6,(|EV-E106)((B7:B1062853) *(CT-C106=C53)]].1)]

Customer Country Due Date Armount £

B wi B LA B W ke

a
10
11
12
13
14
13
16
17
18|
13

FIGURE 18.9 Example of Using an Array Formula with AGGREGATE to Calculate the Condi-
tional Maximum of a Data Set
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J K L M
Without an Array Formula Result Formula
Conditional Maximum using MAX 14001 =AGGREGATE(4,6,K7:K106)
Conditional Maximum using LARGE 14001 =AGGREGATE(14,6,K7:K106,1)
CriteriaMet (1 or #DIV/0!) New Amount Column J Column K
#DIv/fo! #Divfo! =IF(AND(B7=B53,C7=C53),1,1/0) =E7*17
#DIv/fo! #DIvfo! =IF(AND{B8=B53,C8=C53),1,1/0) =E8*J8
#DIv/ol #DIv/ol  =IF{AND(B3=BS3,C9=C33),1,1/0) =E9*J9
#DIV/0! #DIvV/o! =IF(AND{B10=BS3,C10=C%3),1,1/0) =E10*)10
12334 =IF(AND(B11=B53,C11=C5$3),1,1/0) =F11*J11
#DIvfo! #DIvfo! =IF(AND{B12=B%3,C12=C53),1,1/0) =E12*]12
#oIvfo! #DIvfo! =IF(AND{B13=B%3,C13=C%3),1,1/0) =E13*)13
#DIvV/0! #DIV/0!  =IF(AND{B14=B$3,C14=C53),1,1/0) =E14*J14
#DIv/0! #DIv/ol =IF(AND{B15=B53,C15=C53),1,1/0) =E15*J15
11862 =IF[AND(B16=B53,C16=C53),1,1/0) =E16")16
#DIv/0! #DIv/o! =IF[AND(B17=B53,C17=C%3),1,1/0) =E17*)17
#oIv/o! #DIV/0! =IF(AND{B18=B53,C18=C33),1,1/0) =E18*)18
#DIV/0! #DIV/0! =IF(AND{B19=B%3,C19=C%3),1,1/0) =E19*)19
#DIvfo! #DIv/fo! =IF(AND({B20=B53,C20=C53),1,1/0) =E20*J20
6503 =IF(AND(B21=B$3,C21=C53),1,1/0) =E21*)21
#oIv/fo! #DIvfo! =IF(AND{B22=B%3,C22=C53),1,1/0) =E22*)22
#DIV/0! #DIV/0!  =IF(AND{B23=B53,C23=C%3),1,1/0) =E23*)23
#DIv/ol #DIV/0!  =IF(AND{B24=BS$3,C24=C53),1,1/0) |=E24*)24
#DIV/0! #DIv/0! =IF(AND{B25=B5$3,C25=C5%3),1,1/0) =E25%125
#DIvfo! #DIvfo! =IF(AND{B26=B53,C26=C53),1,1/0) =E26*)26
#DIvfo! #DIvfo! =IF(AND{B27=BS3,C27=C%3),1,1/0) =E27*127
#DIV/0! #DIV/0! =IF(AND{B28=B53,C28=C33),1,1/0) =E28*)28
#DIV/o! #DIv/ol =IF(AND{B29=B53,029=C53),1,1/0) =E29*)29
14001 =IF{AND(B30=B53,C30=C53),1,1/0) =E30*J30
=E31*J31

#DIvfo!

#DIv/fo!

=IF(AND{B31=B53,C31=C%3),1,1/0)

L L e el i A M e

FIGURE 18.10  Using the Non-array Form of the AGGREGATE Function Based on Explicit Indi-

vidual Calculations

calculations that are implicit (behind the scenes) for the array formula are conducted
explicitly in Excel (see Figure 18.10). Thus, the array formula can save a lot of space
and may be easier to modify in some cases (e.g. as the size of the data set is altered).
Note that the equivalent calculations could not be performed with the MIN or MAX
functions, as these are not allowed to have errors in their data sets.
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Mathematical Functions

INTRODUCTION

This chapter covers a wide set of Excel functions that relate to arithmetic and
mathematical calculations. We focus on those that are in Excel’s Math&Trig category,
which are generally the most frequently used in practical financial modelling appli-
cations. (We do not repeat the discussion for those functions covered in Chapter 17.)
We also mention a few other functions, to give a hint of the types of possibilities that
exist more generally; readers may choose to review the full set of functions within
this category to identify whether others may be useful to them in their own contexts.
The examples provided include uses of:

LN, EXP.

ABS, SIGN.

INT, ROUND, ROUNDUP, ROUNDDOWN, TRUNC.
MROUND, CEILING.MATH, FLOOR.MATH.
MOD.

SQRT, POWER.

FACT, COMBIN.

SINE, ASIN, COS, ACOS, TAN, ATAN.
DEGREES, PI, SQRTPL

BASE, DECIMAL.

ARABIC, ROMAN.

PRACTICAL APPLICATIONS

Example: EXP and LN

The EXP function calculates the natural exponent of any number, i.e. for any input x
it calculates y, where:

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 229
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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The LN function is the inverse to this, i.e. it calculates the natural logarithm of a
number, y, which is the x-value that would solve the above equation for x when y is the
input value, so that x=LN(y).

Note that the logarithm of the product of two numbers is the sum of their individ-
ual logarithms. That is:

LN(y,y,) = LN(y,) + LN(y,)
This can be seen easily, for if
y, =e" andy, =e®

(i.e. x, = LN(y,) and x, = LN(y,))
then

ylyz — exleXZ — ex1+x2
so that (taking logarithms of both sides for the first equality in the following equation,
and using the definition of the x’s in terms of the y’s for the second):

LN(y,y,) =x, +x, = LN(y,)+ LN(y,).

An important use of these is in the calculation or calibration of time series. One
measure of the returns (or changes or growth rate) in the value of an asset (or other
positive items, such as revenue) is found by taking the logarithm of the ratios of
the values:

Return, change or growth rate = LN(EndingValue / StartingValue).

Then, due to the additive property of logarithms, if one has a set of returns data for
individual time periods (daily, monthly, annually), one can calculate the return for any
subset of the data (such as the total return between month 3 and 7), by simply adding
up the individual periodic returns.

This contrasts with many “traditional” or “corporate finance” applications, where
one often measures the return (or change, or growth rate) as:

Return, change or growth rate = (EndingValue / StartingValue) — 1.

In this latter approach, the additive property of the returns is lost, so that — when
given only returns (growth or price change) data — one would generally need to apply
an additional calculation step to reconstruct the absolute asset price to calculate the
returns for a multi-period subset of the data.

The file Ch19.1.LN.EXP.Returns.xlsx shows both types of calculations. In the
worksheet named “LNEXP”, one starts from a set of periodic asset prices, and calcu-
lates the periodic returns using the LN function. As if working backwards from given
asset returns, the SUM function is used to cumulative the total returns to any point in
time, from which the price series is recreated using the EXP function; a screen-clip is
shown in Figure 19.1.
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A B C D E F G H I J K M
1
Prices at Reéfturms Cumulative Prices Caboulated using
2 Period No. Period End Caleulations  Formula Return Formula Comments Additive Returns Formula
Formulae do NOT rely
on price period
calculation
3 of of cumalative return 100,00
7 ; T T E BT i T
5 2 -5.16% =LN{D5/D4) -2.76% =SUM(FS4:FS) 9728 sMSIEXP(IS)
] 3 -242% =LN(D&/D3) 5,189 =SUM(FS4:FE) 94.95 =MS3I"EXP(IE]
7 4 -1.00% =LN{D7/DE) -6.15% =SUM[F3LFT) 24,01 =MEI*EXP(IT)
8 5 a5, 209% =LN{DB/D7) -4 050 =SUIM[FS4:FB) 95,99 =MEI"EXP(I8)
9 L 0LB0% =LY/ D8) -3.2905 =SUM([F54:F9) 96.76 =MSI"EXP(I1%)
10 7 0U16% =LN{D10/D3) -BA3% =SUM(FE4:F10) 96.92 =MSI*EXP{I10]
1 L LA7% =LN{D11/D10) -1.67% =SUM[F54:F11) 98.35 =MSI"EXP(111]
12 E 1.16% =LN{D12/D11) -0.51% =SUM(F54:F12] 99.49 =MSI*EXP[112]
FIGURE 19.1 Periodic Returns and Reforecast Prices Using LN and EXP

In the worksheet named “OnePlus” of the same file, one starts from the same set of
periodic asset prices, but calculates the periodic returns using the traditional corporate
finance approach. One sees that when working backwards to reconstitute asset prices
from such data, the formula for the cumulative returns at a particular period requires
one to know the cumulative return at the immediate prior period (rather than just the
raw return figure, as in the logarithmic returns method). Thus, an extra calculation step
is required (equivalently or alternatively, one must know the prior period reforecast
ending asset value in order to reforecast the current period’s value using the periodic
return figure); this is shown in the screen-clip of Figure 19.2.

Note also the following;:

= Of course, the reforecast asset values are the same in each case, if one uses each
approach correctly and consistently. Also, if the volatility of periodic changes is
relatively small, then the returns profiles are similar whether the LN function is
applied to the ratios, or whether the change is measured using the traditional cor-
porate finance approach.
= When using the traditional (non-logarithmic) returns definition, the calculation
of returns for sub-periods directly from the periodic returns data (i.e. without
explicitly forecasting each period’s values) can in fact be achieved by use of the
FVSCHEDULE function, discussed in Chapter 20.

iy B C D E F G H 1 J K M N
1
[Risturns.
Prices at Cabculations | Cumulative Prices Cakoulated using
2 Period Na, Peviod End [Logarithemic] Fonmula Retumn Fonmula Commsments idditive Retwmns Formula
Farmulae DO rely an
prior peried caloulation
3 0 e ol cumuative retirn
4 l 5.55%
5 2) ~LTTH =[14F5)"(1444])-1
] 3 -5.05% w(1+F6)*(1+5]-1 94,55 w53 146)
7 4 -0.99% =D7/D6-1 5955 =[ 1487 14E)-1 84.00 =MEI147)
8 5 2.11% =08/D7-1 -4.00% =(1+FB)*(1+7]-1 95.99 =MS3"(148)
] 0U80% =0%/08-1 3,243 =(14F9)"[ 1421 96,78 =MSI%(1419)
10 7 0.16% =010/D9-1 -0 =(1+F10) " 1+19)-1 96,52 =MSI"(1410)
11 E L.45% =001/D10-1 165 =(1+F11) “(1+00)-1 98,35 =mE3%{1411)
12 9 1.16% =012/D11-1 -0.51% ={1+F12)"[1+11]-1 99.49 =MSI"(1412)

FIGURE 19.2
Approach

Periodic Returns and Reforecast Prices Using Traditional Corporate Finance
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Because of their role in calculations involving continuous time, the EXP and LN
functions are also useful in many areas, such as operational, breakdown and mainte-
nance optimisation modelling.

Example: ABS and SIGN

The ABS function gives the absolute value of a number. That is, it returns the number
when it is positive, and it’s negative when it is negative. The SIGN function returns
the sign of a number (1 for positive numbers, -1 for negative numbers and 0 for zero).

One important modelling application of the ABS function is to build robust
error-checking formulae; these compare the values of a single variable, calculated using
two (or more) calculation routes in a model. In most cases, it is convenient to calculate
the difference between the two values, which should always be zero (even as sensitivity
analysis is conducted).

Especially when building many error checks at various places into large models, it
can be useful to have a single global check, which is the sum of all the individual error
checks (and which also should always also be zero). In such cases, the ABS function
can be applied to each individual error-check value, before these are used to calcu-
late global summary values. The use of the absolute values will help to avoid cases
where errors in the detailed calculation would cancel out at a global level (due to some
being negative and others being positive, such as may be the case when dealing with a
non-balancing balance sheet in a financial statement model).

Note also that the functions ABS, SIGN, IF, MAX, MIN are interrelated in many
ways. For example:

ABS(N) = IF(N >=0,N,-N)
ABS(N) = MAX(N, 0) - MIN(N,0)
N = SIGN(N)* ABS(N)

The file Ch19.2.SIGN.ABS.xlsx contains an example of such formulae; Figure 19.3
shows a screen-clip which shows that part of the file in which the IF and MAX/MIN
functions are compared with ABS.

In Figure 19.4, we show a screen-clip of another part of the file, which uses the
SIGN and ABS functions to conduct individual error checks and sum these into a
global total (the error check in this case is to verify that the IF formula gives the same
figure as the MAX-MIN approach).

d A B C D E F G H | J K

1

2 Number ABS Formulae IF Formulae MAX-MIN Formulae

3 93,270 =ABS|B3) 93.270 =IF{83>=0,B3,-B3) 93.270 =MAX[B83,0)-MIN(B3,0)

4 62,430 =ABS(B4) 62.430 =IF(B4>=0,84,-B4) 62.430 =MANX[B4,0)-MIN(B4,0)

5 §3.200 =ABS(BS) 83.200 =IF(B5>=0,B5,-B5) £3.200 =MAX(BS5,0)-MIN(BS,0)

6 81,000 =ABS(B6) 81,000 =IF(B6>=0,B6,-B6) £1.000 =MAX(BE,0)-MIN[BE,0)

7 76.501 =ABS(B7) 76.501 =IF(87>=0,87,.-B7) 76.501 =MAX(B7,0)-MIN(B7,0)

] 4.326 =ABS|BE) 4.326 =IF(B8>=0,88,-85) 4.326 =MAX|B8,0)-MIN(BS,0)

9 7.700 =ABS(B9) 7.700 =IF(B%>=0,89,-89) 7.700 =MAX|B9,0)-MIN(B3,0)
0,000 =ABS({B10) 0,000 =IF(B10>=0,810,-810) 0.000 =MAX[B10,0)-MIN[B10,0)

HE

FIGURE 19.3 Calculating Absolute Values Using ABS, IF, MAX and MIN



Mathematical Functions 233

[k M N (0] P Q R 5 i
SIGN Farmulae ABS*SIGN Formulae Error checking Formulae
1 =SIGN(B3) 93.270 =ABS(B3)*SIGN(B3) 0.000 =ABS(G3-13)
1 =SIGN(B4) 62.430 =ABS(B4)*SIGN(B4) 0.000 =ABS(G4-14)
-1 =SIGN(BS) -83.200 =ABS(B5)*SIGN(BS) 0.000 =ABS(G5-J5)
-1 =SIGN(B6) -81.000 =ABS(B6)*SIGN(B6) 0.000 =ABS(G6-J6)
1 =SIGN(B7) 76.501 =ABS(B7)*SIGN(B7) 0.000 =ABS(G7-17)
-1 =SIGN(B8) -4.326 =ABS(B8)*SIGN(BS) 0.000 =ABS(GS-13)
-1 =SIGN(B9) -7.700 =ABS(B9)*SIGN(B9) 0.000 =ABS(G9-19)
0 =SIGN(B10) 0.000 =ABS(B10)*SIGN(B10) 0.000 =ABS({G10-J10)

Global Error Check
0.000 =SUM(S3:511)

FIGURE 19.4 Using the SIGN Function, and Global Error Checking Using ABS

Example: INT, ROUNDDOWN, ROUNDUP, ROUND and TRUNC

The INT, ROUNDDOWN, ROUNDUP and ROUND functions provide a variety of
ways to perform rounding of numbers:

The INT function rounds down to the nearest integer, so that a negative input
value (such as —-4.2) would be at least as small, or even smaller (such as -5). In
other words, it rounds to the left.

Other related functions include ROUNDDOWN, ROUNDUP, ROUND and
TRUNC. Each has an argument that corresponds to the number of digits to which
one rounds.

ROUNDDOWN rounds towards zero: a positive input figure will result in a num-
ber that is the same or smaller, whereas a negative input figure will result in a
number that is at least as large (i.e. not smaller than its input); in other words, it
rounds towards zero. By contrast, ROUNDUP rounds away from zero. TRUNC
and ROUNDDOWN are very similar functions; however, the number of digits is
a required argument in ROUNDDOWN, but is optional in TRUNC (and equal to
zero if omitted).

ROUND rounds the number according to the number of required digits, so that
the direction of rounding depends on whether the number is positive or negative,
as well as the value of the number itself (e.g. -4.324 rounds at two digits to -4.32,
i.e. upwards, whereas —4.326 rounds to -4.33, i.e. downwards.)

The file Ch19.3.INT.ROUND.1.xlsx contains an example of these functions;
Figure 19.5 shows a screen-clip.

There are many possible uses of these in financial modelling. One is to use the
numerical value for a month (e.g. April is month 4) to calculate the relevant quarter
(quarter 1 being January to March, quarter 2 being April to June, and so on). Any of
these functions can be used to turn a month number into a quarter (a lookup table
could also be used).

The file Ch19.4.INT.ROUND.2.Quarters.xlsx shows an example; Figure 19.6
shows a screenshot.
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Al A B C D E F G
I -
2 Number, # INT  ROUNDDOWN(#,0) ROUNDUP(#,0) ROUND(#,2) TRUNC{#,0)
3 98.730 98.000 98.000 99.000 98.730 98.000
4 76.501 76.000 76.000 77.000 76.500 76.000
5 63.326 63.000 63.000 64.000 63.330 63.000
6 | -4,324 -5.000 -4.000 -3.000 -4.320 -4.000
T -4.326 -5.000 -4.000 -5.000 -4.330 -4.000
8 -7.700 -8.000 -7.000 -8.000 -7.700 -7.000
FIGURE 19.5 Examples of INT and Various ROUND-type Functions for Positive and Negative
Inputs
d A B € | 1] E F G H 1 J
1
2 Caleulations of Quarter
Month Lising Using Lising
3 b INT  Formula ROUNDDOWN  Formula ROUNDUP Formula ROUND  Formula
4 Y 1 sINTBa-1) 3+ 1 sROUNDDOWN({B4-1)/3,0)+1 1 =ROUNDUR|{B4-3)/3+1,0) 1 =ROUND((B2+1)/3,0)
5 2 1 =nTEs-aEa 1 sROUNDDOWN({{BS-1)/3,0)+1 1 sROUNDUP({BS-3)/3+1,0) 1 =sROUND{{BS+1)/3,0)
] 3| 1 =INT((8s-1)/3) 1 =ROUNDDOWN({B5-1)/3,0)+1 1 =ROUNDUP|{B6-3)/3+1,0) 1 =ROUND((B6+1)/3.0)
T 4 2 =INT|BT-13)+1 2 =ROUNDDOWRN((B7-1)/3,0)+1 2 =ROUNDUP({B7-3)/3+10) 2 =ROUND{(B7+1)/3,0)
8 5| 2 =INT(R-1)/3)e1 2 =ROUNDDOWN|(BS-1)/3,0)41 2 =ROUNDUP|{B2-3)/2+1,0) 2 =ROUND({BE+1){3,0)
9 [ 2 =INT{{BS-1) 3 +1 2 =ROUNDDOWN{{B9-1)/3,0)+1 2 =ROUNDUP{{89-3)/3+1.0) 2 =ROUND{([B9+1]/3.0)
1 3 =INT{{B16-1)/3)+1 3 =ROUNDDOWN((810-1)/3,0)+ 3 =AOUNDUP{{B10-3)/3#1,0] 3 =ROUND{[B10+1}/3.,0)
n 8 3 =INT{{811-1)/3)#2 3 sROUNDDOWN|{811-1)/3,0)+ 3 SROUNDUR{[811-3)/3+1.0) 3 =ROUND{[B11+1}/3.0)
12 9] 3 =INT|{B12-1)/3)+1 3 =ROUNDDOWN{(B12-1)/3,0)+ 3 =ROUNDUR|{B12-3)/3+1.0) 3 =ROUND{(B12+1}/3.0)
13 10 4 =INT|{B13-1)/3)+1 4 =ROUNDDOWN{{B13-1)/3,0)+ 4 =ROUNDUP{(B13-3)/3+1,0] 4 =ROUND((B13+1)/3,0)
14 11 4 =INT|(B14-1)/3)+1 4 =ROUNDDOWN{(B14-1)/3,0)+ 4 =ROUNDUP|{B14-3)/3+1,0) 4 =ROUND{(B14#1)/3,0)
15 13| 4 =INT{{B1S-1)/3)+1 4 =ROUNDDOWNI{B15-1)/3,0)+ 4 =ROUNDUP{{B15-31/3+1.0] 4 =ROUND([B15+1)/3.0)

FIGURE 19.6 Examples of Using INT and Various ROUND-type Functions to Calculate

Quarters

The respective formulae are:

Quarter using INT = INT((Month—1)/3) +1

Quarter using ROUNDDOWN = ROUNDDOWN((Month—-1)/3,0)+1

Quarter using ROUNDUP = ROUNDUP((Month —3)/3+1,0)

Quarter using ROUND = ROUND((Month+1)/ 3,0).

Month numbers can be determined from a date, using the MONTH function

(Chapter 23).
Note also that:

= Half-year periods (first and second half) can similarly be created by division by 6
instead of by 3.

= If one wished to alter the definition of the first quarter of the year (such as that the
first quarter starts in April, as in the UK financial year), one could adapt the above
formulae appropriately.
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Example: MROUND, CEILING.MATH and FLOOR.MATH

The MROUND function rounds an input to the nearest value of a chosen multiple. For
example, a company may calculate the annual bonus for each employee using an exact
formula derived from a variety of input metrics, but determine the final value to be
paid by rounding this the nearest $100 (for example, so that an initial exact calculation
of bonus entitlement of, say, $1365.23 would become $1400).

The file Ch19.5.MROUND.xIsx shows an example of the MROUND function
for various values of the numerical input field and the desired multiple. Note that, at
the time of writing, the function works only if the input number and the multiple are
of the same sign. One can create a workaround for this, using ABS to turn both the
number and the multiple into positive figures, and using the SIGN function to return
a result that is of the same sign as the original numerical input; see the screen-clip in
Figure 19.7.

The CEILING.MATH function (an extension of the legacy CEILING function)
rounds a number up to the nearest chosen multiple (this rounding up is in contrast to
MROUND, which rounds in either direction). The function has an additional optional
parameter which allows one to round away from zero (so that for negative numbers,
the rounding up process actually makes the result no greater than original number).

The file Ch19.6.CEILING.xIsx shows an example, including the comparison with
MROUND; a screen-clip is shown in Figure 19.8.

Similarly, the FLOOR.MATH function (and its legacy FLOOR function) rounds a
number downwards to the nearest chosen multiple.

A A B ¢ |D E F G H 1

1

2 Number, #  Multiple MROUND(#, 5) Formulae Adaptation  Formulae

3 93.270 5 95 =MROUND(B3, C3) 95 =MROUND(ABS(B3), ABS(C3)) "SIGN(B3)
4 5 60 =MROUND{B4, C4) 60 =MROUND({ABS(B4), ABS{C4)) *SIGN(B4)
5 -5 -85 =MROUNDY(BS, C5) -85 =MROUND(ABS(B5), ABS(C5))*SIGN(BS5)
6 -5 -80 =MROUND{B6, C6) -80 =MROUND({ABS(BE), ABS(CE]) “SIGN|BE)
7 5 FNUM! =MROUND{B7, C7) 75 =MROUND{ABS(B7), ABS(C7)) "SIGN(B7)
8 5 ENUM! =MROUND{B8, C8) -5 =MROUND(ABS(BE), ABS(CE)) "SIGN(BS)
g 5 #NUM! =MROUND{B9, C9) -10 =MROUND(ABS(B3), ABS(C3)) *SIGN(BJ)

FIGURE 19.7 Using MROUND to Round to Nearest Multiples, and Adapting the Calculations

Using ABS and SIGN
A 8 c o £ F G H i
1
Adapted

2 Number,# _Multiple MROUND(%,5) _MROUND CEILING.MATH(#,multiple,0) _ CEILING.MATH(#,multiple,1)

3 93,270 5 a5 a5 a5 a5
4 62.430 5 B0 (i) [ ()
5 5 -85 85 80 8
6 by 80 80 80 -85
T 3 aNUM! =l 80 80
8 5 #NUM! 5 0 5
3 5 NUM! 10 3 -10

FIGURE 19.8 Examples of the CELING.MATH Function
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Example: MOD

The MOD function provides the modulus of a number with a specified divisor (that is,
the remainder when the divisor is repeatedly subtracted from the number until no more
full subtractions are possible). For example, using a divisor of five, the modulus of the
number 1 is 1, of the number 2 is 2, whilst the modulus of 5 is 0, that of 6 is 1, that of
7 is 2, and that of 10 is zero, and so on.

One application is the allocation of items into groups, in which one cycles through
the available groups in sequence (more specifically, this could relate to the allocation of
patients to clinical trials, of customers to service centres and so on).

The file Ch19.7.MOD.xlsx shows an example in which there are five groups (the
number of groups acts as the divisor) and the items are allocated to these based on their
ordered arrival number (or time). As the MOD function returns zero when the number is
a multiple of the divisor, the formula has been adapted to reflect that the group numbers
are 1,2,3,4,5 (i.e. that there is no group number 0) by the subtraction and addition of
the number 1 at the appropriate calculation steps; a screen-clip is shown in Figure 19.9.

Example: SQRT and POWER

In Excel, one can calculate powers and roots of numbers either using direct arithmetic
operations or using the POWER function. In the case of wishing to calculate square
roots, one can also use the SQRT function.

The file Ch19.8.POWER.SQRT.xIsx gives an example of these. One (arguable)
advantage of the POWER function over general arithmetic approaches is that the for-
mula is moderately easier to read in some cases; a screen-clip is shown in Figure 19.10.

A B C D
1
2 |# Groups to Allocate To 5|
3

Item

4 Number Group Allocation  Formula
5 1 1 =MOD(B5-1,C$2)+1
6 2 2 =MOD(B6-1,C$2)+1
7 3 3 =MOD(B7-1,C52)+1
8 a4 4 =MOD(B8-1,C52)+1
g 5 5 =MOD(B9-1,C52)+1
10 6 1 =MOD{B10-1,C52)+1
11 7 2 =MOD(B11-1,C52)+1
12 8 3 =MOD(B12-1,C52)+1
13 9 4 =MOD{B13-1,C52)+1
14 10 5 =MOD{B14-1,C52)+1
15 11 1 =MOD(B15-1,C$2)+1
16 12 2 =MOD(B16-1,C52)+1
17 13 3 =MOD(B17-1,C52)+1
18 14 4 =MOD{B18-1,C52)+1
19 15 5 =MOD{B19-1,C52)+1
20 16 1 =MOD{B20-1,C52)+1
21 17 2 =MOD(B21-1,C52)+1
22 12 3 =MOD(B22-1,C52)+1

FIGURE 19.9 Using MOD to Allocate Items to Groups
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A B C D

1

2 | Example Formulae

a2 729 =POWER(9,3)

a | 9 =7294(1/3)

5 | 9 =POWER(729,1/3)

6 | 1.414 =271/2)

7| 1.414 =POWER(2,0.5)

8 | 1.414 =SQRT(2)

FIGURE 19.10 Examples of the POWER and SQRT Functions and Comparison with Direct
Arithmetic

A| A B c D F G H ] K
1
2 | |periodicup/Down% |  10%)|
3
4 0 1 2 3 4 5 6 7 8
5
6 ,214.8
7 »104.9
8 » 177.2 S175.4
g L1611 , 159.4
10 ,146.4 - 1449 21435
1 L1331 v 1318 *130.5
12 1210 v 119.8 ‘;us.ﬁ M17.4
13 1100 , 1089 :m?.s :10'5.?
14 100.0 Je9.0 Je8.0 Jlaro 961
15 *90.0 “89.1 L 882 2813
16 ~g10 *80.2 - 79.4 786
17 “729 s 722 , 714
18 * 65.6 "‘65.0 , 643
18 » 59,0 “58.5
20 a5zl *526
21 a 47.8 v
22 . 43.0

FIGURE 19.11 A Recombining Tree Using Simple Absolute Periodic Price Changes of 10%

Example: FACT and COMBIN

The COMBIN and FACT functions are useful in some probabilistic and statistical con-
texts. For example, if the value of an asset, or the price of a commodity, is modelled as
an uncertain process in which the price changes every period in either a percentage up
or down movement (each with a specified probability), one could use these functions
to work out the number of possible ways of reaching each point in the tree (as well as
the likelihood of that outcome).

The file Ch19.9.COMBIN.FACT.xlsx contains an example; Figure 19.11 shows a
screen-clip taken from the worksheet “RecombiningTreeSimple”, in which there is an
assumed possible 10% upward or downward movement.

For additional reference, in the same file, the worksheet “RecombiningTreeLN”
(not shown in the screen-clip) contains a similar tree in which the 10% price change is
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J K L M N o P Q R
8 #Up #Down |#Paths |Formula Using FACT|Formula

,214.4 8 0 1|=COMBIN(8,L5) 1|=FACT(8)/(FACT(LE)*FACT(MSE))
;1?5.4 7 1 8|=COMBIN(8,L8) 8|=FACT(8)/(FACT[LB)*FACT(MS))
;143.5 [ 2 28| =COMBIN(8,L10) 2§ =FACT[3};’{FACT! L10)*FACT(M10))
s117.4 5 3 56{=COMBIN(8,L12) 56[=FACT(8)/(FACT(L12}*FACT(M12))
2 96.1 4 4 70|=COMBIN(8,L14) 70|=FACT(8)/(FACT(L14)*FACT(M14))
L 786 3 5 56|=COMBIN(8,L16) 56{=FACT(8)/(FACT(L16)*FACT(M16))
= “64.3 2 6 28| =COMBIN(8,L18) 28]=FACT(8)/(FACT(L18)*FACT(M18))
526 1 7 8|=COMBIN(8,L20) 8|=FACT(8)/(FACT(L20)*FACT(M20})
» 43.0 0 8 1]=COMBIN(8,L22) 1|=FACT(8)/(FACT(L22)*FACT(M22))

FIGURE 19.12 Number of Possibilities to Achieve Each Outcome in the Binomial Tree

a logarithmic one, so that the upward and downward values scale by EXP(10%) and
EXP(-10%) in each period.

Figure 19.12 shows a screen-clip taken from the file in which the COMBIN func-
tion is used to work out the number of ways of achieving (at the end of period 8) each
of the nine possible outcomes. The formula for this can also be derived using the FACT
function (which calculates the factorial of a number, i.e. the product of all the integers
from 1 up to this number).

The actual frequency (probability or likelihood) of each outcome would be formed
by multiplying the number of total outcomes that each state represents by the prob-
ability of each type of outcome. If p is the probability of an upward movement, then
the probability of occurrence of any specific path that leads to i outcomes is p*(1 - p)*~,
with the number of such paths being given by the COMBIN function.

Thus, the probability of i upwards movements in total is:

pli) = p'(1- p)* ' COMBIN(, i)

(with the required adaptation for trees with other than eight periods being fairly clear).
These are shown in Figure 19.13 for an assumed upward probability move-
ment of 60%.

Example: RAND()

The RAND() function generates a random sample between 0 and 1 from a uniform
continuous distribution. It will resample whenever F9 is pressed, i.e. whenever the
workbook is recalculated. (Note that RANDBETWEEN provides only a sample of
integer values, not continuous ranges.) By treating the random values as if they were
probabilities, one can derive random samples from other distributions:
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J K L M N (2] P Q R 5 T u

60%lp

a0%|=1-12

B #Up #Down [#Paths |Formula Using FACT|Formula Direct Calc |Formula
714.4 B 0 1| =COMBIN(E, LG} 1| =FACT|8])/{FACT|LE)*FACT{MS]) 1.68%|=(5T52"L6) " [$TSIME) "NE
175.4 7 1 B =COMBIN(S,LE)} 8| =FACT|S)/|FACT(LS) "FACT(MS)) B.96%|={3T52M8) " [ST53ME|"NS
1435 L] 2 28 =COMBIN(E,L10) 28] =FACT|8),{ FACTL10}*FACT[M10]) 20.90% | ={ 5T524010) [ $T53°M10) *N10
117.4 5 3 S6{=COMBIN(E,L12) 56|=FACT(8)/{FACT(L12)*FACT{M12]) 2787 ={5T52M12) %5153 M12) *N12
. 961 4 4 TO|=COMBINIE, L14) T0|=FACT|8)/{FACT(L14)*FACT[M14]) 23.22%|={STS2M14) " STS3~M14) "N1a
“ra.6 3 5 S6{=COMBIN{E,L18) 56| =FACT{8)/{FACT|L1E) "FACT(M16]) 12.39% | =(ST52L16) "(STS3 M16) "N16
‘643 2 | =COMBIN{S,L18) 28] =FACT{8)/{FACT|L1E)*FACT[M18)) 4.13%/|=(5TS24L18) *(5TS3~M1E) "N1E
“52.6 1 7 =COMBIN(E, L20) B]=FACT(8)/{ FACT|L20)*FACT[M20]) 0.79% | ={$T52.20) *{STSIAM20)*N20
430 0 8 1| =COMBIN(E,L22) 1|=FACT{8)/(FACT|L2Z)"FACT[MZ2]) D.07H|=(3T52M22) "(STH3 M22) "N22
100.00%

FIGURE 19.13 Final Probability of Each Ending State

For uniform continuous ranges:
Sample = Min + (max — Min) * RAND()
For the occurrence of event risks (Bernoulli processes):
Occurrence or Not = IFFRAND() < Prob, 1,0)

Samples from many other distributions can also be created by using the RAND()
function as input into the inversion of the cumulative distribution for that function (a
few further sampling examples are shown later in the book, and the author’s Business
Risk and Simulation Modelling in Practice provides much more detail on this point).

The file Ch19.10.RAND.xIsx shows an example in which the RAND() function
is used in each period of a model to determine whether the price of an asset moves up
or down, assuming a probability of 60% of an upward movement. The possible per-
centage change in price (10%) each period is interpreted here as a logarithmic figure,
with the price each period calculated from the prior period’s price depending on the
outcome of the RAND() function within that period. The paths shown in this model
therefore essentially correspond to the individual paths that exist in the recombining
tree in the earlier example; Figure 19.14 shows a screen-clip of the file.

In practice, the determination, and recording, of all possible scenarios usually
requires a VBA macro, in order to repeatedly recalculate the workbook and store the
results (see Chapter 16).

Example: SINE, ASIN, DEGREES and PI()

There is a wide set of trigonometric and similar functions which are occasionally useful
in financial modelling. For example, when considering the capital expenditure neces-
sary to build a cellphone relay station with sufficient coverage of a particular area, one
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A A ] € ] E F a H I i K L &)
2 1 2 3 4 5 6 7 B|Formidas

3 Frab 03 605 €% L 60 0% B0 L |

4 Mowemaent Direction (Up=1, Down=-1] 1 1 1 1 1 1 1 1| =IF[RAND{}<=K3,1,-1)

5 Movement Scaling 10% 1.11 111 111 1.11 111 0.3 050 111 =EXPSC5°KA]

6| |vame 100 AWS M1 180 9.2 1649 L4RR 1850 149.2]="KS
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FIGURE 19.14 Random Possible Price Paths Using RAND()

AB C D EF G H I J
1
z B Find Angle ABC, given:  [Input/Result  |Formulae Comments
3 AB 20
& - AC 104
E] BC [Hypotenuse) 22.36|=S0RT[HI 2+H4*3) Pythagoras’ theorem!
L]
T ﬂlotal:uhlhﬂs Re-sult Formulas
B FRatio (AC/BC) 0,45|=Hd/H5 SINE of angle equals this, by definition
5 In Badians 0,46]=ASIN{HE]
10 In Degrees 26.57|=HI" 180/FI{) Converts radians to degrees
11 In Dagrees 26 57| =DEGREES{HT) Converts radians to degrees
12
13 Using Other Fundtions | Result Formulag
14 (Inverse) Cosine 26.57|=DEGREES|ACOS(H3/HS))  [COSINE is opposite/hypotenuse
13 [inverse) Tangent 26, 37|=DEGREESATAN(HA/H3))  |COSINE is opposite/adjacent
16
17
18
B A C

FIGURE 19.19 Using ASIN to Find the Angle Within a Triangle

may need to be able to calculate angles relating to the propagation of electromagnetic
radiation between the station and centres of population. Thus, functions which calcu-
late the lengths of the sides of right-angled triangles given another particular angle (i.e.
sines, cosines or tangents) can be useful, as can those which calculate the angles of the
triangle when the lengths of its sides are known (i.e. the inverse functions).

The file Ch19.11.SINE.ASIN.xIsx shows an example of the SINE, ASIN, COS,
ACOS, TAN and ATAN functions to perform such calculations. Figure 19.15 shows
a screen-clip of the file. One can see that the ASIN function is used to calculate that
the angle ABC is approximately 26.57 degrees (i.e. when a right-angled triangle has
edge lengths 10 and 20, the two non-right-angled angles are approximately 26.57 and
63.43 degrees).

By default, Excel works in radians; the conversion to degrees can be done using the
DEGREES function, or directly by multiplying by % One can use the PI() function (accu-
rate to about 15 decimal places) rather than having to type = (3.141592653589793. . .).
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A B & D E
]
2 Decimal number Radix (Base) Result Formulae
3 215 2 11010111 |=BASE(B3,C3)
4
5 Text Radix (Base) Result Formulae
7] 11010111 2 215 =DECIMAL(B6,C6)

FIGURE 19.16 Conversion Between Decimals and Equivalents in Other Numerical Bases
Example: ARABIC and ROMAN

A B 5 D
1
2 Roman Number Result Formulae
3 MCMLDOKIY 1984 =ARABIC(B3)
4
5 Arabic Number Result Formulae
] 1984 MCMLXXXIV =ROMAN(B6)

FIGURE 19.17 Conversion Between Arabic and Roman Equivalents

The function SQRTPI() gives the square root of & as a pre-calculated figure (that is some-
times required in statistical applications and related fields).

Note also that it is the inverse functions that are of importance in this exam-
ple (to convert from lengths to angles); if one were aware of the SINE function, but
not of ASIN, then a similar inversion procedure could be set up using GoalSeek (see
Chapter 13); however, this is less efficient than using an in-built function procedure
where one exists.

Example: BASE and DECIMAL

Occasionally one may need to convert numbers from one base (or “radix”) to another.
This could arise in some data manipulation contexts, where data has arisen from other
computerised or binary sources. The BASE and DECIMAL functions allow conversion
between number bases, whereby the non-decimal numbers are expressed as text fields.

The file Ch19.12.BASE.DECIMAL.xIsx contains an example, which is shown in
the screen-clip in Figure 19.16.

One may occasionally (once again, most likely in the field of text or data manipu-
lation) need to convert Roman (text) numbers to Arabic and vice versa.

The file Ch19.13.ARABIC.ROMAN.xIsx contains an example using the ARABIC
and ROMAN functions, and is shown in the screen-clip in Figure 19.17.
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Financial Functions

INTRODUCTION

This chapter focuses on providing examples of a wide set of functions within Excel’s
Financial category, relating to:

Annuity and general growth or discounting calculations.
Mortgage and capital repayment calculations.

General investment valuation and analysis.

Depreciation calculations.

Yields, bond, general securities and specific financial calculations.

PRACTICAL APPLICATIONS

Several points are worth bearing in mind:

Many of the functions return negative figures by default, especially those that
relate to calculating required payments or cash outflows. One needs to be particu-
larly careful in their use, especially when they are embedded in logical statements
such as those involving IF, MIN or MAX formulae.

The use of an IF or IFERROR statement around such functions is frequently
required. For example, some functions will return error values for a time period
that is outside a valid limit (such as the lifetime of a mortgage). As covered in
Chapter 17, it is generally better to exclude specific conditions in which error
values are known to occur but are valid (by using an IF statement applied to this
specific situation), rather than over-riding all errors by using IFERROR.

Many of the functions are formatted in the local currency (i.e. that of the Excel
version being used), which is sometimes inconvenient, especially when working
on international projects; one may find it more convenient to switch to a gen-
eral format.

Where the functions require the use of interest rates (or growth or rates of return),
one needs to ensure that the interest rate used is consistent with the periods of the
model (e.g. annual, quarterly or monthly).

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 243
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.



244 EXGEL FUNCTIONS AND FUNCTIONALITY

Example: FUSCHEDULE

FVSCHEDULE gives the future value of a quantity after applying a series of growth
rates to it. The required inputs to the function are:

The original value (or “principal”).
A schedule of growth, return or interest rates.

The file Ch20.1.FVSCHEDULE.xIsx contains an example of various applications
of the function, both to situations with constant growth rates and to time-varying
growth rates (see Figure 20.1).

One application is to work out the total (and average) compounded growth rate
for a multi-period model or data set, where the rate in each period is different, and is
measured using the traditional corporate finance method (see Chapter 19). By setting
the original (principal) value to 1, the function returns the product of “1 plus the
growth rate” in each period, so that subtracting 1 from this product gives the total
growth, and taking the appropriate root gives the average annual compound figure
(e.g. the square root for the annualised average over a two-year period).

The file Ch20.2.FVSCHEDULE.Returns.xlsx contains an example. The context
is that one is given a set of traditional return figures (or growth rates) and wishes to
work out the average return (or growth rate) between two periods directly from this
data (without having to explicitly calculate the actual asset values in each period, nor
the explicit cumulative compounded growth rate for each period). Figure 20.2 shows a
screen-clip of the calculation of the total return between period 5 and 15 directly from
the returns data. On the right-hand side of the file (rightwards from Column I, not
shown in the screen-clip) are the explicit calculations that would otherwise be required.

Example: FV and PV

The FV function calculates the total value of a set of cash payments that grow con-
stantly over a finite time period, based on an initial payment. It also has optional
parameters that allow for the present value of a lump-sum future payment to be
included, and to treat cash flows as occurring at the beginning (rather than the end) of
each period. The PV function is similar, but discounts the periodic payment (instead
of growing it).

A ] C (¥] E F G H I 1 K L
1
2 Using the FVSCHEDULE Function I
3
4 ] 2 3 4 3
5 Principal 100 Result |Formula
& Schedule 1 5.0% 5.0% 127.8)=FVSCHEDULE(SCS5,D6:HB)
7 Schedule 2 0.0% 0.0 100.0|=FVSCHEDULE([SCS5,DT:HT)
8 Schedule 3 2.0% 2.0 G6.0% 121.6|=FVSCHEDULE(5C55, DE:HB)
9
10 lDl'.PI.ICIT(J\LCS: For Schedule 3
n
12 Cumulative Rate 102.0% 114.7% 121.6%
13 Periodic Value 102.0 114.7 121.6
FIGURE 20.1 Examples of the FVSCHEDULE Function
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AA B (c D | E F F
1
2 Period No. Using FWVSCHEDULE to Calculate Return Between Periods 5 and 15
3 0| |Returns Total Average
4 1 5.55%) 12.41% 1.18%
5 2 -7.83%| =FVSCHEDULE(1,09:D18)-1  =(FVSCHEDULE(1,D9:D18))*(1/10)-1
6 3 -2.39%
7 4 -0.99%
8 5 2.11%)
9 6| 0.80%)
10 7 0.16%)
1| 8 1.48%
12 | 9 1.16%|
13 10j 1.24%,
14 11 1.44%)
15 12 2.54%
16 13 1.52%
17 14 -0.85%
18 15 2.32%
FIGURE 20.2 Use of FVSCHEDULE to Calculate Total and Average Growth Rates
B < (] E F g H ] K
1
2 | [using the Fy Fusction
3
4 Exi Ex2 Ex 3 Ex 4 Ex5
5 Rate 5.0% 5.0 5.0% S.0% 5.0%
& Np&r 1 10 10 1 10
T Pmit 00 00 1004 100 100
2| [lov 200 o o
5 | |ltype] i i
w0 ’ Result 100 1258 443 105 1321
1 Farmuls =FWCS5.06,C7) =FV[DS,06.07) =FV[FS,FEFT.FB) =FV[IS,06,07.08,19) =FW(KS,K6,K7,K8,K9)
12
13 | |EXPLICIT CALES
14
13 iriflated Cumulative Future Payment  inflated Future Payment Total Discounted/Inflated  Curmulstive
1 1 100 1008 105 105
17 2 108 208 116 215
18 ! 110 n| 116 i
i d 116 LiH iz a5
20 5 122 53] 128 S8
2 5| 128 68 134 714
2 7 134 814 141 B5 5
3 B 141 955 148 1003}
24 E lag 11034 155 1158
25 101 155 1258 =500 814 443 163 1321
26 =C7"{14CS5){5825-1) =SUMICS16:C25) =F8 F25°(1+5C351°5825  -D2S+GiS =-C5 7 [1+CS5) SIS SUMIS1625)
FIGURE 20.3 Examples of the FV Function

The file Ch20.3.FV&PV.xlsx shows examples (each function is shown on a sepa-
rate worksheet, with the corresponding name); see also the screen-clips in Figure 20.3
and Figure 20.4. The file also shows the equivalent results when the calculations are
done explicitly in Excel.
The mathematically inclined reader will note that such values can be derived by
direct mathematical manipulation, for example with:

S=1+1+g)+...+(1+g

)N—l

By multiplying each side by (1+g):

SA+g)=(1+g)+(1+g) +...+(1+g"N
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[tesing the Pw Fumction

3

1 Jexs Ea2 |EE [ess ExS
5 | [rate 5.0% 5.0%| 5.0%] sA

6 | |mper

Pt 100 100
8 it

o fioypel ; 1
18 |Resalt 5% 73 abh 100 Lik]
1 [Formuls =PV C5.06,07) =05, 06,0 7] =PYIFS.FE.FT.FE) =PI506.07 180 =P KS K KT KR RS

13 [Eeucm cacs

15 Discouried Cumulative Future Payment  Discounted Future Pay Todal Discounted Cumelative
1% 1 85 o5 100 100
7 2 91 1564 95 195
12 E] 85 273 n 236
13 4 -7 355 88 ELr]
2 -] 78 433 82 455
21 & k) 308 e 523
22 7 Ep | 379 75 608
23 L] -] L2 n &TY
] 3 2] Fii 68 TG
5 10 &1 73 -500 -307 465 [ #11
26 =57/ 14055]°5825 =SUM|C516:C25) =F8 =F25/| L4505 5)*5B25 =025+G25 =C5TN14C55)4{5825:1) =5UM{I516:125)

FIGURE 20.4 Examples of the PV Function

Subtracting the first equation from the second, and dividing by g, gives:

N_
S:(1+g) 1
8
Similarly, with:
=1+ ! +...+ !
O 1+d T 1+d)N
one has
C(1+d)N -1
d1+d)N

These formulae are implemented in the Excel file (Row 29, not shown in the
screen-clip).

Example: PMT, IPMT, PPMT, CUMIPMT, CUMPRINC and NPER

Several functions relate to the calculation of loan and mortgage repayments:

= PMT calculates the fixed-level repayment level that is required to be made in each
period so that a loan (subject to a fixed interest rate) is paid off by the end of its
life. This single figure implicitly comprises a component for interest repayment and
one for capital repayment. Since capital is gradually being paid off, the interest
amount in each period is reducing, so that the capital repayment portion is increas-
ing from one period to the next.
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= IPMT and PPMT calculate the interest and principal components explicitly; since

these change in each time period, the functions have an extra parameter (compared
to PMT) to indicate which period is being referred to.

= CUMIPMT and CUMPRINC calculate the cumulative interest and principal paid

between two specified time periods.

= NPER calculates the number of period required to pay off a loan given a constant

payment amount.

The file Ch20.4.PMT.PPMT&CUM.xIsx shows an example of these (see the

worksheet “PMT?” for all the functions, except for NPER, which is shown in the
“NPER” worksheet). The file also contains the corresponding calculations that would
be required if done explicitly in Excel, i.e. without using the functions. Note that for
the explicit calculations, the repayment amount is an assumed hard-coded figure equal
to that produced by the PMT function; if the functions were not available, this figure
could be determined by manual experimentation or more efficiently by Excel’s Goal-
Seek or Solver. Figure 20.5 and Figure 20.6 show screen-clips of the example.

12
13|
14|
15|
16 |
17 |
18 |
19|
20|
21
27 |
23|

24

25 |
26 |
27 |
28 |
29|
30

31
32 |
Al

S
a0 N DO LN -

B C D | E| F | 6
Periodic interest rate 5.0%
Periods to end of term 15 Meeds to be <=15 if using the
Principal amount ($) 100,000
Fv 0 Optional argument (not usedi
Type 0 Optional for some of the functi
For CUM functions
First period 2
Last period 3
|Using PMT, CUMIPMT, CUMPRINC, IPMT and PPMT
| Total Constant Payment using PMT -9,634|=PMT(C2,C3,C4)
Period by period Splitinto interst and principal 1 2 3 4
Interest part of total, using IPMT -44 513| -5000 -4,768 -4525 -4270
Principal part of total, using PPMT -100,000| -4634 -4866 -5109 -5365
Cumulative interest between periods using CUMIPMT -9,293|=CUMIPMT(C2,C3,C4,C9,C10,C6)
Cumulative principal between periods using CUMPRINC -8,975|=CUMPRINC{C2,C3,C4,C9,C10,C6)
|Explicit Calculation
Periodic payment assumed 8,634 Set so that ending balance is .
Ending balance at end of term 0 Cross-check, or for use with G
Direct calculation of interest and principal by period 1 2 3 4
Starting balance 100,000 95366 90,500 85391
(+) Interest (=balance * interest rate) 9,293| 5000 4768 4526 4270
(-) Principal repayment (=assumed payment-interest) 9975 4634 4866 5109 52365
Ending balance 95,366 90,500 85391 80,026

FIGURE 20.5 Examples of Uses of PMT, IPMT, PPMT, CUMIPMT and CUMPRINC Functions
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A B C D

1

2 Rate 5.0%

3 PMT -9634

4 PV 100000

5 FvV 0

6 Type 0

i | NPER 15.0({=NPER(C2,C3,C4,C5,C6)

FIGURE 20.6 Example of the NPER Function

Example: NPV and IRR for a Buy or Lease Decision

The NPV and IRR functions are widely used in general investment evaluation and
analysis. For equally spaced cash flows, NPV calculates their net present value at a
specified discount rate, and IRR calculates their internal rate-of-return (i.e. the dis-
count rate that would make the net present value equal to zero).

The use of the NPV function to calculate the discounted value of a set of cash
flows is essentially straightforward (provided one is familiar with the concept of dis-
counting). A frequent mistake is to overlook that the function implicitly assumes that
the value in the first cell of the range is discounted for one period, the second value
is discounted for two periods, and so on. This is equivalent to assuming that all cash
flows occur at the end of their periods. Some adjustments may be required if the timing
is expected to be different: for example, investments made at the initiation of a project
should not be discounted, and so should be excluded as an input to the NPV function,
but added to (or subtracted from) its result.

The file Ch20.5.NPV.IRR.1.Leasing.xlsx provides an example in the context of a
decision either to lease or to buy an asset. It shows the calculation of the cash flows in
each case and the differential cash flows between the two options. The IRR and NPV
functions are used, and the calculation of the net present value of the differential cash
flows (discounted at the post-tax interest rate) is created, in a way that the initial cash
outflow associated with the purchase of the asset is not discounted. The file also shows
that the net present value is zero if the IRR is used as the discount rate (see Figure 20.7).

The IRR function can also be used to calculate yields of bonds.

The use of IRR as a measure of project performance has some drawbacks, including:

It only exists if there is at least one change of sign in the cash flows. For example,
the discounted value of purely positive cash flows will always be positive, however
large the discount rate.

If cash flows change sign multiple times during the forecast period, there are as
many possible IRR values as there are changes in sign of the cash flows. Thus, for a
project with an initial investment, a cash-producing period and subsequent decom-
missioning costs, there are at least two possible values of the IRR. The function
will return a single value, corresponding to one of the two, but one cannot a priori
know which of the two is returned and whether it is an appropriate measure.

As it is a percentage measure, it does not allow for easy comparison of projects
whose orders of magnitude are different.
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A B < =] E F [ H | J K L M )
1
2 | [Asseteost 1,000, 000
3 Agsset life 10
4 |annual depreciation
5 [interest rate [pre-tax)
& |Taxrate 0%
T IFterest rate [post-tax) 4.2%
8 [Lease rental payment 125, 000) (Could also use Goal Seek on this figure to set NPY to zero to find maximum acoeptable to pay)
L]
10 [Cash fows L] 1 2 3 4 5 & T 8 9 10
il If Leasing
12| [Lease expense: Pre-tax -125,000/
13 Lease expense; Post-tax -87,500) -87,500 -87.500 -87.,500 -87.500 -B7.500 -B87.500 -87,500 -B7,500 -B7,500 -87,500)
14 [1fBuying
15| |Asseteost ~1,000,000) -1,000,000 o o 0 ] o 0 (] @ ]
16 Tax shield from depreciation 301,000 30,000 30000 30000 30000 30,000 30000 30000 50,000 30,000 30,005
7 Met cash flow -1,000,000| 30,000 30,000 30000 30,000 30,000 30,000 30000 30,000 30,000 30,000
12 [Differential cash flow -1,000,000| 117,500 117,500 117,500 117,500 117,500 117,500 117,500 117,500 117,500 117,500|
19
20 [irR of ditferential ] | 5% 1R DAs:18, 10%)
21 |NPY of differential (a1 after-tax interest rate] 4.20% -56388) =D1B+NPVCILEIR:N1E)

23| |nPv of differential (at IRR) | 3.05%] Ofs018+NPV[C23,E15N18)

FIGURE 20.7 Use of NPV and IRR for a Buy-versus-lease Decision

= It is not clear how risks can be taken into account in the project decision. Two pro-
jects may have the same IRR but have very different risk profiles. By contrast, the
NPV approach more explicitly chooses a discount rate that should be appropriate
for the risk of the cash flows being considered.

= The behaviour of the IRR in relation to timing effects may lead to ineffective or
inappropriate decisions.

Some of these issues are illustrated in the following examples.

The file Ch20.6.NPV.IRR.2.CFSigns.xlsx shows the effect of trying to calculate
NPV and IRR for various sets of cash flows, including those that are only positive (see
Figure 20.8). The first cash flow profile is purely positive, so that the IRR does not exist
at all. The second profile has up-front investments and subsequent decommissioning
costs. Note that the IRR of the future cash flows exists in some years, but does not
always provide a good indicator of future value generation. For example, in Column G
(year 2022), the NPV of the future cash flows is positive, whereas the IRR is negative.

The file Ch20.7.NPV.IRR.3.DelayEvaluation.xlsx shows the effect on IRR and
NPV of various scenarios for delaying the cash inflow of a project after an investment
has been made (see Figure 20.9):

= In the first example, a single investment is made and the same amount is returned
either one period later or 10 periods later. Note that the IRR is zero in both cases,

FL B < o E F G H i 1 K L M ] o \p Q

1

2 | | 2018 2019 2020 2021 3023 3023 2024 2025 2026 2027 2028 2029 2030 Formulse in column F
3

4 Cash Profile 1 50 300 SO0 00 300 250 150 100 75 50 [ O C

5 Future NPV @ 10% 1444 | 1535 1358 1083 785 508 310 180 118 45 [ o [+] =NPV10%, F4-504)
] Fidturs |RR SNUMI sNUMI aNUML UM anunl aNUmMT aNUM aNUuml sNuMT eNusl ENul snusal | snusal =IRR{F4 504, 10%)
7

8 Cash Profile T =300 100 100 250 300 250 150 100 75 50 50 100 0

9 Future NPV @ 10% 345 678 B4% B30 BEZ 428 223 a4 4 -118 81 o =MPT10% FE:508)
10 Fubure |RR 33% 160% ANUM| aNUM| “32%  -29%  -23%  -13% B 100% SHUBMI  ENUMI  SHUM| SIRR{FE508, 10%)

FIGURE 20.8 Results of IRR Function for Some Non-standard Cash Flow Profiles
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A B C D E F G H J K L M N
: B
2 |nPv @10% IRR | 0 1 2 3 4 5 6 7 8 9 10|
3
4 41 0.0%| -500
4 -279 0.0% 500
6
7 69 13.7% 500 100 100 100 100 100 100 100 100 100
8 21 11.0% 500 100 100 100 100 100 100 100 100 100
a

FIGURE20.9 Comparison of NPV and IRR When There is a Possibility of Delayed Cash Inflows

whereas the NPV is lower in the case of a delay; this provides some intuition as
to the lower potential sensitivity of IRR to project delays (especially for projects
whose IRR is low in the first place).

In the second example, a project is delayed by one period after the initial invest-
ment has been made; the change to NPV is proportionally much larger than the
change to the IRR; once again, the effect is generally strongest for projects whose
NPV is only slightly positive.

The key point from this example is that, when using IRR only, one may underes-
timate the (effect of) the risk of delay to projects, especially those that are borderline
positive. This may lead decision-makers to believing that delaying a project has little
consequence, and hence to giving it insufficient priority or attention.

The file Ch20.8.NPV.IRR.SalesTiming.xIsx shows another example of how IRR
may potentially lead to sub-optimal decision-making. It is based on the idea that there
is a set of cash flows over time, and at any time the right to obtaining the future cash
flows can be waived in exchange for the present value of those future cash flows. The
graph shows the resulting IRR that would arise, depending on the year in which a
project is sold (see Figure 20.10). The use of IRR as a performance measure may (argu-
ably) encourage short-term thinking by incentivising an early sale of such projects.

Variations on the NPV and IRR functions that are sometimes useful include:

XNPV and XIRR are analogous to NPV and IRR but where the timing of the cash
flows is specified (i.e. generally, the cash flows are not equally spaced).

MIRR function can be used to calculate the internal rate of return in the case that
positive and negative cash flows are financed at different rates.

Example: SLN, DDB and VDB
Excel has various functions to assist in depreciation calculations, including:

DB and DDB calculate the depreciation of an asset for a specified period by using
the fixed-declining and double-declining balance methods.

SLN calculates the straight-line depreciation of an asset for one period.

VDB calculates the depreciation of an asset for a specified or partial period by
using a choice of declining balance methods.

SYD calculates the sum-of-years’ digits depreciation of an asset for a specified period.

The file Ch20.9.VDB.Depreciation.Single Year.xlsx contains examples of the use of
the SLN, DDB and VDB functions (see Figure 20.11).
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. A B [ D E F G H I J K L M
2 Basic Project Information [1] 1 2 3 4 5 [] T (] ] 10
3 Cash Row =-10,000 2500 2,500 2,500 2500 2500 2500 2500 250 2500 2500/
4 Discount rate 10%
5| |nev@ s 5361
6 IRR 21.4%
7
8 Caics of IRR depending on when sold
8 | [vear alwhich project sold | 3]
10
1 '] 1 2 3 4 5 ] T 8 ] 10
12 (Cash fow prios 1o sale =-10,000 2500 2,500 2,500 0 1] 1] 0 o o 1]
13 PV af year end of all fubure cash flows 15361 14398 13337 12171 10888 9477 7925 g217 4,339 2273 [1]
14 (Cash 3t sale 0 0 0 1217 0 o 1] [ 0 0 0
15|  |rotal casn now -10000 2500 2500 14,671 0 0 0 [ ] 0 0
16 MNPV of new cash flows 5,361
17 IRR of new cash fiows. 30.4%
18
19 IRR as a Function of Year of Sale
20 T0%
21
35 60%
23| 50%
g; £ a0%
26| = 30%
27
28 20%
29 0%
30
3 0%
2 1 2 3 4 5
33 Year of Sale
ad
FIGURE 20.10 IRR as Function of the Year of Sale of a Positive NPV Project
A B c D E E G H
1 Use of VDB function to calculate depreciation for a single year
2
3 SLN DOB: Ex 1 DOB: Ex 2 WBD
4 | Jasset Cost 10,000 10,000 10,000 10,000
5 | % value atend of life 0.0% 0.0% 0u0% 0.0%
6 | |ufeof assets 10 10 10 10
7 Start period {or peried for DD8) Al 3 1 5
8 | |end period ha| MA Al [
g Factor for VDB method A 1 2 2
10 | [No Switch A NA Nl 0
1
12| [Function Results | | 1000 | 1,000] 2000 | 655]
13 =SLN(D4,04*05,06)  =DDB(F4,FA*F5,F6,F7,F9) =DDB(GA,GA*G5,G6,G7,G9)  =VDE(14,14*15,16,17,18,1,110)

FIGURE 20.11 Examples of the SLN, DDB and VBB Functions

Of course, in practice, the functions may be required to calculate the depreciation
profile based on an input set of capital expenditure (CapEx) data, or where CapEx
figures are calculated from other assumptions.
The file Ch20.10.VDB.Depreciation.Triangle.xlsx contains examples of this. The
depreciation results from a “triangle-type” calculation, as covered earlier in the text
(also using the TRANSPOSE function to transpose the original date and CapEx ranges)
and the VDB function is embedded within an error-checking statement (using IF and
AND functions to ensure that errors are not shown in a year in which prior CapEx has
already been depreciated fully) (see Figure 20.12).
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4 A B C D E F G H | J K L M N

1 Use of VDB function to caloulate depreciation schedule from a given capex schedule
2
3 Depreciation policy
4 Life of assets 7
5 | |% value at end of life 10.0%
B Factor for VDB method 2| E.g. 1=st. line when no residual value, 2=double declining balance etc.

7
g | | | 2008 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028
9
10| |capex (£k) | | &o000 10,000 12,000 15000 12,000 10,000 8000 6000 5000 5000 5,000]
1
12 Capex 2018 2015 2020 2021 2022 2023 2024 2025 2026 2027  202E|
13 2008 80000 2286 1633 1,166 833 595 425 262
14 2019| 10,000 2,857 2,041 1458 1041 744 531 328
15 2020| 12,000 3429 2449 1,749 1,249 892 637 394
16 2021 15,000 4,286 3,061 2,187 1,562 1116 97 4582
17 2022| 12,000 3,429 2,489 1,749 1,249 892 637 394
18 | 2023 10,000 2,857 2,041 1458 1,041 Ta4 531
19 2024 5,000 2,286 1,633 1,166 833 595
20 2025 6,000 1,714 1,224 B75 625
21 2026/ 5,000 1,429 1,020 729
22 2027 5,000 1425 1,020
23
24 Depreciation total 2286 4490 6,636 9,025 9,875 9911 9,324 8,135 6,944 6,030 3804

FIGURE 20.12 Calculation of a Full Depreciation Profile Based on a CapEx Profile

Example: YIELD

The YIELD function calculates the yield on a security that pays periodic interest. It is
similar in many ways to IRR, except that maturity and settlements dates are explic-
itly required as arguments, and that no explicit (period-by-period) cash flow profile
needs to be created (unlike for IRR). The application is specific to bond-type situa-
tions, so that there is a single purchase or cash outflow event followed by cash inflows,
whereas the IRR could be applied when the initial cash outflows are all negative for
several periods.

The file Ch20.11.YIELD.IRR.xIsx shows an example of the use of the YIELD
function, as well as the explicit calculation of the yield using the IRR for the corre-
sponding situation (see Figure 20.13).

Other functions relating to yield include YIELDDISC, YIELDMAT, TBILLYIELD,
ODDEFYIELD and ODDLYIELD.

Example: Duration of Cash Flows

When considering any set of cash flows, one may develop several possible measures of
their average timing:

= The time-weighted average nominal (non-discounted) cash flows.

= The time-weighted average discounted cash flows (with some assumed dis-
count rate).

= Other modified measures that may serve for standardisation purposes.

The non-discounted time-weighted value may be considered as the “duration” of
the cash flows, with the time-weighted average of the discounted cash flows often
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A B c D E E G H 1 J K L M N fol
1
2 Caleulation of bond yield from market price using YIELD function
3
4 Band price
5 Face value [5)
] Annual coupon rate {3}
T Settlement o1/
8 | |Maturity 01/
9 Frequency 1
10
11| |vield to maturity using YIELD) 4.536%)| =YIELD(C7,C8,C6,C4,C5,1)
12
13 Calculation of bond yield from market price using IRR function
14
15 Bond price a5
16 Face value [$) 100
17 Annual coupon rate (%) 4.0%
18|
19| [Period Number | | ol 1 2 3 4 5 6 7 8 o]  1oftotal |
20| |cashfiow | | esel a0 a0 40 40 40 &0 a0 a0 40| 10s0] 450
21
22| [field to maturity using IRE_| 4.636%]|=IRR(D20:N20,5%)

FIGURE 20.18 Use of YIELD Function and Comparison with IRR

known as the “Macaulay duration”. When the Macaulay duration is modified by fur-
ther discounting, this is known as the “modified duration”.

The file Ch20.12.CashDuration.xlsx shows an example of the calculation of such
measures for a general cash flow profile (see Figure 20.14).

Example: DURATION and MDURATION

In the specific context of bond calculations, given the relevant information about a
bond (price, coupon, settlement and maturity dates etc.), one can calculate the duration
figures directly (without having to perform the explicit cash flow forecast). Note that
the DURATION function calculates the Macaulay duration (i.e. based on cash flows
discounted at the yield rate), and MDURATION calculates the modification of this
Macaulay duration. Thus, the “raw” or non-discounted figure (i.e. the “duration”) is
not available through a specific Excel function, although it can be calculated by using
SUMPRODUCT.

| B B < [*] E F G H 1 ) K L M N [+] P

1

2 General Cash Flows

3

4 L _ T 3 4 5 s w8l 9 10[Totsl |Time Average

3 Cash Flow 100 100 100 100 100 100 100 100 100 100] way 5500 =SUMPRODUCT] D3-S, D8 MS NS
(] Periodic Discount Facter B.0%| B B.0% BOW B0% S0% 5.0% B.0% B.0% B.0% B.OW

7 [Cumulative Discount Factor 92.6% B5.TH TN T3.5% 65.1% 63.0W 58.3% 54.0% 50.0% 46.3%

L Discounted Cash Flow 5.26 857 794 735 681 630 G583 5480 500 A6)| E7. A.87| =SUMPRODUCT[DS3-MSS, DE:MB)NE
£ 4.51]=08/{1+6)

FIGURE 20.14 Calculations of Duration, Macaulay Duration and Modified Duration of
Cash Flows
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The file Ch20.13.BondDuration.xlsx shows an example (see Figure 20.15). Note
that the YIELD function is required as an input to the calculations (to find the rate at
which to discount). The equivalent calculations are also shown directly in Excel as if
the explicit cash flows were forecast.

Example: PDURATION and RRI

The PDURATION function is not directly related to bond calculations, nor to the
other duration functions discussed above; instead, it calculates the number of periods
required for an investment to reach a specified value, assuming a periodic growth rate.
In other words, it finds # so that:

FV =PV(l+g)

Of course, instead of using the function, one could solve this equation directly
(to find #n):

Similarly, the RRI function provides the value that could be found by solving
for g:

g= EXP[LN(EJ / nj—l
PV

(RRI may be thought of as the “rate-of-return-implied” if g considered as a rate-of-
return rather than a growth rate.)

The file Ch20.14.PDURATION.RRIxIsx provides an example of these functions
(see Figure 20.16).

i A [} L= a 3 F 6 ] ' y 3 L £ N o 3 [

Bond Functions |For $130 leor wehur fpr incipal}

SIC RIS

1-tarr2l

L]

- —

|

1| [nao [ o] embucn, 7 c5, 19, 100,68,28) i

1

18] [(ecectay] comamon T DURATIONES £7,5,611 £8,25)

-_4 |m¢ Mscaulay| MDURATICN :.ug AMCLAATIONICS £7,05,C1L.C,00)

i

16| Usieg Explich Cash Flows. or 5300 Auce wabse,/princigal]

i

w o ) T & al ra e 7 . ) 20]intsl _[time hwveage

1w as| se  s0  sp 50 [T L 50 50 1080|1500 B30 SSUMPRODUCTIOS LEME LB DISMII| NS
20 rac %] TIN 73N TN 73N TI% TIN TI% 73N TaM 73w

2 it Facioe SN ETIN 10N TSaN POEN  S61W  E1TN 575N SATM SO

) AE7 485 AD6 379 SSa 380 som 3w reo  sies|  maof 2.2 eSUNPRODUCTIOR L0518 D3 M2 2\ M 2
2 3.0 sC22 114201

FIGURE20.15 Use of DURATION and MDURATION and Comparison with Explicit Calculations
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1o e

A B g D E F G H I
Rate 1 NPER
Py 100 Py
Fv v 200 Fv_ 200
PDURATION 7.27|=PDURATION|C2,C3,C4) RRI 10.0%| =RRI[G2,G3,64)
Diract calculation 7.27|=LN{C4/C3)/LN|1+C2) Diract calculation 10.0%| =EXP[LN(G4/G3)/G1}-1

FIGURE 20.16 Example of PDURATION and Its Equivalent Calculated Directly

OTHER FINANCIAL FUNCTIONS

The other functions in Excel’s Financial category mostly relate to interest rates and

bonds:

ACCRINT and ACCRINTM calculate the accrued interest for a security that pays
interest periodically or at maturity respectively.

COUPDAYBS, COUPDAYS, COUPDAYSNC, COUPNCD, COUPNUM and
COUPPCD perform a variety of calculations about dates, numbers and amounts
of coupons payable.

DISC calculates the discount rate for a security.

DOLLARDE and DOLLARFR convert dollar prices expressed as a fraction to
those expressed as decimal numbers and vice versa.

EFFECT and NOMINAL calculate effective and nominal interest rates when inter-
est can be compounded several times per period.

INTRATE calculates the interest rate for a fully invested security.

RATE calculates the interest rate per period of an annuity.

ODDFPRICE (ODDLPRICE) calculate the price per $100 face value of a security
with an odd first (last) period.

PRICE calculates the value of a security that pays periodic interest.

PRICEDISC calculates the value of a discounted security.

PRICEMAT calculates the value of a security that pays interest at maturity.
RECEIVED calculates the amount received at maturity for a fully invested security.
TBILLEQ calculates the bond-equivalent yield for a Treasury bill.

TBILLPRICE calculates the value of a Treasury bill.

The reader can explore these in more depth where they are of potential relevance.
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Statistical Functions

INTRODUCTION

This chapter provides examples of many of the functions in Excel’s Statistical category.
These are often required to conduct data analysis, investigate relationships between
variables, and to estimate or calibrate model inputs or results. Most of the calcula-
tions concern:

The position, ranking, spread and shape of a data set.
Probability distributions (X-to-P and P-to-X calculations).
Co-relationships and regression analysis.

Forecasting and other statistical calculations.

Since Excel 2010, the category has undergone significant changes, which were
introduced for several reasons:

To provide clearer definitions, for example as to whether the calculations are based
on samples of data or on full population statistics.

To allow additional function possibilities and user-options, such as whether prob-
ability distributions are expressed in their cumulative or density form.

To create new types of calculations that previously may not have existed, such as
those within the FORECAST-related suite of functions.

In order to create backward compatibility with earlier versions of Excel, many
of the changes have been introduced by naming the new functions with a “.”, such as
MODE.SNGL, or RANK.EQ or STDEV.S.

Note that Excel’s function categories are in some cases slightly arbitrary constructs,
with the result that some functions are not necessarily in the category that one might
expect. In particular, the distinction between Statistical and Math&Trig functions is
not totally clear-cut. For example, SUMIFS, COMBIN and RAND are classified within
the Math&Trig category, whereas AVERAGEIFS, PERMUT, NORM.DIST, NORM.
IN and PROBE are within the Statistical category. Note that this chapter provides no
further specific treatment of functions that have already been covered earlier (such as
AVERAGE, AVERAGEA, AVERAGEIF, AVERAGEIFS, MAXIFS, MINIFS, COUNT,
COUNTA, COUNTBLANK, COUNTIF, COUNTIFS, MAX, MAXA, MIN, MINA).

Principles of Financial Modelling: Model Design and Best Practices using Excel and VBA, First Edition. 257
Michael Rees.
© 2018 John Wiley & Sons, Ltd. Published 2018 by John Wiley & Sons, Ltd.
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PRACTICAL APPLICATIONS: POSITION, RANKING AND GENTRAL VALUES

In general, when presented with a set of data, one may wish to calculate summary
information, such as:

The average, minimum and maximum values.

The most likely value (mode or most frequently occurring).

The median point, i.e. where 50% of items are higher/lower than this value.

The value which is exceeded in 10% of cases, or for which 10% of the items in the
data set are below this value.

Measures of dispersion, range or the spread of the data.

The main functions relating to such information are:

MODE.SNGL calculates the most common (most frequent) value in a data set, as
long as a unique value exists. MODE.MULT calculates a vertical array of the most
frequently occurring in a range of data, including repetitive values. MODE is a
legacy version of the MODE.SNGL function.

GEOMEAN and HARMEAN calculate the geometric and harmonic means of a
set of data, and TRIMMEAN calculates the mean of the interior of a data set.
LARGE and SMALL calculate the specified largest or smallest values in a data set
(e.g. first, second, third largest or smallest etc.)

RANK.EQ (RANK in earlier versions of Excel) calculates the rank of a number in a
list of numbers, with RANK.AVG giving the average rank in the case of tied values.
PERCENTILE.EXC and PERCENTILE.INC (and its legacy PERCENTILE) calcu-
late a specified percentile of the values in a range, exclusive and inclusive respec-
tively. The QUARTILE.EXC and QUARTILE.INC functions (QUARTILE in earlier
versions) calculate percentiles for specific 25th percentage multiples. MEDIAN
calculates the median of the given numbers, i.e. the 50th percentile.
PERCENTRANK.INC (PERCENTRANK in earlier versions) and PERCEN-
TRANK.EXC calculate the percentage rank of a value in a data set, inclusive and
exclusive respectively.

Example: Calculating Mean and Mode

The average of a set of data can be calculated by summing the individual values and
dividing by the number of items. In Excel, it can be calculated directly using the AVER-
AGE function or by dividing the result of using SUM and COUNT.

In relation to the average, note that:

The average as calculated from the full (raw) set of individual data points is also
called the “weighted-average”. This because every value will automatically be
included in the calculations in the total according to the frequency with which it
occurs in the data set.

In mathematics, the (weighted) average is also called the “mean” or the “Expected
Value (EV)”. At the time of writing, there is no “MEAN” or “WEIGHTEDAVER-
AGE” function in Excel. However, in the case where the full data set of individual
items (including repeated values) is not provided, but rather the values and the
frequency of each value is given, the SUMPRODUCT function can be used to cal-
culate the (weighted) average.
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In order to calculate the frequency of each item in a data set, one can use either
COUNTIFS-type functions (see Chapter 17), or the FREQUENCY array function
(covered in Chapter 18). An important application is to count the frequency in
which points in a data set fall within ranges (“buckets” or “bins”).

Other conditional calculations may also be required: for example, AVERAGEIFS,
MINIFS and MAXIFs (and array functions relating to these) can be used to calcu-
late the corresponding figures for a subset of the data according to specified criteria.
These were covered in Chapter 17 and Chapter 18, and so are not discussed further.

The most likely (or most frequently occurring) value in a data set is known as the
mode (or modal value). Some of its key properties include:

It may be thought of as a “best estimate”, or indeed as the value that one might
“expect” to occur; to expect anything else would be to expect something that is
less likely. Therefore, it is often the value that would be chosen as the base case
value for a model input, especially where such values are set using judgment or
expert estimates.

It is not the same as the mathematical definition of “Expected Value”, which is the
(weighted) average (or mean); generally, these two “expectations” will be different,
unless the data set is symmetric.

It exists only if one value occurs more frequently than others. Thus, for a simple
sample of data from a process (in which each measurement occurs just once), the
mode would not exist, and the functions would return and error message.

The file Ch21.1.MODE.xlIsx shows examples of the MODE and MODE.SNGL
functions, as well as of the MODE.MULT array function (see Figure 21.1). One can
see that the MODE.MULT function will report multiple values when there are several
that are equally likely (the last three items in the data set are repetitions of other values,
and there are three modes; the last field returns #N/A as the function has been entered
to return up to four values).

A B & D
1
2 Data 1
2! 1.59 1.59|=MODE(B3:B15)
4 -1.78 1.59 =MODE.SNGL{B3:B15)
5 112 1.59|{=MODE.MULT(B2:B15)}
6 1.56 -1.78|{=MODE.MULT(B3:B15}}
7 0.59 1.56({=MODE.MULT(B3:B15)}
8 -0.34 #N/A {=MODE.MULT(B3:B15)}
9 1.03
10 1.06
11 1.05
12 0.80
1 1.56
14 1.59
15 -1.78
16

FIGURE 21.1  Use of the MODE-type Functions



260 EXGEL FUNCTIONS AND FUNCTIONALITY

Data 2
9  #N/A  =MODE(F3:F102)

8 #N/A =MODE.SNGL(F3:F102)
112 #NfA  {=MODE.MULT{F3:F102)}
o

0.80
0.61
0.87
-0.22

0

e

[ I = 1]

0.
2.1
0.

| 5

FIGURE 21.2 Use of MODE-type Functions in Situation Containing Only Unique Values

The same file also shows that these functions will return #N/A when each value in
a data set occurs only once (see Figure 21.2).

Note that although there is no simple “MEAN” function in Excel, the functions
TRIMMEAN, GEOMEAN and HARMEAN do exist:

TRIMMEAN calculates the average after excluding a specified number of the larg-
est and smallest items (the number excluded is the same at both the high end and
low end, and so the function calculates the required number to exclude based on
the user’s input percentage value; therefore, one needs to be careful when using the
function to ensure that the number of exclusions corresponds to the desired figure).
GEOMEAN calculates the geometric mean of a set of # positive numbers; this is
the n-th root of the product of these numbers.

HARMEAN calculates the harmonic mean of a set of positive numbers, which is
the reciprocal of the average of the reciprocals of the individual values.

The file Ch21.2.MEANS.xIsx shows some examples of these (see Figure 21.3).

Example: Dynamic Sorting of Data Using LARGE

Although the sorting of data can be achieved using the tools on Excel’s Data tab, this is a
process that must be done manually (or using a VBA macro that runs the sorting proce-
dure). An alternative is to use the LARGE function to calculate the data in sorted order.
This is especially useful in models that need to be dynamic (either if new data will be
brought in regularly, or if a sensitivity analysis of the output needs to be run). Of course,
the function can also be used to find only the largest, or second or third largest, item of
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BN A e D

1 —

2 | Datal

3 159  0.668 =AVERAGE(B3:B12)

4 2173 0.668 =TRIMMEAN(B3:B12,0%)

5 | 112 0.668 =TRIMMEAN(B3:B12,10%)

6 | 1.56  0.859 =TRIMMEAN(B3:B12,30%)
£ 0.59

8 | 0.3 1.010 =GEOMEAN(B5:B7)

9 1.03  1.010 =PRODUCT(B5:B7)"1/COUNT(B5:B7))
10 1.06

11 1.05  0.931 =HARMEAN(B5:B7)

12| 0.80  0.931 =1/((1/3)*(1/B5+1/B6+1/B7))

FIGURE 21.3 Examples of TRIMMEAN, GEOMEAN and HARMEAN

4| A | B c ) E G H

1

2 Data1l Largest 11 smallest 11

3 ' 1.59 3.30 =LARGE(B$3:85102,5A3) -1.78 =SMALL{$B$3:5B$102,5A3)
4 | 1.78 2.78 =LARGE(BS$3:8$102,5A4) -1.62 =SMALL{SBS3:5B$102,5A4)
5| 3 112 2.66 =LARGE(BS$3:8$102,3A5) -1.20 =SMALL{$BS3:5B$102,3A5)
6 4 1.56 2.41 =LARGE(BS$3:8$102,3A6) -0.77 =SMALL{$BS3:5B$102,3A6)
7 5 0.59 2.40 =LARGE(BS$3:8$102,3A7) -0.57 =SMALL{$BS3:5B$102,3A7)
g| 6 -0.34 2,39 =LARGE(B53:8$102,548) -0.54 =SMALL{$BS3:58$102,3A8)
g| 7 1.03 2,39 =LARGE(B53:8$102,5A9) -0.51 =SMALL{$BS3:585102,3A9)
10| s 1.06 2.30 =LARGE(B$3:8$102,5A10) -0.47 =SMALL{$B53:585102,5A10)
1| s 1.05 2,25 =LARGE(BS$3:8$102,5411) -0.46 =SMALL{$BS2:58$102,5A11)
12| 10 0.80 2,21 =LARGE(B$3:8$102,5412) -0.36 =SMALL{$B$3:585102,5A12)
13| 11 0.61 2,20 =LARGE(BS$3:8$102,5413) -0.34 =SMALL{$B$3:58$102,5A13)
14| 12 0.87 2.10

15 13 -0.22 2.10

16| 14 2.40 2.09

17| 15 0.46 2.08

18| 16 2.10 2.07

wn .7 noan a ne

FIGURE 21.4 Using LARGE and SMALL to Sort and Manipulate Data

data, and there is no requirement to have to place all of the original data set in order.
The SMALL function is analogous, returning the smallest values first. (Of course, if one
is interested only in the largest or smallest value, one can simply use MAX or MIN.)

The file Ch21.3.LARGE.SMALL.xlsx provides an example (see Figure 21.4). The
LARGE and SMALL functions are used to list the 11 largest and smallest items in a
data set of 100 items.

Example: RANK.EQ

The rank of an item within its data set is its ordered position; that is, the largest num-
ber has rank 1 (or the smallest does, depending on the preferred definition), the second
largest (or smallest) has rank 2, and so on. The ranking is closely linked to the LARGE
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B D E F G
1
2 Data Rank Order Descending Rank Order Ascending
3 1.59 29 =RANK.EQ(B3,B33:B5102) 72 =RANK.EQ(B3,B$3:B$102,1)
4 1.78 100 =RANK.EQ(B4,B53:85102) 1 =RANK.EQ(B4,B53:B5102,1)
5 13k 44 =RANK.EQ(B5,B53:B5102) 57 =RANK.EQ(B5,B$3:B5102,1)
6 1.56 30 =RANK.EQ(B6,B53:B5102) 71 =RANK.EQ(B6,B53:B5102,1)
7 0.59 68 =RANK.EQ(B7,B53:B5102) 33 =RANK.EQ(B7,B53:B5102,1)
8 -0.34 90 =RANK.EQ(B8,B33:B5102) 11 =RANK.EQ(B8,B$3:B$102,1)
9 1.03 50 =RANK.EQ(B9,B53:85102) 51 =RANK.EQ(B9,B53:B5102,1)
10 1.06 43 =RANK.EQ(B10,B53:B5102) 53 =RANK.EQ(B10,B53:B5102,1)

FIGURE 21.5 Examples of the RANK.EQ Function

and SMALL functions, essentially as inverse processes (e.g. the rank of a number is its
ordered position as if the data set were sorted, whereas the LARGE function returns
the actual number for a given ordered position).

The ranking of items is sometimes required in financial modelling, such as for
reporting on how important an item is. It is also required in calculation of rank (Spear-
man) correlation coefficients when analysing relationships between multiple data sets,
as discussed later in this chapter.

The file Ch21.4.RANKEQ.xlsx shows examples of the RANK.EQ function applied
to a data set of 100 unique values, showing both the cases where the optional param-
eter is omitted and where it is included (to provide the descending or ascending rank
order respectively) (see Figure 21.5). The legacy function RANK is also shown in the
file (but not in the screenshot).

Example: RANK.AVG

The file Ch21.5.RANKAVG.xlsx (see Figure 21.6) shows a data set containing dupli-
cate values (such as in cells BS and B16), so that there is a tied ranking. The RANK.EQ
function provides an equal rank for each tie and skips over the ordered position (e.g.
there is no item with rank of 4). The RANK.AVG value instead provides the average
value of the items (that is 3.5, as the average of 3 and 4 in this example).

Example: Calculating Percentiles

Another important statistic is the percentile (sometimes called centile). This shows — for
any assumed percentage figure — the x-value below which that percentage of outcomes
lie. For example, the 10th percentile (or P10) is the value below which 10% of the
outcomes lie, and the P90 would be the value below which 90% of occurrences lie.
Note that the minimum and maximum are the Oth and 100th percentile respectively.
Another important special case is the 50th percentile (P50), i.e. the point where 50%
of items are higher/lower than this value. This is known as the median.

Functions such as PERCENTILE, PERCENTILE.INC and PERCENTILE.EXC can
be used to calculate percentiles of data sets, depending on the Excel version used (with
the special cases PO, P100 and P50 also able to be captured through the MIN, MAX
and MEDIAN functions as an alternative).
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B C D E F
1
2 Data Rank Order Descending Rank Order Descending
3 1.59 1 =RANK.EQ(B3,B53:B516) 1 =RANK.AVG(B3,B53:B516)
4 -1.78 14 =RANK.EQ(B4,BS3:B516) 14 =RANK.AVG(B4,B53:B516)
5 1.12 3 =RANK.EQ(B5,B53:B516) 3.5 =RANK.AVG(B5,B53:B516)
6 1.56 2 =RANK.EQ(B6,B53:B516) 2 =RANK.AVG(B6,B53:B516)
7 0.59 11 =RANK.EQ(B7,BS3:B516) 11 =RANK.AVG(B7,B53:B516)
8 -0.34 13 =RANK.EQ(B8,BS53:B516) 13 =RANK.AVG(B8,B53:B516)
9 1.03 7 =RANK.EQ(B3,B53:B516) 7 =RANK.AVG(B9,B53:B516)
10 1.06 5 =RANK.EQ(B10,B53:B516) 5 =RANK.AVG(B10,B53:B516)
1 1.05 6 =RANK.EQ(B11,B53:B516) 6 =RANK.AVG(B11,B53:B516)
12 0.80 9 =RANK.EQ(B12,B53:B516) 9 =RANK.AVG(B12,B53:B516)
Tz 0.61 10 =RANK.EQ(B13,B53:B516) 10 =RANK.AVG(B13,B53:B516)
14 0.87 8 =RANK.EQ(B14,B53:B516) 8 =RANK.AVG(B14,B53:B516)
15 -0.22 12 =RANK.EQ(B15,B53:B516) 12 =RANK.AVG(B15,B53:B516)
16 112 3 =RANK.EQ(B16,B53:B516) 3.5 =RANK.AVG|B16,B53:B516)

FIGURE 21.6 RANK.EQ and RANK.AVG in the Case of Tied Items

Whereas these statistical properties are in theory generally clearly defined only for
continuous (infinite) data sets, in practice they would be applied in many contexts to
finite (discrete) data. In this regard, one needs to be careful to apply them correctly, as
well as understanding the results that are returned: the PERCENTILE-type functions
will generally need to interpolate between values to find an approximation to the true
figure (an implicit assumption is that the underlying process that produces the data is
a continuous one). For example, the value of PERCENTILE.INC({1,2,3,4,5},10%) is
returned as 1.4, and PERCENTILE.INC({1,2,3,4,5},20%) is returned as 1.8.

The file Ch21.6.PERCENTILES.xlsx shows some implementations of the PER-
CENTILE-type functions. Note that, whereas PERCENTILE.INC and the legacy
PERCENTILE functions can be applied with any percentage value (including 0% or
100%), the PERCENTILE.EXC function will only work where the input percentage
is between 1/7 and 1-1/n, where # is the number of points in the data set. Within this
range, its interpolation procedure may provide a more accurate estimate of the under-
lying percentile value; this can partly be seen from the file with respect to the P10
calculations (the right-hand side of the file shows the data in sorted order, using the
LARGE function, in order to see the more accurate value produced by PERCENTILE.
EXC) (see Figure 21.7). (Later in the chapter, we provide a further example of where
this latter function is also more accurate, although our general testing indicates that it
may not always be so.)

Example: PERCENTRANK-type Functions

The file Ch21.7.PERCENTRANK .xIsx (see Figure 21.8) contains examples of some
PERCENTRANK:-type functions; these calculate the percentage rank of a value in a
data set. The PERCENTRANK.INC (inclusive) function corresponds to the legacy
PERCENTRANK function, whereas the PERCENTRANK.EXC (exclusive) provides
a new set of calculations.
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A B C D E | F G H
I 4
2 | Data2
3 | 1.59 2.203 =PERCENTILE(B3:B102,90%) 1 3.302 =LARGE(B$3:B5102,5F3)
4 -1.78 2.203 =PERCENTILE.INC(B3:B8102,90%) 2 2.78 =LARGE(B53:B5102,5F4)
5 1.12 2.212 =PERCENTILE.EXC(B3:B102,90%) 3 2.66 =LARGE(B$3:B5102,5F5)
6 1.56 a 2.41 =LARGE(B$3:B5102,$F6)
7| 0.59 3.044 =PERCENTILE(B3:B102,99.5%) 5 2.40 =LARGE(BS$3:B5102,5F7)
8 -0.34 3.044 =PERCENTILE.INC(B3:B102,99.5%) 6 2.39 =LARGE(B$3:B$102,5F8)
9 | 1.03 #NUM! =PERCENTILE.EXC(B3:8102,99.5%) 7 2.39 =LARGE(B$3:B5102,5F3)
10 1.06 8 2.30 =LARGE(B$3:85102,5F10)
1] 1.05 3.302 =PERCENTILE(B3:B102,100%) 3 2.25 =LARGE(B$3:B5102,5F11)
12: 0.80 3.302 =PERCENTILE.INC(B3:B102,100%) 10 2.213 =LARGE(B%3:85102,5F12)
13 0.61 #NUM! =PERCENTILE.EXC(B3:B102,100%) 11 2.202 =LARGE(B%3:85102,5F13)
14| 0.87 12 2.10
15| -0.22 2,10

FIGURE 21.7 Use of the PERCENTILE-type and MEDIAN Functions

Al B [¢|D| E LF G H [
1
2 | |pata | |Rank Order Ascending PERCENTRANK.INC PERCENTRANK.EXC
3 1.59] | 72 =sRAMK.EQ{B3,B53:85102,1) | 72% sPERCENTRANK.INC(BS3:85102,B3) 71% sPERCENTRANK.EXC(BS3:85102,83)
4 -1.78 1 =RANK.EQB4,B53:85102,1) 0% =PERCENTRANK.INC[BS3:85102,B4) 1% =PERCENTRANK.EXC(B53:85102,B4)
5 1.12] | 57 =RANK.EQ{BS,B53:85102,1) | 57% =PERCENTRANK.INC[B$3:6$102,85) 56% =PERCENTRANK.EXC({BS3:85102,85)
6| 1.56 71 =RANK EQ[B6,B53:85102,1) | 71% —PERCENTRANK.INC[BS53:B5102,B6) F0% -PERCENTRANK.EXC|{B53:85102,86)
7| 0.59) 33 =RANKEQ[E7,BS3B5102,1) | 32% =PERCENTRANK.INC(B53:B5102,87) 33% =PERCENTRANK.EXC(B53:B5102,87)
8 | | -0.24] | 11 =RANK.EQ[BE,B53:B5102,1) | 10% =PERCENTRANK.INC(BS3:B5102,B8) 11% =PERCENTRANK.EXC|BS3:B5102,83)
9 1.03| | 51 =RANKEQ(BS,B53:B5102,1) | 51% =PERCENTRANK.INC(BS3:B5102,89) 50% =PERCENTRANK.EXC(BS3:85102,89)
10 1.06( | 53 =RANK.EQB10,8$3:B5102,1)| 53% =PERCENTRANK.INC(BS3:BS102,810) | 52% =PERCENTRANK.EXC(BS3:BS102,810)
11| 1.05] | 52 =RAMK.EQ{R11,853:85102,1)( 52% =PERCENTRANK.INC[B$3:B5102,B11) | 51% =PERCENTRANK.EXC{BS3:B5102,811)
12| 0.80] | 43 =RANK.EQ(E12,B53:85102,1)| 42% -PERCENTRANK.INC(E53:85102,812) | 43% -PERCENTRANK.EXC(BS3:85102,812)
13 0.61 35 =RANK.EQ[B13,B53:85102,1)| 34% =PERCENTRANK.INC[B53:B85102,813) 35% =PERCENTRANK.EXC|{B53:85102,813)

FIGURE 21.8 Examples of PERCENTRANK Functions

Note that, whereas the default settings for the RANK.EQ, RANK.AVG and RANK
functions are to show the descending rank order (i.e. when the optional parameter is
omitted), for the PERCENTRANK-type functions the implicit ranking is ascending.

PRACTICAL APPLICATIONS: SPREAD AND SHAPE

The spread and overall “shape” of the points are also key aspects of a data set, pro-
viding aggregate indications, rather than those associated with individual data points.
Some key measures associated with the shape include:

= FREQUENCY is an array function that counts the number of times that points
within a data set lie within each of a set of pre-defined ranges (or bins), i.e. the
frequency distribution.

= The symmetry of the data set. In Excel, SKEW.P (Excel 2013 onwards) calculates
the skewness of a full population of data, and SKEW estimates the skewness of
the population based on a sample (SKEW.S does not exist at the time of writing).
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The extent to which data points are within the tails (towards the minimum or
maximum extremes) versus being of a more central nature. KURT estimates
(excess) kurtosis of a population for a data set that represents a sample (KURT.P
and KURT.S do not exist at the time of writing).

Some key measures of the dispersion of points in a range include:

The total width of the range (the maximum value less the minimum value),
or the difference between two percentiles (P90 less P10). The MIN, MAX,
PERCENTILE-type and other related functions could be used in this respect (see
earlier in the chapter).
The standard deviation, or other measures of deviation, such as the semi-
deviation. At the time of writing, there are many functions related to the calcu-
lation of the standard deviation and the variance of data sets. However, there
is no function for the semi-deviation (see later in this chapter for calculation
methods, and also Chapter 33 for its implementation as a user-defined function
using VBA):
VAR.P (VARP in earlier versions) calculates the population variance of a set of
data, i.e. the average of the squares of the deviations of the points from the mean,
assuming that the data representing the entire population. Similarly, VAR.S (VAR
in earlier versions) estimates the population variance based on the assumption
that the data set represents a sample from the population (so that a correction
term for biases is required to be used within the formula).
STDEV.P (STDEVP in earlier versions) and STDEV.S (STDEV in earlier ver-
sions) calculate or estimate the standard deviations associated with the popula-
tion, based on population or sample data respectively. Such standard deviations
are the square root of the corresponding variances.
AVEDEYV calculates the average of the absolute deviations of data points from
their mean (the average deviation from the mean is of course zero).

Other related functions include:

VARPA, STDEVPA, VARA and STDEVA calculate the population and sample-based
statistics, including numbers, text and logical values in the calculations.

DEVSQ calculates the sum of squares of deviations from the mean for a data set.

STANDARDIZE calculates the number of deviations that the input value is from
an assumed figure, and with an assumed standardised deviation factor.

It is worthwhile noting that in most cases such functions assume that the data set
given is a listing of individual occurrences of a sample or population. Thus they do not
allow one to use explicitly any data on the frequency of occurrences. (An exception is
the use of SUMPRODUCT in which the frequency is one of the input fields.)

Example: Generating a Histogram of Returns Using FREQUENCY

FREQUENCY counts the number of data points that lie within each of a set of pre-
defined ranges (or bins). It can be used to create the data to produce a bar chart
(histogram) of the data set. Note that it is an array function that must be entered in a
vertical (not horizontal) range.
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[T= s AN A S ST e

A B 2 D E F G
Periad Returns xbins FREQUENCY == __--.IIIII-_ =

1 0| (=FREQUENCY(C3:C202,E3:E23})}
2 0| {=FREQUENCY([C3:C202,E3:E2

3 1| {=FREQUENCY[C3:C202,E3:E2

4 0| {=FREQUENCY(C3:C202,E3:E2

5 0| {=FREQUENCY(C3:C202,E3:E2

6 1|{=FREQUENCY[C3:C202,E3:E2

7 2|{=FREQUENCY[C3:C202,E3:E22)}
8 4| {=FREQUENCY[C3:C202,E3:E22)}
3 &|{=FREQUENCY[C3:C202,E3:E22)}
10 10| {=FREQUENCY[C2:C202,E2:E23)}
1 21| {=FREQUENCY[C2:C202,E2:E23)}
12 52| {=FREQUENCY[C3:C202,E2:E23)}
13 54| {=FREQUENCY[C2:C202,E2:E23)}
14 24| {=FREQUENCY[C2:C202,E2:E23)}
15 5 7|{=FREQUENCY[C3:C202,E3:E22)}
15 1.06% &|{=FREQUENCY[C3:C202,E3:E22)}
17 1613 1|{=FREQUENCY[C3:C202,E3:E22)}
18 -1.363 O (=FREQUENCY([C3:C202,E3:E23)}
13 0 1|{=FREQUENCY[C3:C202,E3:E2
20 0. O (=FREQUENCY([C3:C202,E3-E2
21 1.35% O (=FREQUENCY([C2:C202,E3:E23)}
2z 2.38%| |Infinity 0 {=FREQUENCY[C3:C202,E3:E23)}
23 -2.01%

FIGURE 21.9 Using the FREQUENCY Function

The file Ch21.9.FREQUENCY.xIsx shows an example in the context of returns

data for a market-quoted asset over several periods (see Figure 21.9). (Cell G2 also
contains the Sparkline form of a Column chart, created using Excel’s Sparklines options
within the main Insert menu.)

Note some additional points in relation to this function:

As an array function, the whole range which is to contain the function must be
selected (this range must be one cell larger than the bin range, because there could
be data points larger than the upper value of the largest bin).

The choice of the definition of the (width of) the bins will be important; if the
width is too wide, the histogram will not be sufficiently detailed, whereas if it is too
narrow, the histogram will look fragmented and perhaps multi-moded.

Since the function calculates the number of data points that lie between the
lower and upper bin values, one could instead create the same result using the
COUNTIFS function for each bin (with two criteria: one relating to the lower
bound of a particular bin and the other to its upper bound, with appropriate
adjustments for the first and last bins, which have no lower or upper bound
respectively). Histograms can also be created using variations of applications of
the PERCENTRANK functions, but often in practice there is little if any benefit
in doing so.

Figure 21.10 shows the use of the COUNTIFS function in the same context.
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H i, K L

Xbins COUNTIFS - __--IIIII--_ —

0| =CoUNTIFS[5C53:605202, "="&13)
0| COUNTIFS[SC53:505202, "=="&13,5C53:5C5202, "<="R 4]
1| =COUNTIFS(SC53:5C5202, "»="&4,5C53:5C5202, "<="R&I5)
0| =COUNTIFS[SCS2:505202, "="&15,5C52:5 05202, "«="R &)
0| =COUNTIFS[SCS3:505202, =="815,5C53:5C5202, "<="&IT)
1
2
4
g|

—COUNTIFS|5C53:505202, *="&I7,5C53:5C5202, "<="88)
~COUNTIFS[5C53:505202, "=="&18,5C53:5C5202, "<="815)
=COUNTIFS[SC53:505202, >="&19,5053:5C5202, "<="8110)
=COUNTIFS[SCS3:505202, ">="&110,5C53:505 202, "<="&111)
10| =COUNTIFS[SCS3:505202, "="&111,5C53:5C5202,"<="&112}
31| =CcOUNTIFS(SCS3:505202, "»="&112,5C53:5C5 202, "<="& 113}
52| =COUNTIFS[SCS3:5C5202, =" 113,5C53:5C5202, "«="8 |14}
54| =COUNTIFS[SCS3:505202, "»="5%114,5C53:5C5 202, "«="&I15)
24| <COUNTIFS[SCS2:505202, "»="&15,5C53:505 202, "+="&I16)
~COUNTIFS[{SCS3:5C5202, ">="& 116,5C53:C5 202, "<="&117]
=COUNTIFS{SCS3:5C5202, "»="&117,5C53:SC5 202, "<="& 118}
=COUNTIFS[SC53:505202, "»="&18,5C53:505202, "<="&113)
=COUNTIFS[SC53:505202, ">="&118,5C53:505 202, =="&120)
=COUNTIFS[SCS3:505202, =="&120,5C53:505202, "<="&121)
=COUNTIFS{SCS3:5C5202, ">="8121,5C53:5C5 202, "<="&122)
=COUNTIFS{SCS3:5C5202, "»="8122,$C53:5C5 202, "<="&123)
=COUNTIFS[SC53:505202, =="&123)
—

i

[~RE-RE-RICRI-RITRE-.]

Infinity

FIGURE 21.10 Use of COUNTIEFS as an Alternative to FREQUENCY

Example: Variance, Standard Deviation and Volatility

The standard deviation (o) provides a standardised measure of the range or spread. It
is a measure of the “average” deviation around the mean. All other things being equal,
a distribution that has standard deviation that is larger than that of another is more
spread (and has more uncertainty or risk) associated with it.

The standard deviation is calculated as the square root of the variance (V):

Vix) = zpi<xi - #)2

and

o = \/V = \IZPi(xi - ﬂ)z
Here
p=2px; = E(x)

where the p’s are the relative probability (or the frequency of occurrence) of the corre-
sponding x-values; u denotes the mean or mathematical expectation (Expected Value),
also given by E.

One can also write the equation for variance as:

V= E((x—p)*)
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or

V = E((x - E(x))*)

which can be expanded as:

or

So

V = E(x® — 2xE(x) + E(x)?)

This last equation is often the most computationally efficient way to calculate

the variance, as well as being convenient for deriving other related formulae. It
describes the variance as “the expectation of the squares minus the square of the
expectation”.

There are several other points worth noting:

The standard deviation measures the square root of the average of the squared
distances from the mean, which is not the same as the average deviation of the
(non-squared) distances; the squaring procedure involved in calculating stand-
ard deviations slightly emphasises values that are further from the mean more
than the absolute deviation does. Therefore, in some cases the absolute deviations
(as calculated by the AVEDEV function) may be more pertinent as a measure of
spread or risk.

The standard deviation has the same unit as measurement as the underlying data
(e.g. dollar or monetary values, time, space etc.), and so is often straightforward to
interpret in a physical or intuitive sense; the variance does not have this property
(e.g. in a monetary context, its unit would be dollar-squared).

As well as being a measure of risk, the standard deviation is one of the parameters
that define the Normal and Lognormal distributions (the other being the mean).
These distributions are very important in financial modelling, especially relating to
asset returns, stock prices and so on.

In many financial market contexts, the standard deviation of an asset’s returns (or
price changes) is thought of as a core measure of risk, and is often called volatility.
Other measures, such as value-at-risk, one-sided risk, semi-deviation and default
probabilities are also important, depending on the context.

Generally, one is dealing with only a sample of all possible values (i.e. a subset),

so that one may need to consider whether the standard deviation of the sample is rep-
resentative of the standard deviation of the whole population from which the sample
was drawn. In other words, any statistical measure of a sample can be considered as
an estimate of that of the underlying population (rather than the true figure); the data
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in the sample could have been produced by another underlying (population) processes
which has slightly different means or standard deviations. Thus, there are two issues
that may need consideration:

The calculation of an unbiased point estimate of the population parameters, when
the data is a sample.

The calculation of the range of possible values (confidence interval) for these
parameters (since the calculations based on sample data are only an estimate of
the true figure).

In this example, we show the calculations of the estimates of the variance and the

standard deviation, and the associated correction factors. The formulae for the confi-
dence intervals around the base estimates require the use of the inverse distributions of
the Student (T) distribution (for the mean), and of the Chi-squared distribution (for the
standard deviation), and so are covered later in the chapter.

For the calculation of the unbiased estimates:

The average of a sample is a non-biased estimate of that of the population.
The standard deviation of a sample is a slight underestimate of that of the population;

a multiplicative correction factor of |[_" _ (where 7 is the number of points

n-1
in the sample) is required in order to provide a non-biased estimate of the popula-
tion value. The function STDEV.S (or the legacy STDEV) calculate the estimated
population standard deviation from sample data, and have the correction factor
built in to the calculations. On the other hand, STDEV.P (or STDEVP) calculate
the standard deviation on the assumption that the data is the full population (so
that no correction terms are required).

The same approach is of course required when considering the variance (using
n

VAR.S or VAR.P), except that the correction factor is
root of this.

Other statistical measures (skewness and kurtosis, see later) also require correction
factors to be applied in order to create an unbiased estimate.

The file Ch21.9.VARIANCE.STDDEV.xlsx contains an example of the calcula-

, rather than the square
n—

tions of the variance and the standard deviation of a data set of 5 years of monthly
logarithmic returns for the S&P 500 index (see Figure 21.11).

=~ LM —=

A B C D E E G
Month Log Changes
S&P Item Value Formula
1 -1.4% Variance 0.0013 =VAR.S(C4.C63)
2 -2.2% Sqrt of Varance 3.58% =SQRT(F4)
3 1.4% Standard deviation 3.58% =STDEV.S(C4:C63)
4 1.3%

FIGURE 21.11 Variance and Standard Deviation of Returns Based on a Sample of Data
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A A| B (e D E F G
1|
2 | |Month Log Changes
3 | S&pP Item Value Formula
4 | 1 -1.4% Variance 0.0013 =VAR.S(C4:C63)
5 | 2 -22%| Sqrtof Variance 3.58% =SQRT(F4)
6 3 1.4% Standard deviation 3.58% =STDEV.S(C4:C63)
i, 4 1.3%
8 5 1.6% Based on Sample Representing the Whole Population:
9 | 6 31% Variance 0.0013 =VAR.P(C4:C63)
10 0 2.4% Standard deviation 3.55% =STDEV.P(C4.C63)
11| 8 2.1%| Ratios:
12 | 9 0.5% variance 1.0169 =F4/F9
13 10 0.0% Standard deviation 1.0084 =F6/F10
14 11 -3.1% Cross-check
15 | 12 1.2% Sample Size, N 60 =COUNT(C4:C63)
16 | 13 1.1% N/A(N-1) 1.0169 =F15/(F15-1)
17 | 14 0.0%|  SqQri(NA(N-1)) 1.0084 =SQRT(F16)

FIGURE 21.12 Reconciliation of Sample and Population Statistics

A B Lo 8] | E G
1
2
3 | Data Result |Formula
4 | -1.4% 0.001 =VAR.5{B4:B&3)
5 | -22% 3 5B% =S5TDEV 5({B4:B63)
6 | 1.4%
T 1.3% 0.0013 =VAR P(B4:B63)
8 | 1.6% 3.55% =5TDEV.P{B4:B63)
9 3.1%
10 | 2.4% 0.0755 =DEV5Q(B4:B63)
1| 2.1% 60 =COUNT(B4:B63)
2] 0.5% 0.0013 |=D10/D11
13 | 0.0% 3.55% =S0RT(D10/D11)
14 | -3.1%
15 | 1.2% 2 6% |=AVEDEV|B4:B63)

FIGURE 21.18 Examples of the DEVSQ and AVEDEV Functions

In Figure 21.12, we show a screen-clip from the same file, showing also the figures
that would apply if the sample instead represented the full population, as well as the
reconciliation calculations based on the sample size.

The file Ch21.10.DeviationsGeneral.xlsx shows examples of other functions
related to deviation, including the DEVSQ function (which totals the square of the
deviations from the mean, so is similar to VAR.P after dividing by the total sample
size, without the correction factor), as well as the AVEDEV function, which takes the
average of the absolute deviations from the mean (see Figure 21.13).
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Example: Skewness and Kurtosis

The coefficient of skewness (or simply skewness or skew) is a measure of the non-
symmetry (or asymmetry), defined as:

Zpi (x,' - ,u)3
o3

Coefficient of Skewness =

The numerator represents the average “cube of the distance from the mean”, and
the denominator is the cube of the standard deviation—, so that skewness is a non-
dimensional quantity (i.e. it is a numerical value, and does not have a unit, such as
dollars, time or space).

For population data, the SKEW.P function can be used. For sample data, this func-
tion would underestimate the skewness of the population; the appropriate multiplica-
tive correction factor to give a non-biased estimate of the population’s skewness is

nZ
(n-1)(n-2)
exists), which therefore gives the non-biased estimate based on a sample.

Although there are some general rules of thumb to interpret skew, a precise and
general interpretation is difficult because there can be exceptions in some cases. Gen-
eral principles include:

. This factor is built into the SKEW function (no SKEW.S function currently

A symmetric distribution will have a skewness of zero. This is always true, as each
value that is larger than the mean will have an exactly offsetting value below the
mean; their deviations around the mean will cancel out when raised to any odd
power, such as when cubing them.

A positive skew indicates that the tail is to the right-hand side. Broadly speaking,
when the skew is above about 0.3, the non-symmetry of the distribution is visually
evident when the data is displayed in a graphical (histogram or similar) format.

Kurtosis is calculated as the average fourth power of the distances from the mean
(divided by the fourth power of the standard deviation, resulting in a non-dimensional
quantity):

ZP,- (x,‘ B ,11)4

4
(o)

Kurtosis =

Kurtosis can be difficult to interpret, but in a sense it provides a test of the extent
to which a distribution is peaked in the central area, whilst simultaneously having
relatively fat tails. A normal distribution has a kurtosis of three; distributions whose
kurtosis is equal to, greater or less than three are known as mesokurtic, leptokurtic or
platykurtic respectively.

The Excel KURT function deducts three from the standard calculation to show
only “excess” kurtosis:

Excess Kurtosis =
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A B C D E |
1
2
3 Data Result Farmula
4 -1.4% -0.754 =SKEW.P(B4:B63)
5 -2.2% -0.773 =SKEW([B4:B&3)
B 1.4%
i 1.3% 1913 =KURT(B4:B63)
8

FIGURE 21.14 Examples of SKEW.S and KURT Functions

As for the standard deviation and the skewness, corrections are available to esti-
mate population kurtosis from a sample kurtosis in a non-biased way. However, these
are not built into Excel at the time of writing.

The file Ch21.11.Moments.xlsx shows examples of several of these functions
using the same set of data as the earlier example (5-year logarithmic returns for the
S&P 500 index) (see Figure 21.14).

Example: One-sided Volatility (Semi-deviation)

As covered earlier, the STDEV-type function can be used to calculate or estimate
standard deviations, and hence volatility. Such a measure is often appropriate as an
indication of general risk or variation, and indeed forms the basis of much of the
core standard theory and concepts in risk measurement and portfolio optimisation for
financial market applications.

On the other hand, the standard deviation represents the effect of deviations around
the average, whether these are favourable or unfavourable. In some risk calculations,
one may wish to focus only on the unfavourable outcomes (negative or downside risk),
and to not include favourable outcomes. An extreme case of such an approach is where
the risk measure used is that which is based only on the worst possible outcome. A
less extreme possibility is to use the semi-deviation; this is analogous to the standard
deviation, except that the only outcomes that are included in the calculation are those
which are unfavourable relative to the average.

At the time of writing, there is no Excel function to directly calculate the semi-
deviation of a data set. Therefore, there are three main alternative approaches:

Perform an explicit step-by-step calculation in a tabular range in Excel (i.e. calcu-
late the average of the data set, then sum the squared deviations of each value that
is either higher or lower than the average, count how many items are within each
category, and finally perform the square root calculation).

Use an array function to calculate the sum and count of the deviations above or
below the average (i.e. without having to calculate the corresponding value for
each individually data point explicitly).

Create a user-defined function which calculates the value directly from the data
(with all calculations occurring within the VBA code, and a parameter to indicate
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Al B |C ] E F G H
1
2 Data |Mean n.m|
3 AT
4 2.2% Deviations below Deviations above |Formula
5 i sum of squared deviations (array function 0.0 0.0{{=SUM(IF{B3:B12>5E52,(B3:B12-5E52)~2,0) ]}
& Count (array function) 4 6{{=SUM({IF{B3:B12>5£52,1,0))}
T Ratio 0.0 0.0|=F5/F6
3 3 square root [=Semi-dev) 1.98% 1.27%|=SQRT(F7)
a
10
11
12

FIGURE 21.15  Using an Array Formula to Calculate the Semi-deviation of a Data Set of Returns

whether the positive or negative deviations are to be included in the calculation).
As for many other user-defined functions, this approach can help to avoid having
to explicitly create tables of calculation formulae in the Excel sheet, allows a direct
reference from the data set to the associated statistic and allows for more rapid
adaptation of the formulae if the size of the data set changes.

The file Ch21.12.SemiDeviation.xlsx shows an example of both the explicit step-
by-step calculation and the use of an array formula. The screen-clip in Figure 21.15
shows the approach using the array formula; the reader can consult the Excel file for the
explicit calculation steps (the implementation of the user-defined function is covered in
Chapter 33).

Note that the classical definition of semi-deviation is based on the deviation
of the points from their mean (average). However, it is simple to generalise this, so
that the deviation is measured with respect to any other reference figure (such as a
minimum acceptable return), by using this figure within the calculations, in place
of the mean.

PRACTICAL APPLICATIONS: CO-RELATIONSHIPS AND DEPENDENCIES

In both data analysis and in modelling, it is important to explore what relationships
may exist between variables; an X-Y (or scatter) plot is a good starting point for such
analysis, as the visual inspection aids in the development of hypotheses about possible
relationships, such as:

No apparent relationship of any form, with points scattered randomly.

A general linear relationship but with some (as yet) unexplained (or random) var-
iation around this. Such a relationship could be of a positive nature (an increase
in the value of one variable is generally associated with an increase in the value of
the other) or of a negative one. Where a relationship appears to be of a fairly linear
nature, one may also choose to ask Excel to show a regression line, its equation
and associated statistics.

A more complex type of relationship, such as a U-curve, or one in which there are
apparent close links between the variables in part of the range, but a looser rela-
tionship in other parts of the range.
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Note that, when creating an X-Y scatter plot for exploratory purposes, there need not
(vet) be any notion of dependent or independent variables (even if typically a variable that
is considered more likely to be independent would be chosen to be placed on the x-axis).

Example: Scatter Plots (XY Charts) and Measuring Correlation

The file Ch21.13.Scatter. SLOPE.CORREL.xlsx shows an example of a scatter plot
(Figure 21.16); some associated statistics are placed on the chart by right-clicking on
any data point on the chart (to invoke the context-sensitive menu in Excel):

= The SLOPE and INTERCEPT functions are to calculate the slope of the regression
line (i.e. which should in principle be the same as the values shown by the equation

of the chart).

= The product or Pearson method is used to calculate the “linear” correlation, using
either (or both) of the CORREL or PEARSON functions. The RSQ function cal-
culates the square of these.

= The STDEV.S function calculates the standard deviation of each data set.

= The slope as implied by using the mathematical relationship between the correla-
tion coefficients and the standard deviation. That is:

O
Slope = 222
O

x

Of course, the slope of a line also describes the amount by which the y-value would
move if the x-value changes by one unit. Therefore, the above equation shows that if
the x-value is changed by o, then the y-value would change by an amount equal to p,_o,.

A A B C D F G H

1

2 Month Log Changes

3 S&F Kennamatal Hem Cabculation Formula

4 1 0 Siope 0.9503 =SLOPE(D4-063,C4:C63)

3 2 Infercept 0.0037 =INTERCEPT(D4:DG3.C4:C53)
6 3

7 4 CORREL (between S3P, Kennametal rel 0.545 =CORREL{C4:CE3 D4.DE3)
8 5 PEARSON 0.545 =PEARSON(CS4:C363,D54:0383)
9 B R-Squared 0.297 =RSQ(CS54:C563,054.0963)
10 T Square of CORREL or PEARSON 0.297 =GT*2
1 8
12 9 STDEV (for S8F monthly retumns) 3.58% =5STDEV.S(C4:053)

13 10 STDEV (for Kennametal monthly returna 6.23% =STDEW 5(D4-D63)

14 1 Iimplied Siope 0.9503 =GTG13/G12
15 12 15.0
16 13 .?®
17 14 s * @
18 15 y =0.9503x + 0.0037 10.0% - o*
19 16 R?=0.2973
20 17
21 18
22 19

23] 20 15,0 10.0

24 21 5 .
235 22 0.0

26 s 0
27 24 2.0

28 % il

Sheetl +

FIGURE 21.16  Using Scatter Plots and the Relationship Between Slope and Correlation
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Example: More on Correlation Coefficients and Rank Correlation

The above example showed the use of the CORREL and PEARSON functions to calcu-
late the (linear, product or PEARSON) correlation between variables. In mathematical
terms, this (p) is defined as:

_ Z(x-u)ly-n)
\/Z(x—ux YE(y-n)

p

where x and y represent the individual values of the respective data set, and u_repre-
sents the average (mean or expected value) of the data set X (and similarly y for the Y
data set).

From the formula, we can see that:

The correlation between any two data sets can be calculated if each set has the
same number of points.

The coefficient is a non-dimensional quantity that lies between -1 and 1 (and is
usually expressed as a percentage between -100% and 100%).

Correlation captures the simultaneous movement of each variable relative to its
own mean, i.e. it measures the co-relationship between two processes in the sense
of whether, when observed simultaneously, they each tend to take values that are
both above or both below their own means, or whether there is no relationship
between the occurrence of such relative values: by considering the numerator in
the above formula, it is clear that a single value, x, and its counterpart, y, will
contribute positively to the correlation calculation when the two values are either
both above or both below their respective means (so that the numerator is positive,
being either the product of two positive or of two negative figures).

The correlation coefficient would be unchanged if a constant were added to
each item in one of the data sets, since the effect of such a constant would be
removed during the calculations (as the mean of each data set is subtracted from
each value).

The correlation coefficient would be unchanged if each item in a data set were
multiplied by a constant (since the effect of doing so would be equal in the numer-
ator and the denominator).

From a modelling perspective, the existence of a (statistically significant) correla-
tion coefficient does not imply any direct dependency between the items (in the sense
of a directionality or causality of one to the other). Rather, the variation in each item
may be driven by a factor that is not explicit or known, but which causes each item to
vary, so that they appear to vary together. For example, a correlation would be shown
between the change in the market value of two oil-derived end products; the cost of
producing each would partly be determined by the oil price, but there will also be some
other independent cost components, as well as other factors (beyond cost items) that
affect the market price of each.

Further, a measured coefficient is generally subject to high statistical error, and so
may be statistically insignificant or volatile; quite large data sets are required to reduce
such error.
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Although the correlation measurement used above (i.e. the linear, product or Pear-
son method, using CORREL or PEARSON) is the most common for general purposes,
there are several other ways to define possible measures of correlation:

The rank or Spearman method (sometimes called “non-linear” correlation), which
involves replacing each value by an integer representing its position (or rank)
within its own data set (i.e. when listed in ascending or descending order), and
calculating the linear correlation of this set of integers. Note that this measure
of correlation represents a less stringent relationship between the variables. For
example, two variables whose scatter plot shows a generally increasing trend that
is not a perfect straight line can have a rank correlation which is 100%. (This
looser definition allows for additional flexibility in applications such as the crea-
tion and sampling of correlated multivariate distributions when using simulation
techniques.) At the time of writing there is no direct Excel function to calculate a
rank (Spearman) correlation; this can be done either using explicit individual steps,
or an array formula or a VBA user-defined function.

The Kendall tau coefficient. This uses the ranks of the data points, and is calculated
by deriving the number of pair ranks that are concordant. That is, two points (each
with an x—y co-ordinate) are considered concordant if the difference in rank of their
x-values is of the same sign as the difference in rank of their y-values. Note that
the calculation requires one to compare the rank of each point with that of every
other point. The number of operations is therefore proportional to the square of the
number of points. By contrast, for the Pearson and the rank correlation methods,
the number of operations scales linearly with the number of data points, since only
the deviation of each point from the mean of its own data set requires calculation.

The file Ch21.14.RankCorrel& ArrayFormula.xlsx shows an example of the calcula-
tion of the rank correlation between two data sets. Figure 21.17 shows the explicit calcula-
tion in Excel, which first involves calculation ranks of the values (Columns F and G shows
the ranks, calculated from the raw data in Columns B and C), before the CORREL function
is applied (cell G14). Further, the array formula in Cell C16 shows how the same calculation
can be created directly from the raw data without explicitly calculating the ranked values:

C16 = {CORREL(RANK.AVG(B3 : B12,B$3: B$12,1), RANK.AVG
(C3:C12,C$3: C$12,1)))

A B C D E F G H
1 Explicit Calculation Steps
7| K v [Rex RIY)
3 0.059 0.084 1 3| =RANKAVE(C3,C53:C512,1)
4 0.338 0.081 7 1| =RANK AVG(C4.CE3.C512.1)
-] 0,165 0.072 3 2|=RANKANGICS, CECE12,1)
6 0.226 0.206 4 6| =RANK AVG(CS,C53.C512.1)
7 0.266 0.095 5 4| =RANKAVGICT C53C512.1)
8 0.095 0.153 2 S| =RANK_AVG(CS,C53:C512,1)
9 0.530 0384 10 10] =RANK AVGICH,C53.C512.1)
10 0.445 0.281 ] T|=RANKAVGIC10,C53.0512,1)
11 0.500 0.338 9 B|=RANKAVG(C11,C53:C512.1)
12 0.318 0.335 g S)=RANK.AVGIC12,.CE3CE12.1)
13
14 Correl of Data Td% =CORRELBIB12.C3:C12) 0%
15
16|  Coerel of Ranked Data B0% {=CORREL(RANK AVG(B2:B12.B53:8512, 1) RANK AVG(C3:C12.C53:C512,1)))

FIGURE 21.17  Calculation of Ranked Correlation Using Explicit Steps and an Array Formula
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Example: Measuring Co-variances

The co-variance between two data sets is closely related to the correlation between them:
Covar(X, Y)=X(x — u)(y — p,).
Or
Covar(X, Y) = po,o,

It is clear from these formulae (and from those relating to the standard devia-
tions) that:

A scaling (or weighting) of all of the points in one of the data sets will result in a
new data set whose covariance scales in the same way:

Covar(wX, Y) = pwo, o,

The co-variance of a process with itself is simply the same as the variance (since
the correlation is 100%):

Covar(X, X)=0,0, =V(x)

The function COVARIANCE.S (COVAR in earlier versions) calculates the sample
covariance (i.e. an estimate of the population covariance, assuming that the data pro-
vided is only a sample of the population), and COVARIANCE.P calculates the popula-
tion covariance of two data sets which represent the full population.

The file Ch21.15.CORREL.COVAR .xIsx shows examples of these functions and
the reconciliation between the direct use of the COVARIANCE.S function and the
indirect calculation of covariance from the correlation coefficient and the standard
deviations (see Figure 21.18).

Example: Covariance Matrices, Portfolio Volatility and Volatility
Time Scaling

Where there are data on more than two variables, a full correlation matrix may be
calculated. Each element of this is simply the correlation between the variables that
correspond to the row and column of the matrix (i.e. Row 1 of the matrix relates to the

A B C o E F G H
1
2 Morth Log Changes
3 S&P Kennametal Hem Calculation Formula
4 1 4% -0.93 Covariance (formula) 0.00122 =COVARIANCE S(C34:C563 D34.0583)
S 2 2.2 Covarancs (formula) 0.00120 =COVARIANCE P{CS4:C553 DS4:D363)
[ 3
T 4 3% 3 CORREL (between S&P, Kennametal rel 10.545 =CORREL(C4:C63,04:063)
8 5 1.6% 1.0% STOEV {for S&F monthly returns 3.58% =STDEW 5{C4.C83)
L] B 3 1% 8.56% ETOEV { for Kennametal manthly returns B.23% «STDEV S(04:D63)
10 7 2.4% 7.2% Covarance (mphed) 0.00122 »GTGEGH
11 B8 218 1.0%
12 ]
172 in

FIGURE 21.18 Calculation of the Covariance Between Two Data Sets Using Various Functions
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first variable, as does Column 1 etc.) It is clear (and directly visible from the formula
that defines the correlation coefficient) that:

The diagonal elements of a correlation matrix are equal to one (or 100%), since
each item is perfectly correlated with itself.

The matrix is symmetric: the X and Y data sets have the same role and can be
interchanged with each other without changing the calculated coefficient.

Similarly, one could create a covariance matrix, in which every element is equiva-
lent to the corresponding correlation multiplied by the associated standard deviations
of the variables.

A particularly important application of correlation and covariance matrices is in
portfolio analysis. In particular, a portfolio made up of two assets of equal volatility
will be less volatile than a “portfolio” of the same total value that consists of only one
of the assets (unless the assets are perfectly correlated). This is simply because out-
comes will arise in which one asset takes a higher value whilst the other takes a lower
value (or vice versa), thus creating a centring (diversification) effect when the values are
added together. The lower the correlation between the assets, the stronger is this effect.

Note that if a variable, X, is the sum of other (fundamental or underlying) pro-
cesses (or assets):

X=Y +...+Y,

then

V(X)= 23 CoulY, Y,

i=1 j=1

where Cov represents (the definition of) the covariance between the Y’s. That is, the
variance of the portfolio is the sum of all of the covariances between the processes.

Therefore, where a portfolio is composed from a weighted set of underlying pro-
cesses (or assets):

X=wY +...+w)Y,

then

V(x) = 33 Covlw,, Y,
SO

V()= 3> waw,Couly,, ¥,)

i=1 j=1

In practical terms, when calculating the variance (or standard deviation) of the
returns of a portfolio, one may be provided with data on the returns of the underlying
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A BC D E F G H 1 J K |L M N
1
2 Warlance of Returms Welghts [FROM UNDERLYING ASSETS WITH WERGHTING|
3 Aaset ] Aadel 2 Maset ) adtt ] nsietd masetd | [Werissce
4 000176 0.00140 0.00151] VAR, HFEF 107} 0% W10 0.0008B] f= M LILT{ 12K, MMLILT{L8:K10, TRANSPOSE | 6:a )]
5
i} Returns Per Period
7 Abit 1 Asiiel 3 Aaset ) COVARMAMCES  [Adiel 1 Miidd hiset )
8 134K 4.7 o Asuet 1 QL0017 0.00053 0.00017| =COVARIANCE S{F3:F207,08:0207)
] At 2 0.000%3 0.00140 0,00084] =00VARIAMCE SFE:F207,E8:E207)
10 navet 3 0.00017 0.00048 0.00151] =COVARIANCE S{FE:F207FEF207)

FIGURE 21.19 Portfolio Volatility Calculation Based on Data for Underlying Assets

components, not the weighted ones. For example, when holding a portfolio of several
individual stocks in different proportions (e.g. a mixture of Vodafone, Apple, Amazon,
Exxon, . . .), the returns data provided directly by data feeds will relate to the individ-
ual stocks. Therefore, depending on the circumstances, it may be convenient to use one
or other of the above formulae.

The file Ch21.16.COVAR.PORTFOLIO.xlsx contains an example of each
approach. A data set of the returns for three underlying assets is contained in Columns
D:F. Figure 21.19 shows the calculations in which the returns data is taken from the
underlying assets, and using portfolio weights explicitly in the (array) formula for the
variance (cell M4):

M4 = MMULT(I4 : K4, MMULT(IS : K10, TRANSPOSE(14 : K4)))

On the other hand, Figure 21.20 shows the calculation in which returns for the
weighted assets (i.e. actual portfolio composition) are calculated, so that the variance
(cell U4) is simply the sum of the elements of the corresponding covariance matrix:

U4 =SUM(V8: X10)

Note that, where the co-variance between the processes is zero (as would be the case
for independent processes in theory for large data sets), then the variance of their sum
is equal to the sum of the variances (i.e. to the sum of the co-variance of each process
with itself). Thus, in the special case of a time series in which returns in each period are
independent of those in other periods, the variance of the total return will be the sum of
the variances of the returns in the individual periods. If these variances are constant over

4d4A B C D E F Gj O P Q R 5 T u v w X ¥ s As Al
1

2 Wariance of Returns eights [FroM AcTUAL PoRTFOLIO DATA

3 Asset 1 Asset) Asset 3 Asset 1 Assel 2 Assed 3 Portiolo %
4 CLO0L76 0.00140 0.00151f =WiR, 08 B e 0,00088] = ViR, ‘,|§3'. 0 =5UMIVE:X10]
3
i} Biturns Per Period Bétuins Per Perod
T (L ALY am— AN N [ e EELTU Ametl Ametd Amet 3
] 1 1.04% 4.7 05| 065% 287%  1.23%|=084%F8 4.7%[=5UMDE:QAsmet 1 |0.00007 0.00006 0.00001|=COVARIANCE, ${08:Q207,08:0207)
9 2 Q.09 221 1.6 3.8% (At 2 | O\OO00S (.00050 000005 =COVARIANCE, {0820 207, PEPXT)
10 3 QeEM  3.31% 1.43%) 5.4 Agset 3 | 000001 0.00005 D, 00006 =COVARIANCE, HO8:0007,08-:0207)
11 4 0.32% -1.35% 0.29% 5%
12 5 OLEEM 225 D548 4%
13 4.00 L9TH 4855 0.80% 0.58% 0.58% 2.4%

FIGURE 21.20 Portfolio Volatility Calculation Based on Data for Weighted Assets
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time (i.e. the same in each period), the total variance of return will therefore increase
linearly with time, so that the standard deviation will scale with the square root of time:

o) — T

where o is the standard deviation of the individual periodic return and o, that for T
periods. One can use this to convert between annual, monthly or daily volatilities. (Such
simple conversion methods do not apply if the semi-deviation is used as a risk measure.)

PRACTICAL APPLICATIONS: PROBABILITY DISTRIBUTIONS

The use of frequency (probability) distributions is essentially a way of summarising the
full set of possible values for an uncertain (random or risky) process by showing the
relative likelihood (or weighting) of each value. It is important to correctly distinguish
the values of a process (x-axis) and the likelihood (or cumulative likelihood) associated
with each value (y-axis). Thus, there are two distinct function types:

“X-to-P” processes, in which, from a given input value, one determines the proba-
bility that a value less (or more) than this would occur (or the relative probability
that the precise value would occur). Functions such as NORM.DIST (NORMDIST
prior to Excel 2010) are of this form.

“P-to-X” processes, in which the probability is an input, and one wishes to find
the corresponding (percentile) value associated with that percentage. This is the
same as inverting the frequency distribution. In Excel, functions such as NORM.
INV (or NORMINYV) are of this form. The main application areas are ran-
dom sampling, hypothesis testing and the calculation confidence intervals. (The
PERCENTILE-type functions are analogous, but are applied to data sets of indi-
vidual or sample points, not to distribution functions.)

In this section, we provide some examples of the use of some of these distributions
(a detailed presentation is beyond the scope of this text; the author’s Business Risk and
Simulation Modelling in Practice provides a detailed analysis of approximately 20 key
distributions that are either directly available, or can be readily created, in Excel).
Excel’s X-to-P (or standard definition) distribution functions include:

BETA.DIST calculates the beta distribution in density or cumulative form (BETA-
DIST in earlier versions provided only the cumulative form).

BINOM.DIST (BINOMDIST in earlier versions) calculates the density or cumu-
lative form of the binomial distribution; BINOM.DIST.RANGE (Excel 2013
onwards) calculates the probability of a specified range of outcomes.
CHISQ.DIST.RT calculates the right-hand one-tailed probability of the Chi-
squared distribution, in either density or cumulative form (CHIDIST in earlier
versions calculated only the cumulative form). Similarly, CHISQ.DIST calculates
its left-hand one-tailed probability.

EXPON.DIST (EXPONDIST in earlier versions) calculates the density or cumula-
tive probability for the exponential distribution.

EDIST.RT calculates the right-hand tail form of the F distribution in density or
cumulative form (FDIST in earlier versions calculated only the cumulative form).
Similarly, EDIST calculates the left tailed form.
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GAMMA.DIST (GAMMADIST in earlier versions) calculates the gamma distribu-
tion in either cumulative or density form.

HYPGEOM.DIST calculates the probabilities for the hypergeometric distribution
in either density or cumulative form (HYPGEOMDIST in earlier versions calcu-
lated only the cumulative probability associated with a value).

LOGNORM.DIST calculates the density or cumulative probability for Lognormal
distribution based on a logarithmic parameterisation (LOGNORMDIST in earlier
versions calculated only the cumulative probability).

NEGBINOM.DIST calculates the probabilities for a negative binomial distribu-
tion in density or cumulative form (NEGBINOMDIST in earlier versions calcu-
lates only the cumulative probability).

NORM.DIST and NORM.S.DIST (NORMDIST and NORMSDIST in earlier
versions) calculate the general and the standard normal cumulative distribution
respectively. PHI (Excel 2013 onwards) calculates the value of the density for a
standard normal distribution GAUSS (Excel 2013 onwards) calculates 0.5 less
than the standard normal cumulative distribution.

POISSON.DIST (POISSON in earlier versions) calculates the density or cumula-
tive form of the Poisson distribution.

PROB uses a discrete set of values and associated probabilities to calculate the
probability that a given value lies between a specified lower and upper limit (i.e.
within the range specified by these bounds).

T.DIST.2T (TDIST in earlier versions) calculates the two-tailed probability for the
Student (T) distribution. Similarly, TDIST.RT calculates the right-hand tail proba-
bility, and T.DIST calculates the left-hand probability.

WEIBULL.DIST (WEIBULL in earlier versions) calculates the density and cumu-
lative forms of the probability of a value associated with a Weibull distribution.

Excel’s P-to-X (inverse or percentile) distribution functions that are directly
available are:

BINOM.INV (prior to Excel 2007, there is no equivalent function, i.e.
“BINOMINV” did not exist but a similar function CRITBINOM was available).

NORM.INV (or NORMINV) for general Normal distributions and NORM.S.INV
or NORMSINYV for the standard Normal distribution (with mean of 0 and stand-
ard deviation of 1).

LOGNORM.INV (or LOGINV) calculates the inverse of the Lognormal cumu-
lative distribution (based on logarithmic parameters, not the natural parameters).
BETA.INV (or BETAINV) for the Beta distribution.

GAMMA.INV (or GAMMAINV) for the Gamma distribution.

T.INV.2T (TINV in earlier versions) calculates the inverse of the two-tailed T
(Student) distribution. T.INV returns the left-tailed (note the syntax modification
between versions).

CHISQ.INV.RT (CHIINV in earlier versions) calculates the inverse of the right-tail
for the Chi-squared distribution. CHISQ.INV calculates the inverse of the left-tail
(once again, note the syntax modification).

EINV.RT (FINV in earlier versions) calculates the inverse of the right-tail of the
F-distribution. EINV returns the inverse of the left-tailed distribution (note the
syntax modification).
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Example: Likelihood of a Given Number of Successes of an 0il
Exploration Process

A Bernoulli process (or distribution) is one in which there are only two possible out-
comes of a trial that is conducted once (often characterised as either success/failure,
or heads/tails, or 0/1). A binomial process is a generalisation, in which there may be
multiple trials, each of which is independent to others, and each of which has the same
probability of occurrence. Examples of binomial processes include multiple tosses of a
coin, the conducting of a sequence of oil drilling activities in separate geological areas
(where each drill may succeed or fail), and so on.
In such contexts, one may ask questions such as:

= What is the likelihood that there will be exactly three successes?

= What is the likelihood that there will be zero, one, two or three successes (i.e.
three or less)?

= What is the likelihood that the number of successes would be between 2 and 5?

The file Ch21.17.BINOMDISTRANGE.xIsx contains examples of the BINOM.
DIST and the BINOM.DIST.RANGE functions to answer such questions (see a
separate worksheet for each function in the file), with screen-clips of each shown in
Figure 21.21 and Figure 21.22. Note that the BINOM.DIST.RANGE function is more
general, as it can produce both the density form equivalent (by setting the two number
arguments to be equal) or the cumulative form (by setting the lower number argument
to zero) or a range form (by appropriately choosing the lower and upper number argu-
ments). Note also that the order of the required parameters is not the same for the two
functions.

A B C D |
1
2 Binom.Dist Density Binom.Dist Cumulative
3 Number_s {number of successes) 3 3
4 Trials (number of trials) 10 10
il |Probability s (probability of success)  |SEeeR 0% s a0
6 Cumulative 1
7 Result 26.7% 65.0%
&8 Formulae in row 7 =BINOM.DIST(C3,C4,C5,C6) =BINOM.DIST(D3,D4,0D5,06)

FIGURE 21.21 Use of the BINOM.DIST Function in Density and Cumulative Form

A A B C (1] E

1

2 |Binom.Dist.Range Single Point Binom.Dist.Range Range from Lower |Binom.Dist.Range with Range

3 Trials ([number of trials) 10 [
4 Probability_s {probability of success) 3k 30% 30%
5 Number s (numberofsuccesses) | | i s P e 2
& MNumber_s2 [upper number of successes) 3 3 5
T Result 26.7% 65.0%) 80,35
] Formulae inrow 7 =BINOM.DIST. RANGE[C2,04,C5,06) =BINOM.DIST.RANGE[D3,04,05,06)  =BINOM.DIST. RANGE(E3,E4,E5 E6)

FIGURE 21.22 Use of the BINOM.DIST.RANGE Function in Density, Cumulative and
Range Form
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Example: Frequency of Outcomes Within One or Two Standard Deviations

The function NORM.S.DIST can be used to calculate both the density and cumulative
form of the standard normal distribution (with mean equal to zero and standard devi-
ation equal to one), by appropriately using the optional parameter (argument).

The file Ch21.18.NormalRanges.xIsx shows the use of the function to calculate
the density curve and the cumulative probabilities for a range of values. By subtract-
ing the cumulative probability of the point that is one standard deviation larger than
the mean from the cumulative probability of the point that is one standard deviation
below the mean, one can see (Cell E19) that approximately 68.27% of outcomes for a
normal distribution are within the range that is one standard deviation on either side
of the mean. Similarly, approximately 95.45% of outcomes are within a range that is
either side of the mean by two standard deviations (Cell E23) (see Figure 21.23).

Example: Creating Random Samples from Probability Distributions

The P-to-X or inverse (percentile) functions can be used to create random samples from
any distribution for which the inverse function is available. Essentially, one uses random
samples drawn from a standard uniform random process (i.e. a continuous range
between zero and one) to define percentages, which are then used to calculate the corre-
sponding percentile values. Because the percentages are chosen uniformly, the resulting
percentile values will occur with the correct frequency.

The file Ch21.19.NORMSINV.Sample.xlsx shows an example in which Excel’s
RAND() function is used to generate a random percentage probability, and the

A B c ] E F G M 1 1 K L M
1
2 X-Value Density Cumulative Prob
3 -3.00 0.004 0.13% Standard Normal Distribution
4 275 0009 0.30% ;
5 250  0.018 0.62% s
6 -2.35 0.032 1237% 90%
7 -2.00 0.054 2.28% 808
8 175 0086 401% e
9 150 0.130 6.68% -
10 1.25 0.183 10.56% ki
1 0.242 15.87% =NORM.S.DIST(B11,1) so%
12 075 0301 22.66% ac%%
13 050 0352 30.85% =
14 025 0387 40.13% '
15 0.00 039 50,00% ok
16 025 0387 59.87% 168
17 050 0352 69.15% o
18 075 0301 77.34% 50«25 20 -1% <10 05 0.0 05 10 15 20 25 3
19 100 0242 84.13%[ 68.27%|-D19-D11 LTI Im—
20 125 0183 £9.44%
21 150  0.130 93.32%
22 175 0086 95.59%
23 200  0.054 97.72%  95.45% =D23-D7
24| 225 0032 98.76%

FIGURE 21.23 The Normal Distribution and the Frequency of Outcomes in Ranges
Around the Mean
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A B C ] E
1
2 Item Result Formulae
3 Random Percentage 85.6% =RAND()
4 Random Sample 1.06 =NORM.5.INV(C3)

FIGURE 21.24 Generating of Random Samples from a Standard Normal Distribution

NORM.S.INV function is used to find the value of a standard normal distribution
corresponding to that cumulative probability (see Figure 21.24).

The standard normal distribution has a mean of zero and standard deviation
of one; the generation of samples from other normal distributions can be achieved
either by multiplying the sample from a standard normal distribution by the desired
standard deviation and adding the mean, or by applying the same inversion process
to the function NORM.INV (which uses the mean and standard deviation as its
parameters).

Example: User-defined Inverse Functions for Random Sampling

The inverse functions provided in Excel (such as NORM.S.INV) are generally those for
which the inverse process cannot be written as a simple analytic formula. For many dis-
tributions, the inversion process can in fact be performed analytically (which is perhaps
one reason why Excel does not provide them as separate functions): to do so involves
equating the value of P to the mathematical expression that defines the cumulative
probability of any point x, and solving this equation for x in terms of P.

For example, the Weibull distribution is most often used to describe probability
for the time to (first) occurrence of a process in continuous time, where the intensity of
occurrence may not be constant. It has two parameters a and 8, with f acting as a scale
parameter. The density function is (for x > 0):

and the cumulative function is:

Flx)=1- e_(%j

By replacing the left-hand side of this latter equation with a particular probability
value, P, and solving for x, we have:

=o{(it))

so that the right-hand side is the inverse (P-to-X, or percentile) function.
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A B £ D
1
2 ltem Result Formulae
3 Random Percentage 19.9% =RAND()
4
5 Alpha 2
6 Beta A
T/ Random Sample 0.94 =C6*(LN(1/(1-C3))~{1/c5))

FIGURE 21.25 Generation of Random Samples from a Weibull Distribution

A B C D
1
2
3 CRITBINOM (legacy)  |BINOM.INV
4 Trials (number of trials) 10 10
5 Probability_s (probability of success) 30% 30%
7] Alpha 65.0% 65.0%
T Result 3
8 Formula in row 7 =CRITBINOM|C4,C5,C6) =BINOM.INV/(D4,D5,D6)

FIGURE 21.26 Inverse Function for a Binomial Process

The file Ch21.20.Weibull.Sample.xlsx shows an example of creating a random
sample of a Weibull distribution (see Figure 21.25). (Within the file, one can also see a
graphical representation of the cumulative Weibull distribution, formed by evaluating
the formula for each of several (fixed) percentages.)

Example: Values Associated with Probabilities for a Binomial Process

A similar inversion process applies to discrete distributions (such as binomial) as it
does to continuous ones, although in some cases an iterative search process must be
used in order to find the appropriate value associated with a cumulated probability.

The file Ch21.21.BinomiallnverseDists.xlsx shows an example of the BINOM.
INV function, as well as the legacy CRITBINOM function to determine the number of
outcomes associated with a cumulated probability. Figure 21.26 shows a screen-clip,
from which one can see that, with a probability of (approximately) 65%, the number
of successes would be three or less.

Example: Confidence Intervals for the Mean Using Student (T) and
Normal Distributions

In an earlier section, we noted that the statistics calculated from a data set (such as
its average and standard deviation) provide an estimate of the true (but unknown)
figures of the distribution that generated the data (in other words, the distribution of
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the whole population). However, a distribution with a different average could also
have generated the same data set, although this becomes less likely if the average of
this second distribution differs significantly from the average of the data set. We also
noted that the average (or mean) of a sample provides a non-biased estimate of the true
mean (i.e. is an unbiased estimate, albeit nevertheless subject to uncertainty), whereas
the standard deviation of a sample needs to have a correction factor applied in order
to provide a non-biased (but also uncertain) estimate of the true population standard
deviation.

In fact, the range of possible values (or confidence interval) of the population mean
is given by:

US
U, it
n

where ¢ is the value of the T-distribution corresponding to a desired confidence percent-
age (in other words, after selecting the percentage, one needs to find the corresponding
value of the inverse distribution) and ¢ is the unbiased (corrected) standard deviation
as measured from the sample. In other words, whilst one can be (100%) sure that the
true mean is between —o and oo, such information is not very useful for practical pur-
poses. Rather, in order to be able to meaningfully determine a feasible range, one needs
to specify a confidence level: for 95% confidence, one would determine the half-width
of the corresponding T-distribution so that 95% of the area is either side of the sample
mean (or 2.5% in each tail). The standard T-distribution is a symmetric distribution
centred at zero, which has a single parameter, v, known as the number of degrees of
freedom (which in this case is equal to the sample size less 1). Its standard deviation is

N 4 5> and hence is larger than 1, but very close to 1 when v is large (in which case the

Vv —

T-distribution very closely resembles a standard normal distribution; for large sample
sizes, the Normal distribution is often used in place of the T-distribution).

Note that, when using Excel functions for the T-distribution, one should take care
as to which version is being used: whereas T.INV returns the #-value associated with
the cumulated probability (i.e. only on the left tail of the distribution), the legacy func-
tion TINV returns the value associated with the probability accumulating on both the
left- and right-hand tails, as well as having a sign reversal. Thus, TINV(10%) would
provide the #-value for the case where 5% of outcomes are excluded on each side
of the tail, whereas this would correspond to T.INV(5%), in addition to the change
of sign. In fact, the legacy TINV function corresponds to the more recent TINV.2T
function. Thus, a confidence level of (say) 95% means that 5% is excluded in total, or
2.5% from each tail. Therefore, one may use either T.INV after dividing the exclusion
probability by 2, or use T.INV.2T directly applied to the exclusion probability, as well
as ensuring that the signs are appropriately dealt with.

The file Ch21.22. TINV.Dists.xlsx shows examples of these, calculated at various
probability values (see Figure 21.27).

The file Ch21.23.Conflnterval.Mean.xlsx contains an example of these functions
in determining the confidence interval for the mean of a sample of data. Note that
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A B C D E
1
2 Degrees of freedom
3 999
4
5 Cumulated Probabilty |TINV(p) [TINV{p) |TJINT.2T
& 5% -1 646 1962 1962
¥ 10% -1.282 1 646 1 646
8 15% -1 057 1441 1441
9 20% -0.842 1282 1282
10 25% -0.675 1151 1.151
11 -0.525 1.037 1.037
12 -0.385 0935 0935
13 -0.253 0.842 0.842
14 -0.126 0.756) 0.756)
15 0.000 0675 0675
16 0126 0598 0598
17 0253 0525 0525
13 0.385 0.454] 0.454
19 0525 0.385 0.385
20 0675 0319 0319
21 0842 0.253 0253
22 1037 0.189 0.189
23 1282 0126 0.126)
24 1646 0.063 0.063

IR

FIGURE 21.27 Various Forms of the Inverse Student Distribution Function in Excel

the actual data sample is not needed: the only information required is the summary
statistics concerning the mean and standard deviation of the sample, the total number
of data points (sample size) and the desired confidence level; from this, the required
percentiles are calculated using the inverse function(s), and these (non-dimensional)
figures are then scaled appropriately (see Figure 21.28).

Example: the CONFIDENCE.T and CONFIDENCE.NORM Functions

Concerning the confidence interval for the mean, Excel has two functions which allow
for a more direct calculation than the one shown in the prior example; these are CON-
FIDENCE.T and CONFIDENCE.NORM, depending on whether one wishes to base
the analysis on a T-distribution or on a normal distribution (which are very similar
except for very small sample sizes, as mentioned above).

The file Ch21.24.CONFIDENCE.Mean.xlsx shows an example of these (see
Figure 21.29).
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P | | b || e
BEDRQERIGREERES

Wea [~ & 1 kW M

t-value using "T.INV.2T"

A B C D
Sample Data
Mean of Sample 30.0
StdDev of Sample 5.0
MNumber of Data Points 1000
Standard error of mean 0.16|=C54/SQRT(CS5)
Degrees of Freedom 999|=C5-1
Mean |
Confidence Level 95.0%
Exclusion probability 5.0%|=1-C11

1.96|=T.INV.2T(C12,C7)

Probability outside either tail
t-value using "-T.INV"

2.5%|={1-C11)/2
1.96|=T.INV(C$14,C57)

Lower Band Around Sample Statistic
Upper Band Around Sample Statistic

-0.31|=-C513*C56
0.31|=+C513*C56

Lower estimate

Upper estimate

29.69|=C53+C17
30.31|=C53+C18

FIGURE 21.28 Confidence Interval for the Mean Based on Sample Data

Y- -- BN - L B - I PO N

= R R = R =
- | Th LB W kD

18 |

an

Sample Data

Mean of Sample
StdDev of Sample
Number of Data Points

30.0
5.0
1000

Standard error of mean

0.16|=C84/sQRT(CSS)

Degrees of Freedom

999|=C5-1

IMean

IConfidence Level

95.0%

Width of interval using CONFIDENCE.T

0.3103]=CONFIDENCE.T(1-C11,C4,C5)

Lower estimate
Upper estimate

29,69(=C53-C13
30.31|=C53+C13

| width of interval using CONFIDENCE.NORM |

0.3099| =CONFIDENCE.NORM(1-C11,C4,C5)

FIGURE 21.29 Confidence Interval for the Mean Using CONFIDENCE Functions
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Example: Confidence Intervals for the Standard Deviation Using Chi-squared

The confidence interval for the standard deviation can be calculated by inverting the
Chi-squared distribution (rather than the T-distribution, as was the case for the mean).
In this case, the Chi-squared distribution has the same parameter and degrees of free-
dom (v) as the T-distribution in the earlier example. However, it is a positively skewed
distribution that becomes more symmetric (i.e. less skewed) as v increases; thus, the
confidence interval for the standard deviation is also positively skewed, unlike that for
the mean (which is symmetric).

The file Ch21.25.ConfInterval.StdDev.xlsx contains an example (see Figure 21.30).
The example uses separate distributions for the left- and right-tail probabilities, i.e.
CHISQ.INV and CHISQ.INV.RT, although the legacy left-tail CHIINV function could
also have been used.

Example: Confidence Interval for the Slope of Regression Line (or Beta)

Earlier in this chapter, we noted that the slope of a linear regression line is related to the
standard deviations and the correlation between the two variables:

px}'G)’
O

X

Slope =

In financial market contexts, if the x-values are the periodic returns on a well-diversified
market index, and the y-values are the periodic returns for some asset (such as changes

A B c D
1
2 Sample Data
3 Mean of Sample 30.0
4 stdDev of Sample 5.0
5 Number of Data Points 1000
6 Standard error of mean 0.16]=C54/SQRT(CSS)
7) Degrees of Freedom 999|=C5-1
8
9 |stdDev |
10
11 Confidence Interval 95.0%
12 Exclusion probability 5.0%]=1-C11
13 Single-sided probability 2.5%|=(1-Cc11)/2
14
15| |Lower Band Scaling 0.96|=SQRT(CS7/CHISQLINV.RT(C$13,C57))
16| |UpperBand Scaling 1.05|=SQRT[C$7/CHISQLINV(CS13,C57))
17 Lower estimate 4.79|=C54*C15
18 Upper estimate 5.23|=CS4*C16

anl

FIGURE 21.30 Confidence Interval for the Standard Deviation Based on Sample Data
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to a stock’s price), then the slope of the regression line is known as the (empirical) beta
(B) of the asset:

ﬁs — PO
[0}

m

(where p_ is the correlation coefficient between the returns of the market and that of
the asset, and o, and ¢, represent the standard deviation of the returns of the asset and
the market respectively).

Thus the beta (as the slope of the line) represents the (average) sensitivity of the
returns of the asset to a movement in the market index.

The importance (for any asset) of being able to estimate its beta is because of its use
in the Capital Asset Pricing Model (CAPM). This theoretical model about asset pricing
is based on the idea that asset prices should adjust to a level at which the expected
return is proportional to that part of the risk which is not diversifiable, i.e. to that which
is correlated with the overall market of all assets. In other words, the expected return on
an asset (and hence the expectations for its current price) is linearly related to its beta.

Of course, the calculation of the slope of a regression line from observed data
will give only an estimate of the (true) beta. The confidence interval for the slope of a
regression line (i.e. of the beta) can be calculated using formulae from classical statis-
tics (just as earlier examples calculate confidence intervals for the population mean and
standard deviation).

The file Ch21.26.Beta.ConfInterval. Explicit.xIsx shows an example of the required
formulae (see Figure 21.31). The calculations involve (amongst other steps) calculating
the residuals (i.e. the errors) between the actual data and the regression line at that x-value,
which itself first requires that the slope and intercept of the regression line be known.

It is worth noting that (for monthly data over 5 years, i.e. 60 data points), the con-
fidence interval for the slope is rather large. Whilst larger sample sizes for a single asset
should generically increase the accuracy of the calculations, the longer the time period
over which data is collected, the more likely it is that fundamental aspects of the busi-
ness or the macro-economic environment have changed (so that the true sensitivity of
the business to the market may have changed). Thus, the data set may not be internally

A B C D E F G H | J K
1
2 |5LCDE I'I.%DllSLC“EI_Dl_‘ D72,C13:072)
3 NTERCEFT DTS =NTERCEFTIDN 3072, C13:C72)
&
5 Degrees of Fresdom SB|=COUNT(DI30T2)-2 | StiDev of Residuals 5.23%| =STDEV 5(513:GT2)
6 STDEV (55P) 36%|=STDEV.S(C13.CT2Z)  |Sta Dev of Baia 1.461) =GS/ICE
7 STDEV (Kennametal) BL2%|=STOEWID1 3:072) Standard Errcr of Bets 0.192) =GESORTICE)
8 CORREL 54.5% | =CORRELICT3CY D1 3:072)
a9 REO 0.257]=RSQ{CIXCT2.013:072)
10
1M Maith Lisg Chamgas Kasnamatal from SEBF  Erroral (Confidencs Intanals for Bets | T-0is iribation
12 58P Kennametsl Forecasied valse Residuals Confdence level 0
13 1 1.4% 0.5%| -0.98% 0.09%, [Standand Devistions Required 2,002] =T NV 2T{1-12,C5)
14 2 229 -1.73% QE3% Eand Viigth 0.384] =) 137507
15 3 4 1.70%. 115% Base Figure Q950] =3C50
16 4 1.5M% =5 28%,| LT Figure 0.568{ =3C52-014
17 5 199%  -295% Upper Figure 1.334] 50524014
18 € 3.30% 5.23%

FIGURE 21.31 Confidence Interval for the Slope (Beta) of a Regression Line by Explicit
Calculation
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consistent, and hence less valid. This presents one challenge to the assessment of the
correct value for beta of an asset. Therefore, in practice, in order to estimate the beta
of an asset (e.g. of the stock of a particular company), regression is rarely applied to
the data of that asset only; rather larger sample sizes are created by using the data for
several companies in an industry, in order to estimate industry betas.

PRACTICAL APPLICATIONS: MORE ON REGRESSION ANALYSIS AND
FORECASTING

In addition to the foundation functionality relating to regression and forecasting cov-
ered earlier (such as X-Y scatter plots, linear regression, forecasting and confidence inter-
vals), Excel has several other functions that provide data about the parameter values
of a linear regression, confidence intervals for these values, the performance of simple
multiple-regressions and the forecasting of future values based on historic trends, including:

LINEST, which calculates the parameters of a linear trend and their error estimates.
STEYX, which calculates the standard error of the predicted y-value for each x in
a linear regression.
LOGEST, which calculates the parameters of an exponential trend.
TREND and GROWTH, which calculate values along a linear and exponential
trend respectively. Similarly, FORECAST.LINEAR (FORECAST in versions prior
to Excel 2016) calculates a future value based on existing values.
The FORECAST.ETS-type functions. These include:
FORECAST.ETS, which calculates a future value based on existing (historical)
values by using an exponential triple smoothing (ETS) algorithm.
FORECAST.ETS.CONFINT, which calculates a confidence interval for the fore-
cast value at a specified target date.
FORECAST.ETS.SEASONALITY, in which Excel detects and calculates the
length of a repetitive pattern within a time series.
FORECAST.ETS.STAT, which calculates statistical values associated with the
in-built time-series forecast method.

Example: Using LINEST to Calculate Confidence Intervals for the
Slope (or Beta)

LINEST is an array function that calculates not only the slope and intercept of a regres-
sion line, but also several items relating to statistical errors and to confidence intervals.
In fact, the information provided by LINEST can be used to determine the confidence
interval for the slope (beta) of a regression line without having to conduct any explicit
forecasting of residuals (as was done in the earlier section).

The file Ch21.27.Beta.ConfInterval. LINEST.xlsx shows an example (see
Figure 21.32). The function has been entered in the range H3:17, with the range F3:G7
showing the (manually entered) labels which describe the meaning of each. The data
required to conduct the confidence interval calculation is shown in the highlighted
cells (H3, H4, 16) and the actual confidence interval calculation is shown in the range
G13:G15 (as earlier, this requires additional assumptions about the desired confidence
level, and the inversion of the T-distribution).
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4dA B C D E F G H |

1

2 Month| Log Changes LINEST Array function

3 S&P Kennametal| | SLOPE (BETA) INTERCEPT 0.950 0.37T%
4 i 1.4% 0.9%] | Std Error of SLOPE Sid Ervor of NTERCEPT 0482 0.55%|
5 ] L Sad Error of y estimate 0.297 5.27T%
] 3 F-siat Degrees of Freedom 24,539 58|
7 4 Regression sum of squaies Residual sum of squares 0.068 0,161
8 ] 16% £

9 [ 3.1% Confidence Intervals for Slope or Beta_ | T-distribution

10 7 2.4% 72%] |Confdence kevel 5%

11 8 2.1% Standard Deviations Reguired 2,002 =T.HV.2T(1-G10,6)

12 g 0.5% -156%] |Band Wilth 0.384] =G11"SH4

13 10 0.0% 40%| |Base Figure [ =SH53

14 11 31% -34%| |Lower Figure 0.566]=54H53-G12

15 12 1.2% 1.2%] U r Figure 1 =5HEI=G12

1K " 1 e s anel

4 A B < 2] E F G H 1 J K L M N
1
2 DATA LIMEST
3 Floor space  Offices. Entrances Age |Value [DEPENDENT) -702 5509 29328 48 142035 {=UINEST|Fd:F14 B4 F14 TRUE TRUE)}
4 2610 i i 0 333.700 B50 15165 19469 23.1| 590535
5 2 2 2 12 0586 47208 A i M
6 3 15 31 106.2 6.0
T 3 27 S464641005 133715017
2 3 58

PREDICTION For New ftems
[Foor space  Offices Entrances Ape value |
2478 F 2 45 BOBTHA|=H11"KIHL1*I5+i11%15+K11 HEHLS

FIGURE 21.33 Using LINEST to Perform a Multiple Regression and an Associated Forecast

The STEYX function in Excel returns the standard error of the Y-estimate, which
is equivalent to the value shown by the LINEST function in cell IS.

It is also worth noting that, where one is interested in the slope and intercept
parameters only (and not in the other statistical measures), the last (optional) param-
eter of the function can be left blank; in this case, the function is entered as an array
function in a single row (rather than in five rows).

Example: Using LINEST to Perform Multiple Regression

The LINEST function can also be used to perform a multiple regression (i.e. when
there are several independent variables and one dependent variable). Each independent
variable will have an associated slope, which describes the sensitivity of the dependent
variable to a change in that independent input.

The file Ch21.28.LINEST.MultipleRegression.xlsx shows an example of the use
of LINEST to derive the slope coefficients, the intercept and other relevant statistical
information relating to the market values of various offices based on their characteris-
tics (see Figure 21.33). Several points are worth noting:

= The column range into which the function is entered is extended to reflect the
number of variables (i.e. there are five rows and the number of columns is equal to
the total number of variables): one column is required for each of the independent
variables and one for the intercept.
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The values in each cell follow the same key as shown in the prior example, simply
that the first row shows the slope for each independent variable (with the last col-
umn showing the intercept), and the second row shows the standard errors of these.
The slopes and standard errors are shown in reverse order to that in which the
data on the independent variables is entered; thus, when using this data to make
a prediction, one needs to take care linking the predictive calculations to the slope
coefficients (as shown in the formula for cell L11).

Once again, if one is interested only in the regression slope coefficients and the
intercept, then the last (optional) parameter of the LINEST function can be left blank,
and the function entered in a single row (rather than in five rows).

Example: Using LOGEST to Find Exponential Fits

In a fashion analogous to LINEST, the LOGEST function can be used where one wishes
to describe the relationship between variables with a curve such as:

y = bm*
This can also be written as:
y = bexlog(m)

showing that this is equivalent to an exponential curve.
In addition, one could write the relationship by:

log(y) = log(b) + xlog(m)

In this latter formulation, in which the original Y-data is transformed by taking its
logarithm, the LINEST function could be applied to calculate the intercept and slope,
which would be equivalent to log(b) and log(m) respectively (from which b and m can
be calculated). The LOGEST function would provide these (b and #1) values directly
from the (non-logarithmic or untransformed) data.

The file Ch21.29.LOGEST.LINEST.xlsx shows an example in which (in the work-
sheet named Data) the LOGEST function is applied to data for