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Abstract

Long time horizon normative models are frequently used for policy analysis, strategic plan-
ning, and system analysis. Choosing the granularity of the temporal or spatial resolution of such
models is an important modeling decision, often having a first order impact on model results.
This type of decision is frequently made by modeler judgment, particularly when the predictive
power of alternative choices cannot be tested. In this paper we show how the implicit tradeoffs
modelers make in these formulation decisions, in particular in the tradeoff between the accuracy
of representation enabled by the available data and model parsimony, may be addressed with
established information theoretic ideas. The paper provides guidance for modelers making these
tradeoffs or, in certain cases, enables explicit tests for assessing appropriate levels of resolution.
We will mainly focus on optimization based normative models in the discussion here, and draw
our examples from the energy and climate domain.

Keywords: Problem structuring; Validation of OR computations; Information theory; Strategic
planning; OR in environment and climate change.
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1 Introduction

This paper considers how much detail to represent, and how to represent it, in normative models
used in policy analysis, system analysis, and strategic planning. While the representation of detail,
such as the temporal or spatial resolution of such models, is often decided by modeler judgment,
particularly in those cases where predictive power of models cannot be tested, this paper provides
a systematic basis for choosing an appropriate resolution. In so doing, it finds the information
theoretic concept of the Information Bottleneck (Tishby et al., 1999) useful due to the natural
translation of its premises to intuitive and commonly expressed model formulation goals. The
resulting discussion demonstrates the tradeoff between model accuracy, given available data, and
model detail, in the context of normative models. More broadly, this paper may be considered a
manifestation of the trend of increased use of statistical ideas to help parameterize and formulate
models.! Operations research has often focused on the development of methods to solve a given
problem (Denton, 2017), with the process of problem formulation itself more of an art than a
science.

While the current state of the art in model formulation in the space of this paper typically rests
on expert judgment, from the authors’ experience, these formulation decisions often appear to be
made in a somewhat ad hoc manner. The ad hoc nature of the model formulation decisions can
stem from data availability, computational constraints, or simply an incomplete understanding of
the system being modeled. Incomplete understanding can be particularly serious in interdisciplinary
modeling efforts where modelers are integrating expertise across multiple disciplines.

To address how to formulate such models systematically, particularly the choosing of model
resolution, this paper begins with (a) two intuitive premises on the goals of model formulation,
and (b) the premise that model formulation decisions may be assessed conditionally upon one
another, and proceeds to develop principles to assess whether a model resolution is appropriate
or otherwise. Importantly, these premises have grounding in disparate literatures, as opposed to
solely the authors’ experience of good practice.

The paper generally adopts a discursive approach, while adopting an analytic approach at
points to make ideas more concrete. At some junctures, the concepts of data and model will
be interchangeable, for example where the idea of compressing model detail essentially implies
compressing the input data of that model. Analysts experienced with the design of models may
find the resulting ideas corresponding to intuition and simply established best practice. However, an
explicit logical foundation may allow the further development of best practice, along the way guiding
attempts to resolve a number of outstanding applied modeling problems, and guide how, when, and
if, increased data availability can help a model inform a decision. That there is value in doing so
is based on the premise that such work can help harness ongoing algorithmic and computational
advances to complement the skills of human analysts in addressing important questions facing
society.

Section 2 provides context on resolution, normative models, and assessing model formulation in
general. Section 3 introduces intuitive goals of model formulation and how they can be linked to

! Another aspect of this trend is the advancement in methods to treat uncertainty, for example Wang et al. (2016)
present an approach that exploits available data to develop a robust optimization method that excludes distributions
unlikely under that data. Uncertainty, and modeling under uncertainty is at the core of this paper. If we were certain
about how to model the system, we would not be having this discussion.



information theoretic ideas. Section 4 adapts these ideas to our normative modeling context, while
Section 5 applies them to the question of model resolution in particular. Section 6 discusses some
illustrative examples of the ideas, particularly energy and environmental applications. Section 7
attempts to distill the journey into a roadmap for the modeling community on choosing resolution,
before Section 8 concludes the paper.

2 Background

2.1 Normative models

In this paper, we discuss normative models whose primary purpose is to inform a decision, through
exploring or choosing what can be as opposed to what is. Furthermore, we will generally consider
models that use optimization concepts to search and understand this ‘what can be’ space. We
use the term ‘normative model’ broadly, as a useful distinction from other types of models that
support decisions, with which there are many linkages, for example statistical / econometric /
machine learning models. As an example, the models for energy /economic policy analysis discussed
in Kann and Weyant (2000) fit within the focus of this paper.? Further examples include models
for long term planning (public and private),> and models for the engineering of new structures
and products that have not been deployed before and where prototypes/pilots are expensive. We
consider these models as decision support tools, as opposed to models that fully automate decisions,
and thus interpretation of model output is important to provide that support. In our experience,
the key to interpretation is succinctly stated by Geoffrion (1976); “One must know not only what
the optimal solution is for a given set of input data, but also why”.

Models of this type often have the property that generation of observations along one potential
decision pathway is unrepeatable due to either the cost or the simple irreversibility of certain
processes, or both. Additionally, learning from past experience is the basis on which to inform our
actions in the future, and when the representativeness of this past experience is in question, we find
ourselves in a challenging analytical situation. An interesting feature of this broad class of models
is that the factors that make prediction difficult and that strain the assumption of the past being a
basis for future processes are also the factors that make the future more amenable to being shaped
(Lempert, 2003). This allows a vision of modeling that fits within Simon’s (1981) articulation of
a ‘Science of the Artificial’ or ‘Science of Design’. The formulation of these models is generally
referred to as the art of modeling, whereas we introduce concepts for systematic assessment of one
particular aspect of model formulation, the choosing of its resolution.

In some of the more abstract discussion in this paper, we will represent a model as an object,
f, with the vector &* € R" representing the output of the model f at solution. As we will discuss,
a model is best evaluated in the context of the question it is designed to address. We will refer to

2 An example in a different context is that of the model employed by Herrera et al. (1976), where the ideas discussed
in this paper of would be relevant, for example, to the choosing of spatial resolution, independent of other aspects of
model formulation within that different context.

30ne such example is at the global climate policy level, where Integrated Assessment Models (IAMs) (see Weyant
(2017)) inform much of the literature comprising the report of the Intergovernmental Panel on Climate Change (IPCC)
Working Group III (IPCC, 2014), and by extension much of the international negotiation on climate agreements.
A private planning example is a company designing a network of electric vehicle charging locations, or a similar
infrastructure network.



the question asked of the model as @), and in the more abstract discussion, it can be represented
mathematically as a random variable, where model outputs inform the probabilities associated with
questioner-defined states of the world.

2.2 Resolution

Choosing resolution, for example temporal, spatial, or demographic resolution, comprises an impor-
tant subset of model formulation decisions. To illustrate the importance in the energy /environment
domain for example, DeCarolis et al. (2017) state that the setting of spatio-temporal boundaries
is a key step in formalizing best practice for energy system optimization modeling, Hamilton et al.
(2015) include spatial and temporal scales amongst the ten ‘salient dimensions for integrated as-
sessment modeling’, while Pfenninger et al. (2014) list ‘resolving details in time and space’ and
‘complexity and optimization across scales’ as two of four challenges in energy systems modeling
for twenty-first century energy challenges. Furthermore, Merrick (2016) addresses the particular
question of temporal representation in electricity capacity planning models, showing how it can
influence model results, and analyzing alternate methods of representation.

Assuming an optimization approach, a model can be abstractly formulated as follows
minimize c(x) Subject to: x € X (1)

Where c is a function, and « a vector. Choosing the level of model detail, or as we term it here,
choosing the model resolution, entails deciding, for the problem at hand, the nature of the set X,
that is, the dimensionality of X and what sort of constraints define it, whether they be integer, or
linear, or conic, or convex constraints, etc. Ideally, this paper will be useful in the whole model
formulation process, but should be particularly useful for those cases where one conceptually decides
the model formulation, but then wants to compress it upon implementation for computational
tractability, or simply for understanding of the problem. Examples of such compression steps
include the aggregation of model variables and/or the relaxation of model constraints. Examples
of modeling questions to which resolution relates include:

e Spatial questions: In a question of global climate policy, should every country be modeled,
or is continent level aggregation, or simply one global region, appropriate?

e Temporal questions: In planning models for electricity systems, should every second be mod-
elled, or every hour, or is a well-chosen subset of periods appropriate? How to find such a
well-chosen subset?

e Demographic questions: In modeling the economic impact of policy, how to represent het-
erogenous demographic groups? Is an aggregate representative agent approach appropriate?

As will be briefly discussed, the choosing of resolution can also be extended to the treatment of
uncertainty when formulating a model through the representation of the space modeled in stochastic
optimization or in the choosing of scenarios when conducting scenario analysis.

In the literature on aggregating optimization models, Rogers et al. (1991) develop a framework
for aggregation and disaggregation methodology, while Zipkin (1980a,b) develops a range of a priori
and a posteriori bounds relating to aggregation. The bounds are on the objective value, which may



not be the only source of useful information from model outputs. Clustering techniques play a
large role in the approaches discussed. This paper attempts to harness and build on these results
relating to model aggregation in the normative setting by overlaying information theoretic and
decision analytic value-of-information ideas.

2.3 Model evaluation

To choose model resolution, we can consider how to evaluate different model formulations. A variety
of terms are used across various scholarly fields to describe processes to assess model appropriate-
ness. This range of terms includes model selection, model evaluation, model verification, model
validation, and model confirmation. We will consider here a subset of the different concepts and
approaches, highlighting the challenge of testing predictive power, and more philosophical issues
with verification of numerical models.

The ‘model selection problem’ is a well established problem, and it can be argued that the
process of finding a model that explains phenomena we observe rests at the core of much scientific
research. Associated methods typically assume relevant data availability however and are more
amenable to aiding the ‘what is’ type question as opposed to the ‘what can be’ type questions
that are the subject of this paper. The various research communities, e.g. econometrics, machine
learning, statistics itself, are not unaware of ‘missing data’ or out-of-sample applications of a model.
For example, in the machine learning community, the inclusion of regularization parameters is
important to temper risks of overfitting. The success of a model is evaluated by its performance on
a previously unseen dataset that it was not trained on, i.e. the test in machine learning approaches
is predictive power. The challenge for the models discussed in this paper is the lack of ability to
assess predictions, in addition to prediction not necessarily being the purpose of the model in the
first place. Given the large impact these prediction-tested learning models have on many different
fields in recent times, it is necessary for those in the normative modeling community to consider the
relevance of these developments and approaches to normative models, a topic with much further
research outstanding.?

If we can answer the what-is type questions, i.e. understand the initial conditions and dynamics
of today’s system, can we then simply work out how things will evolve in the future under different
actions? This is essentially the basis of the formulation of models that are used today, and improved
knowledge of the current state and of dynamics undoubtedly helps our understanding of how things
may evolve in the future. There are numerous limitations to this approach however, including (a)
the dynamics that best represent the system today do not necessarily represent accurately how
that system will change in the future due to either designed changes or changes in the environment,
and (b) the possibility from chaos theory that shows how tiny variations in input data can produce
outputs from a deterministic series of equations that are unpredictable in practice.’

Verification and validation are terms that can have definitions that vary from field to field®,
with the former sometimes relating to correctness in implementation of a model, and the latter

“More general than evaluation on the basis of prediction is evaluation on the basis of performance. Reinforcement
learning algorithms trained to play video or strategy games, for example, are assessed upon in-game performance.

5For more on unpredictable outputs and deterministic equations within the context of chaos theory, see Bishop
(2017).

8Sargent (2013) discusses verification and validation in the simulation modeling context, proposing a holistic
approach from conceptual model validity through to the accuracy of coding implementation.



conceptual correctness. Landry and Oral (1993) note this distinction between ‘doing things right’
(correctness in implementation of a model) and ‘doing the right things’ (conceptual correctness)
when modeling, stating that the literature at that point typically focussed on the former more
than the latter. The challenge of defining validity is illustrated by Déry et al. (1993), who bring
in a conclusion from epistemology that there are no universal formal criteria of validity. In this
vein, Oreskes et al. (1994) hold the position that a numerical model simply cannot be validated,
in the sense that the truth of a statement involves starting with a closed series of premises and
concluding whether the statement can be arrived at following a sequence of logical deductions.
With this framing, numerical models do not meet this criterion generally, as the models are not
closed systems. They are not closed systems in the sense that ‘auxiliary hypotheses’ are required to
allow the representation of the real world run on a computer. If a model does not replicate observed
data, there is no way of knowing whether it is a primary hypothesis or auxiliary hypothesis that
is at fault. Similarly, when model outputs match real world data, we do not know if this model is
uniquely correct without invoking some extra criterion such as Occam’s Razor. This leads Oreskes
et al. (1994) to conclude that numerical models can be at best confirmed, not validated.

Occam’s Razor will feature in our goals for model formulation proposed later in this paper.
This paper does not address all these challenges outlined above but it aims to contribute to the
literature by providing a new perspective and actionable tests for a subset of model formulation
decisions. Meanwhile, the conceptual challenges in model evaluation outlined here point to the
necessity for quality and care in modeling practice, a topic discussed later in this section.

2.4 Value of a model

To investigate any aspect of normative model formulation, we will take a step back and consider
what is the value of a model. In particular, as a model provides information, we will outline two
metrics used to assess the value of information. Firstly, the Decision Analysis assessment of the
value of information is whether the provided information leads to a different decision than would
be made in the absence of this information, with the magnitude of the value of information the
difference in expected outcome between the two decisions (Howard and Abbas, 2015). Numerous
units can be used to express this value, for example dollars or utility. Secondly, a more abstract
representation of the value of information is discussed by Volkenstein (2009). In this formulation,
the value of information is defined to be —log,(p’/p), with p’ and p representing the probability of
achieving some goal before and after the receipt of the information respectively.” This connection
of model value to the furthering of a goal relates to the school of thought that the ultimate and
simple test of a model’s value is whether it is used or not. The “Insights, Not Numbers” objective
for modeling that is frequently put forward as an alternative to a forecast accuracy criterion is
related to this school of thought in the sense of a model being of value in its use through delivering
new insights into a problem as opposed to the actual numbers generated.

The two measures of the value of information above are related in that probability is included in
both metrics (implicitly in the decision analysis case), and cost is potentially included in both met-
rics, this time implicitly, and not necessarily always, in the second. Perhaps the main contribution
of the second metric for our purposes is the introduction of the logyp term. This term is familiar

"In this formulation, the greater p’ relative to p, the greater the value of information. If p’ = p, the value of
information is 0 (log(1) = 0).



in information theory and the Shannon concept of information, where the amount of information
in a message is inversely proportional to the probability that you are expecting the content. This
notion of surprise can be seen, for example, in the discussion on ‘interestingness’ by Silberschatz
and Tuzhilin (1996) that can be found in the data-mining literature. These value of information
ideas will be implicitly incorporated into the discussion below on appropriate choosing of model
resolution.

2.5 Modeling practice

Kasparov (2010) tells a story of how a mediocre chess player with a mediocre computer, but with
an excellent process of using the computer, can beat a chess grandmaster with a mediocre process
of using a supercomputer with the most sophisticated chess algorithms. This story illustrates the
importance of how models are used in harnessing their potential.

Numerous works have been written on best practice in modeling, an important subject given
the lack of systematic methods for checking validity. For example, Jakeman et al. (2006) outline
“ten basic steps to good, disciplined model practice”, Pidd (1999) offers six principles of modeling,
principles developed from modeling experience, Nestler (2011) discusses reproducible research, and
Murphy (2005) in the first of a series of 3 papers, introduces ‘Elements of a Theory of the Practice
of Operations Research’. Morgan et al. (1998) is an extensive text on applications of modeling
methods to policy analysis, offering similar recommendations to Pidd (1999) on the value of simple
models based on complicated thinking.

Given the role of expert judgment in model evaluation, empirical studies on the process po-
tentially offer a path to understanding this judgment, in turn enabling the improvement of the
modeling process. An early example of such a study is Willemain (1995), where a number of OR
practitioners are observed as they formulate a model, and a recent example is Hamaldinen et al.
(2013), who show that behavioural effects, related to how questions are asked and how informa-
tion is presented to modellers, can be exploited such that the results from a modeling exercise are
completely reversed. This paper, in assessing formulation issues systematically, will ideally aid the
avoidance of such undesirable effects.

If we consider modeling practice as a design process, the literature on modeling the design
process itself provides a link to some further relevant literature. In particular, the ‘design cycle’
of Takeda et al. (1990) from this literature resonates with the Decision Analysis Cycle of Howard
(1968). Both cycles comprise sequential steps through phases of the design / decision process, with
feedback loops to update prior phases with learnings from the later phases. In a somewhat similar
fashion, Schneeweiss (1987) systematically considers the formulation process in particular, propos-
ing a formalization of the process of quantitative model building, with a main idea of partitioning
the formulation process into an abstraction and relaxation part.

Motivated by these ideas, we take the following as a premise for the work of this paper; that
the decisions that are made in formulating a model can be categorized in a hierarchical manner,
particularly that some modeling decisions can be assessed conditional on upstream modeling de-
cisions. Figure 1 illustrates this hierarchy. The subsequent ability to assess a modeling decision
in (conditional) separation from other modeling decisions will allow us to apply the information
theoretic concepts and associated modeling principles, next discussed, in a more systematic way
for certain modeling decisions, including the choosing of model resolution.
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Figure 1: Schematic diagram illustrating hierarchy of modeling decisions required to answer a given
question.

3 The information theoretic link

In this section, and the following, we introduce commonly expressed ‘folk’ goals of appropriate
model formulation, typically founded on intuition built up by modeler experience, along with a set
of information theoretic concepts, and show how these goals can be derived from, and grounded in,
the information theoretic concepts.

3.1 Goals of model formulation

We here posit two goals of model formulation consistent with intuition and commonly expressed in
best practice.® In addressing a question, we would like our model to simultaneously align with the
following, often conflicting, goals:

e Maximize accuracy of information produced

e Minimize model detail

The first goal should be self-explanatory, while the second goal is related to the commonly
applied Occam’s Razor, and is similar, for example, to the ‘principle of parsimony’ expressed by
Filar (2002), and from a practical standpoint has computational advantages. Neither goal alone
necessarily makes sense in the absence of the other, and combining these goals allows us to see the
tradeoff in formulating a model, in particular choosing a level of detail, to address a given question.
How to combine these goals will be discussed in the next section.

Following these goals can be interpreted as the search for a model that maximizes relevant
information produced. Importantly, this search may be shown to not only derive from intuitive

8For an example of an expression of best practice in the normative economics setting, see Gabaix and Laibson
(2008).



principles, but also represent an interpretation of an established information theoretic approach to
the finding of relevant information in a signal. This information theoretic approach of Tishby et al.
(1999) is next outlined.

3.2 Into the information bottleneck

Tishby et al. (1999), in the context of signal processing, defines the relevant information of a signal
z € Z as the information, in an information theoretic sense, that it provides about another signal
y € Y. Furthermore, the problem is set up to find a compressed representation of Z, Z, that
contains as much information as possible about Y. This ‘information bottleneck’ that finds the
most relevant information in a compressed form, removing superfluous information, is a potential
explanation for the empirical good performance of deep learning models in generalizing beyond
training data (Tishby and Zaslavsky, 2015; Shamir et al., 2010). Additionally, Achille and Soatto
(2018) show further desirable properties of the bottleneck approach and note how it seeks to ‘get
the most out of the data we have for a specific task’ which is clearly desirable for our task of
building normative models.

The Tishby et al. (1999) framework commences with the following optimization problem, where
the mapping between Z and the compressed Z, p(z|z) is chosen such that the relevant information
in Z about Y is maximized in Z, subject to the constraint that Z matches Z to some constant
level of accuracy:

maximize, (s, (Z;Y)
such that:
1(Z;Z) =k

Where & is some constant, p(z, z) is the mapping between z and z, and I(.,.) represents the
information theoretic concept of mutual information.” The mutual information between a pair of
random variables is zero when they are completely independent, increases the more similar they
are, and is bounded at a non-negative value when they match.!® Choosing a mapping between Z
and Z that maximizes the Lagrangian of the above leads to the following expression:

maximize,z,y[(Z;Y) — BI(Z; Z) (2)

Where 8 > 0 is a scalar Lagrange multiplier, that reflects the stringency of the constraint on
I(Z;Z), and as such can be a user defined parameter in the use of expression (2).!' In the
information theory context this can be interpreted as the choosing of a mapping between Z and Z
such that the relevant information, expressed by the mutual information between the compressed
Z and the true signal Y is maximized, less a penalty on the detail of Z relative to Z.

9The problem can also be expressed as the inverse, where I(Z, Z) is minimized subject to a constraint requiring a
constant level of relevant information, I(Z,Y’). The constraint makes sense, as if we truly only wanted to minimize
detail without the constraint then we would choose the simplest possible mapping, a mapping that likely would not
provide very much useful information.

For an excellent and accessible overview of Information Theory concepts, see Luenberger (2006).
"Further, for the Lagrangian to hold, there are numerous conditions on Z, Z, and Y, as outlined by Tishby et al.
(1999).



Tishby et al. (1999) and Shamir et al. (2010) show links between the information bottleneck
formulation and various information theory and statistics problems. In particular, Tishby et al.
(1999) show that there exists a unique formal, computable solution for this problem to find the
mapping between Z and Z, p(z|z), under the condition of the Markov property holding between
Z, Z,and Y. Direct application requires knowing, as an input, the joint distribution of ¥ and Z,
p(y, z), which is frequently challenging in our setting, as will be discussed.

At this point, we can note the link between (2) and the model formulation goals introduced
previously. We can map our first modeling goal of relevant information to I(Z,Y"), and our second
goal regarding model parsimony to I(Z,Z). This allows us to combine our goals as follows:

maximize (Information — 3(Model detail)) (3)

We will develop this link in the context of normative model formulation further in the next
section.

4 Application to normative modeling context

4.1 Mapping concepts to normative model formulation

To map these information theoretic ideas to our normative modeling context, we can map Y, the
signal we are trying to learn about, to our question @), Z, to our model f, and the compressed
signal, Z to a compressed model f..

As stated in Section 2.1 above, the question () may be represented as a random variable. For
example, if the question is ‘the cost of energy system decarbonization’, p(y) in this case could con-
ceptually encode the probability distribution of a model producing a ‘true’ value. Z can represent
an encoding of a model f,!? while the joint probability distribution, p(y, z), encodes the relative
importance of different aspects of the model in producing the ‘true’ value. The search for p(z|z)
then is a search for the mapping between a model and a more aggregate version, f. or Z, that max-
imizes the relevant information contained in the model about what we care about, our question Q.
The challenge of not knowing absolutely the true signal frequently will drive much of the following
discussion.

It follows from the Information Bottleneck that I(Z,Y) < I(Z,Y), which using our mapping
would imply that a compressed model, f., can produce the same, or less, information about ques-
tion @ as its parent model f, but not more, and this concept will be drawn upon later in the paper.
From some perspectives, this relationship may seem somewhat counter to results about overfit-
ting and generalization, where simpler models are shown to be more accurate, as more detailed
models are less likely to generalize beyond the examples they are trained on.!®> There is a subtle
and important difference here to note - we are not stating that a simpler model cannot be more
appropriate than a more complicated model, but that a compressed model cannot say more about a

12T certain applications, Z could represent not the whole model necessarily, but one aspect of the input data, for
example, it could encode resolution along the temporal dimension. We note that there are multiple ways of thinking
about the mapping between Y and questions asked of a model also. More rigorous exploration may be useful as part
of future research.

3For example, see Cigerenzer and Brighton (2009).
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question than its parent model, noting they are built with the same data. Indeed, these overfitting
concerns, along with a desire for computational tractability and the search for insights, motivate
the previously introduced model formulation goal of minimizing detail, and is at the heart of the
tension between the two goals espoused in the combined goal. This sets the stage for us to discuss
model appropriateness in the normative model context.

4.2 Deriving model appropriateness

Given our discussions to date on model formulation goals and the underlying link to information
theoretic ideas, we will define the appropriateness of a model for a particular question as the
relevant information it produces (if any), which in turn is a function of the accuracy of information
produced and model detail, in particular an evaluation of the objective function (3) for a particular
model f and question Q:

g9(f,Q) = Appropriateness[f,Q] (@)
= Information[f,Q] — $(Model detaill[f])

Where g is the conceptual evaluation of model appropriateness, with the more appropriate a model
for a question, the higher the associated g value. For a given question and (3, ideally the model cho-
sen will maximize this function, finding the most relevant information consistent with the combined
goal expressed in (3). We introduce this expression in this verbal form to emphasise the conceptual
nature of this idea in our normative modeling context, and the general challenge of implementing
it numerically. To recall, the challenge is in evaluating in absolute terms the true accuracy of any
model in the normative setting. A more succinct notational form of (4) for convenience as we
proceed is:

9(f,Q) = I(f,Q) — BI(, faatun) (5)

Where T (-) is a concept inspired by, and analogous to, the concept of mutual information.'* The
first term evaluates the accuracy of a model by assessing how much accurate information the model
f provides about the question (. In the second term, the detail of a model is defined by the
information it shares with a model of some datum level of greater detail.’® Note that while the
relationship between the terms is linear, the I terms themselves are not necessarily linear. Except
for boundary cases, we will never numerically evaluate this I term in an absolute sense due to its
conceptual nature, but we will be able to rank it under certain conditions.

Figure 2, inspired by Tishby and Zaslavsky (2015), illustrates the concepts further. For a
given [, the relative weight of model accuracy to model detail, we have a conceptual limit of
appropriateness any model representation can achieve. For § from oo to 0, we can trace a curve
representing an ‘appropriateness frontier’, with 8 the slope at each point of the curve. We can see
in this curve our goals of model formulation. That is, for a given level of model detail, a fixed point
on the x-axis, we naturally want to maximize the useful information produced, along the y-axis.

1414 is possible to set the system up such that ~ (tilde) may be removed, and we discuss mutual information directly,
however, we will use the tilde to highlight the conceptual nature at this point due to the challenge of enumerating
I(f,Q) in many cases. In further research to enable numerical applications in certain cases, the concept of mutual
information could be directly applied.

5 Again, the mapping between this expression and the previously introduced ‘Information Bottleneck’ is that the

model fqqtum represents the signal Z, f represents the compressed signal, Z, and the representation of the real world
implicit in ) represents the true signal we are interested in, Y.
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Information[f,Q]
ItF, Q) B

Model Detail[f]
It fo)

Figure 2: Appropriateness frontier. 5 defines the slope of curve that constitutes the frontier and
represents the relative value of model detail to accuracy of model representation.

Table 1: Nomenclature

f Model object

fo Compressed /aggregated model object

fo Datum model object

x* Output of model at solution, * € R"

Q Question asked of model.

g9(f,Q)  Appropriateness of model f for question @

I(a,b) = Conceptual shared information between a and b

I} Relative importance of model detail to accuracy of model representation, 8 € §R}F

Similarly, for a given level of information on the y-axis, we want to minimize model detail along the
x-axis. Generalization concerns, particularly the desire to reduce spurious noise, prevent us from
always setting 8 = 0 and maximizing along the y-axis alone.'6

At this point, we have introduced an abstract set of concepts where the appropriateness of the
alignment between model and question is conceptually evaluated based on the relevant information
the model provides, incorporating a penalty on the level of detail of the model. Our definition of
appropriateness of a model, and the associated abstract g function, is tied to the model’s purpose,
consistent with the intuitive and commonly expressed ‘horses for courses’ notion that links model
appropriateness to the question asked of a model. It is important to re-emphasize that we have de-
veloped this g function, not from intuition alone, but by mapping from well established information
theory concepts. Table 1 overviews the nomenclature introduced so far.

8 Furthermore, Tishby and Zaslavsky (2015) show how, with a finite sample of data, as is the case in our application,
the true limit curves downward at some point as we move from left to right, conditionally allowing for an optimal g
to be found at its peak.
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5 Choosing the resolution of normative models

Due to the difficulty of unambiguously evaluating the accuracy of information a model provides, we
cannot directly apply the concepts introduced so far to every modeling decision. We may, however,
separate out a subset of modeling decisions where we can, at least partially, apply them due to
the hierarchical structure identified in Figure 1. Our modeling decision on choosing resolution
comprises one such subset of the decisions taken in formulating a normative model, and can be
considered downstream of, and conditional upon, higher level modeling decisions relating to the
question asked, modeling paradigm and associated model structure. In particular, for the case of
choosing model resolution, we work around the shortcomings in our absolute knowledge by taking
a relative perspective on how we assess formulations.

This section will deduce a number of cases where relative tests can be applied. The common
trend through these cases is that the first term in the appropriateness function,'” representing
the accuracy of information the model provides, is fixed in either an absolute or relative sense.
Assessment of the g(f, Q) function is then possible as the ‘model detail’ term may be assessed
analytically or numerically under certain conditions. We will also be able to reason somewhat
about appropriateness when the first term is not fixed.

5.1 A relative test

To compare two models, one a compressed version of the other, assume model f. is a compressed
version of model fy.'® Applying the definition of appropriateness g(f, @) (4) to fo and f., we have:

9(fo,Q) = (Information(fy, Q) — f(Model detail(fy)))
9(fe, Q) = (Information(f., Q) — f(Model detail(f.)))

Expressing these relationships in the notation of expression (5), and using fy as our datum of model
detail, the binary choice of most appropriate model between fy and f. is the model that returns
the higher g value as follows:

arg fer%}%?}c}g(f, Q) = arg felg%?}c} I(f,Q) — BI(f, fo)

We will now consider this choice under two cases, one where the first term is equal within a
range of tolerance across the two models, and one where it is materially different.

5.1.1 When a compressed model returns same information

If the outputs from both the original model and the compressed model are the same for a given
question, we can state that the first term of the respective g(f, @) functions are equal across both
models, i.e. they are both as accurate or inaccurate as each other for the question (). This then

17Statement (4); g(f, Q) = Information[f,q] — f(Model detaill[f])
18For the purposes of this section, we will treat aggregation and compression as interchangeable, and that the
arguments here apply to any allowable compression process.
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Information[f,Q]

Itf, Q)

Model Detail[f]
I(f. fo)

Figure 3: Assessing if a reduction in detail moves a model relatively closer to the appropriateness
frontier. (a) — (b) is an easy-to-verify improvement by asking does compression change information
returned by the model. If the returned information changes, it is necessary to judge if the path is
the improving (a) — (c) or the unwanted (a) — (e). The path (a) — (d), meanwhile, is impossible
by the definition of compression in the setup of our problem.

allows us to compare the models on the basis of model detail. As one model is a compressed version
of the other, this comparison is unambiguous. Using our notation, we can state this logic as follows:

do(xh,xf) < eq = 1(f0,Q) =I1(f-,Q) = g(f,Q) > g(f0.Q) (6)

Where €(, a scalar, is the threshold of equivalence associated with the question @, dg() is a distance
metric that compares outputs associated with the question @, for example Euclidean distance, and
B > 0. The final step above follows from I(f., fo) < I(fo, fo), by definition of compression.

This expression (6) states that if we have a pair of models where one can be shown to be a
compressed version of the other, and they produce the same output within a set range of tolerance
for a given question, we can logically state, following from our initial modeling goals, that the
compressed model is more appropriate for that question.

This comparison is graphically presented in Figure 3, comparing points (a) and (b), where the
information returned at (b) is the same as that returned at (a). Indeed, rather than a simple
pairwise comparison between a model and a compressed version of that model, we may search for
the level of compression that minimizes the second term of the g appropriateness function, while
producing the same output as the non-compressed model for the question asked. That is, moving
from right to left across the horizontal line until the frontier is reached. This indicates a path
to the appropriateness frontier with a conceptual guarantee - by specifying a model, and then
compressing it as much as possible. It is important to note of course that the frontier is conditional
on the upstream modeling decisions, which are difficult to judge in an absolute sense.
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5.1.2 When a compressed model returns different information

In the case of comparing a model with a compressed version of itself, what can we say about
appropriateness if model outputs associated with a question are materially different? There are
then conditions where we say the compressed model is either more or less appropriate. Recall that,
by definition, when a compressed model f. produces different output for a question than its parent
model fy, then we can say that it produces strictly less accurate information about that question
QI (fe,Q) < I (fo, Q), within the constraints of the finite observations upon which the models are
built. This stems from our discussion of compression in Section 4.1. Thus, referring to Figure 3,
the move (a) — (d) is infeasible. The issue is then whether the benefit from reduction in detail is
worth the loss of relevant information about the question Q.

For the compressed model to be less appropriate in this circumstance, i.e. have a lower g value,
9(fe, Q) < g(fo, Q) when dg(x, ) > €qg, the following condition must hold:

Reduction in accuracy Reduction in detail
7\

I(fo,Q) — I(fe: Q) > BI(fo, fo) — I(fer fo0)) (7)

That is, for the compressed model to be less appropriate, the loss in accuracy due to compression
is greater than the benefits of reducing model detail. This is graphically expressed as (a) — (e) in
Figure 3. An alternate path, where the benefits of reducing model detail are greater than the loss
in accuracy is presented as path (a) — (¢) in Figure 3.

We cannot generally evaluate this condition due to the aforementioned challenges in absolute
evaluation of the accuracy and relevance of information provided by a model in our normative, and
frequently long time horizon, context. Finding a way to do so, or at least estimate this condition
given available data, would open up the problem of model formulation to a whole host of recent
advances across a number of fields.

Challenges notwithstanding, our discussion so far allows us to make some informed observations
about whether model compression that changes model output puts us on path (a) — (¢) of Figure
3 or undesirable path (a) — (e). As an instructive case, we may observe that § = 0 allows us
to evaluate statement (7). If 5 = 0, then the information about the question ) matters most,
no matter the benefit in detail and we can say the compressed version is more appropriate if and
only if it produces the same model output as its parent model. Equivalently, if the queried model
output is materially different, then the compressed model is less appropriate. On the other hand,
if we consider a high g value, where the benefits of reducing model detail are highly weighted,
we may note graphically from Figure 3, that this high g value is associated with any acceptable
(a) — (c) path. The consideration we then have when we compress a model and change the output
it returns; are we squeezing out noise, or losing relevant detail?

For many practical applications, the reality is that somewhere between a very low or very high
8 will be desirable. For certain applications however, a low 8 may be plausible, thus ruling out any
allowable material deviation due to compression:

e If the non-compressed model in this pairwise comparison is built upon small data availability
and is perhaps already simplified, then the incentive to reduce detail, and associated benefits,
is dampened.

e How the test for equivalency is applied can justify a low or zero 8. The threshold of equiva-
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lence, €q, could be designed such that material and significant changes in model output would
indicate that deviation is undesirable.

e We could apply additional assumptions on top of our system to extend these cases. For
example, if we have some good reason that our non-compressed model is accurate, then
generalizability is less of a concern. Certain physical or technical constraints could constitute
such a good reason.' In such a case, we could justify a low value of 3, that is a compressed
model should not remove details that we know matter, and accordingly should not distort
model output.

While the concepts introduced here do not give a direct answer to every case, they ideally
provide value by clarifying the tradeoff through building on reasonable model formulation goals
while drawing on established information theoretic ideas, and thus may augment human common
sense.

5.1.3 What should be the starting point of comparison?

In this discussion we have largely focused on the properties of the compressed model, represented by
points (¢), (d), (e) on Figure 3, relative to their ‘parent’ model. What should this model, represented
by point (a) be, and how to choose it? An intuitive approach would be to write down the model
that appears conceptually to be the best fit for the question (), independent of computational
concerns.

Compressing from this point has several indicators in its favour. First of all, it fits with the
graphical picture of Figure 3, where it makes sense to try and pick the (a) starting point as far
along the y-axis as possible, before compression moves us to the left, and does not allow any further
movement further along the y-axis in the desirable direction. It aligns with the aforementioned
Schneeweiss (1987) formalization of the process of quantitative model building - where the choosing
of (a) corresponds to the abstraction phase, and the subsequent compression corresponds to the
relaxation phase. Furthermore, it corresponds to Achille and Soatto (2018) discussion on training
a deep neural network with good generalization properties, particularly the presence of a fitting
phase and subsequent compression phase in the learning of weights. While some of these ideas can
be tested more precisely in the context of, say, training a neural network, in the normative modeling
context, and the choosing of model resolution within that context, they at the least provide useful
analogies, while potentially providing deeper justification for the approach to choosing of resolution
implied by our discussion.

Additionally, note that these indicators are one directional, in that they support comparing
a model with its compressed form, but not the other way around, comparing a model with a
more detailed version of itself. Furthermore, this alternate approach would introduce increased
parameterization requirements, with the associated possibility of introducing errors.

19For example a model of electricity supply needs to recognize the economic importance of matching supply and
demand at each instant.
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5.2 Practicalities

This section will attempt to bring the concepts introduced in the previous sections closer to being
actionable, and useful in the design and evaluation of models. In so doing, this section explores
how to implement the test of relevancy of model detail numerically and analytically, and how to
test for global relevance locally. Throughout this section, an underlying objective is to address the
following key question regarding the ideas that have been introduced previously: is the only way to
test the appropriateness of a less detailed model, relative to a more detailed model, to build both?

5.2.1 Numerical testing of detail relevancy

In our discussion so far, the test on whether compressing a model changes the model output is key.
The coarsest and direct implementation of this test is to simply compare the outputs of a model
with the compressed version of itself and compare outputs. This approach involves gathering the
required data, before building and solving both models.

For multiple questions we would have to repeat the test for each question. Similarly, for a
variety of model parameterizations, or even models, we would have to apply the test repeatedly.

Clearly this numerical testing is computationally challenging, but with ongoing improvements
in computing power and in software stacks to manage it, along with increasing data availability,
such numerical testing of models is becoming ever more possible, and will continue to do so. Addi-
tionally this numerical testing does offer a principled way of harnessing these new computational
opportunities.

Through systematic running of such tests we can develop ‘operating conditions’. These con-
ditions would establish a range of parameterization and questions for which a compressed model
structure is appropriate by our definitions, which, in practice, frequently means that the com-
pression does not materially change model outputs. As a corollary, we note that though the full
pre-compression model may have to be solved for testing, the computational burden of solving it
is not required for day-to-day operation of the model.

To design compressed models that maintain their appropriateness across multiple parameter-
izations and across multiple questions, and do not require the running of such tests every time,
sometimes an infeasible proposition in practice, we need a more general result based on an ana-
lytic guarantee. The analytic approach, which may be a substitute or complement to the numeric
approach, is discussed in the following section.

5.2.2 Analytical assessment

There are cases where differences in output by a lower resolution model relative to a higher resolution
model can be determined analytically by considering the mathematical structure of the problem.
In such cases, it may be analytically proven that more detail along a particular dimension will not
change a model’s output to a question of interest. Computational tests, as described in the previous
section, could then be foregone. This analytical approach is also useful to provide guarantees
across all possible questions, or a defined subset, as opposed to only those questions for which the
computational tests have been run.

In an example from the trade policy literature, Arkolakis et al. (2012) show that under certain
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conditions for a certain class of models, additional micro-level model features do not provide any
further information in the model outputs on the macro question of what welfare gains are associated
with trade. This approach can be considered a part of the broader ‘sufficient statistics’ approach
discussed in Chetty (2009), where analytical assessment of a problem guides how much detail is
necessary to address a question of interest, before the computational work is undertaken. Inter-
estingly, there is a mathematical connection between the information bottleneck idea and minimal
sufficient statistics.?°

In the case of model aggregation, an analytical approach may take advantage of theoretical
results bounding the objective function value of the unsolved disaggregated problem given a speci-
fied aggregation scheme. As already mentioned, Zipkin (1980a,b) develop a priori and a posteriori
bounds on how far the objective value of the aggregated model is from the objective value of the
original model. Importantly, calculation of the bounds do not require the solution of the origi-
nal model. This paper overlays a broader conceptual framework around such bounds, providing a
context for the appropriateness of any errors introduced by an aggregation scheme.

As previously noted, clustering algorithms are helpful for model aggregation through the aggre-
gation of similar entities. There are a variety of options for implementation of clustering algorithms,
with numerous approaches applied in the literature. While this paper draws upon the information
bottleneck ideas to the broader conceptual formulation problem, it can be applied to clustering
itself, guiding associated implementation choices, as discussed by Slonim and Tishby (2000).

5.2.3 Testing for global relevance locally

Another path to reduce the burden of computational tests to assess the relevance of model detail is
to harness any hierarchical structure in problem formulation. When there is hierarchical structure
in a problem formulation, we can decompose the problem into subcomponents. This can allow us
to test for the global relevance of a decomposed subcomponent locally.?! Referring to Figure 4, our
tests for the relevance of model detail could be applied locally to either or both the subcomponent
model or the master model, but not necessarily to the integrated model, reducing the computational
and/or analytical burden. In conducting the tests, we will want to test the sensitivity of x|y and
y|z. For example, if the sensitivity of = to y is low, we are able to justify a coarser representation of
the subcomponent model, allowing a greater threshold of equivalency when assessing model outputs
from compressed versions of the subcomponent model.

This intuitive method of testing the input/output performance of a subcomponent model has
been seen in other fields,?? while assessing the required detail of subcomponents of integrated models
is a relatively common modeling task. For example, electricity capacity planning models, with their
associated resolution issues, are frequently subcomponents of larger integrated assessment models.

20For further discussion, see Shamir et al. (2010).

2! An early example of discussion of model decomposition in an energy-economic model context is Weyant (1978).
The abstract example here is similar to the Hogan and Manne (1977) metaphor of how much a rabbit changes the
taste of an elephant stew. Merrick et al. (2018) discuss decomposing electricity planning problems and solving them
with a decentralized ADMM algorithm.

22For example, Zeigler (1984) presents a system similar to that presented in Figure 4 for designing simulation
models.
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Figure 4: Decomposition allows checking of local sensitivity of x|y and y|z

6 Illustrative applications

The problem of choosing resolution relates to a large number of modeling decisions in the normative
modeling context. This section illustrates a sample of these relations. In addition, the appendix
contains a toy example relating to model aggregation.

6.1 Clock toy example

We now will use the analogy of a clock to further illustrate the concepts, in particular to address
some potential concerns. This illustration is expressed in the form of two thought experiments, one
where a clock is stopped, and one where it is functioning but is set to the wrong time.

6.1.1 The stopped clock

Imagine a broken clock, with the hands stuck at a certain time. It will tell the correct time twice per
day. If this clock represents a model, what do our tests say about it? First of all, we can consider
the broken clock a compressed version of the fully functioning clock. For certain questions, for
example asking what time it is at the instant the broken clock happens to be stuck at, the test
would say the broken clock was more appropriate. For other questions, our test would show that
this compressed clock was inappropriate,?® as it would produce different output than the fully
functioning clock. This example shows the role of asking the right question. Our absurd outcome
where our test showed the broken clock to be more appropriate stemmed from the narrow question
asked, and is avoided for more relevant questions for determining how well a clock is functioning.
Such questions could ask if the clock is correct for each instance, or what are the dynamics by
which the time changes. Choosing the question remains in the domain of wisdom.

6.1.2 The functioning clock that is fast

Consider, as our next malfunctioning clock, a clock that is fully functioning except that it is running
one hour fast. This case highlights another potential concern with our tests. Because this clock is
producing different output than that produced by the properly calibrated clock, will it be deemed
inappropriate even though a simple adjustment in interpretation of the clock’s outputs will produce

23 Assuming the gain in simplicity was not worth the loss of accuracy.
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the correct time? An answer to this concern is that our fast clock does not meet our condition
of being a compressed model, as a relaxation or simplification does not move us from the original
clock to our fast clock. In this sense, our core test cannot be applied, however higher level judgment
and analysis could identify the relationship between the clocks.

Additionally, the discussion of this case assumed we knew the background correct time as we
assessed the clock. In the broader set of models to which this paper relates, we do not always
know the true and correct model, so we are reduced, at least in direct application of our tests, to
assuming a model and assessing compressed models relative to that model.

6.2 Temporal and spatial resolution

As outlined in the introduction, temporal and spatial resolution is an important consideration in
the design of normative models. We here briefly discuss each in the context of the ideas presented in
this paper. As shown in our goals of model formulation, and supported by our information theoretic
arguments, the principle that will guide us is that for a given range of model output, we want to
find the most compressed representation that delivers this output. Similarly, for a given level of
model detail, we want to find the representation that maximizes relevant information. That is, we
would like to choose our resolution such that we are on the ‘appropriateness frontier’ of Figure 2.

6.2.1 Temporal resolution

The concepts in this paper underlie the approach taken by Merrick (2016) to consider the repre-
sentation of temporal resolution in models of optimum electric sector investment. Merrick (2016)
showed that, with the introduction of variable renewables, an increase of two orders of magni-
tude, to the order of 1000 representative time periods of the hourly 8760, from the order of 10,
was required to guarantee that no error was introduced by a clustered aggregation for any model
question.

Choosing a resolution using such an approach is implicitly a demonstration of the attempt to
find a model that approaches the ‘appropriateness frontier’ through compression that does not
change model output. Merrick (2016) also highlighted how a subset of hours of the resolution may
be more influential than others, and how prior information about these hours may be harnessed to
find an appropriate greater level of aggregation.?* An interesting topic for further research is to
conduct the aggregation directly using the clustering algorithm that can be derived from Tishby
et al. (1999), with the challenge to reasonably codify how different aspects of the non-aggregated
resolution affect model outputs.

6.2.2 Spatial resolution

As a spatial resolution example, we will consider the Dynamic Interactive Vulnerability Assessment
(D1va) database (Vafeidis et al., 2008; Hinkel and Klein, 2009), a primary input to numerous
studies relating to sea level rise, including the Coastal Impact and Adaptation Model (CiaM) of
Diaz (2015, 2016). Figure 5 presents an assessment of the geographic similarity of coastal regions in
the DivA database, indicating a high degree of similarity across regions. For questions that relate

24For more on an implementation of the idea in this specific context, see Blanford et al. (2018).
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Figure 5: Assessment of similarity of regions in Diva dataset. Zero on the y-axis indicates regions
are duplicates of each other.

to the underlying parameters (as opposed to questions about regional differences not present in this
dataset), Figure 5 indicates that aggregation from 12,148 to 1,000 regions will not distort model
outputs due to the possibility of grouping extremely similar regions together. For other questions,
there are additional data to include such as the value of capital stock in each region, requiring the
assessment to be undertaken again with the addition of the new data.

The broad point here is that aggregation of similar entities intuitively allow reduction in model
detail with minimal effect on model outputs. If we wish to reduce resolution further, the introduced
framework for model appropriateness demonstrates the tradeoffs involved, while the underlying
ideas encourage squeezing the most relevant information ‘through the bottleneck’ when aggregating.
The value provided by such assessments in choosing model resolution will either be the ability to
reduce the detail and associated computational burden of the model, or a firm justification for not
doing so.

Another spatial resolution example is a comparison of the global DICE integrated assessment
model with its sister regional RICE model (Nordhaus and Boyer, 2000). For regional questions,
RICE can be shown to be more appropriate, as DICE does not return information on sub-global
questions, and thus would receive a negligible appropriateness ranking for such questions. For
global questions, the test of relevance of model detail allows the assessment of whether the global
outputs differ under aggregated global resolution compared to under multi-region resolution. The
work of Schumacher (2015) may be considered an application of this test, by providing analytic
conditions for when selected global outputs are changed by aggregation from regional to global
spatial resolution, and when they are not. More broadly, DICE is an excellent / canonical example
of the compression of model detail in order to address a well chosen question. Many, many details
about humankind’s activities are compressed into a simplified representation, and coupled with
a model of core climate system behavior, in order to understand, at a high level, optimal global
responses to the challenges posed by climate change.

6.3 Treatment of uncertainty

Uncertainty is prevalent when modeling systems at the scales considered in this paper. Indeed, the
treatment of uncertainty is comprehensively linked to our goals of model formulation, particularly
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relating to model detail. The intuitive desire to limit model detail when necessary can be shown to
be linked to the generalizability of information produced by a model, and its use in an uncertain
world. There are also various methods of explicitly treating uncertainty in model formulation, and
this section will briefly discuss how the concepts introduced in this paper could be extended to
guide their design.

Scenario analysis is a way of aiding decision making under uncertainty (Schwartz, 1991). As-
sessing a range of scenarios is a common approach in co-ordinated model inter-comparison projects
(for example, see the EMF27 scenarios in Luderer et al. (2014)). In choosing a scenario from the
universe of possible scenarios, it is desirable to choose the scenarios most relevant to the decision at
hand. To do so, we could apply the concepts of choosing model resolution introduced in this paper
to a more meta level, by squeezing out the scenarios that are most relevant while incentivising
the choice of as few as possible. Like before, direct implementation is challenging, as it requires a
priori mapping between the scenario space and the most useful information in outputs. However,
conceptually the approach outlined in this paper may be useful to move scenario design beyond
seemingly ad hoc choices, in addition to providing a base for future research into systematic choices
of scenarios with perhaps formal learning approaches taking the place of the unknown a priori
distributions. Similarly, the approach can be applied to managing the curse of dimensionality in
stochastic optimization by helping to prune the space included in the optimization. Again, we wish
to consider only the most relevant uncertainties.

Like temporal and spatial resolution, treatment of uncertainty is a core modeling decision that
trades off a potential increase in the desired relevant information with an increase in the unwanted
extra detail. This paper attempts to provide a framework for augmenting human expertise when
making such a modeling decision.

7 Roadmap

At this point, we will attempt to distill our discussion into key points, that will ideally provide a
‘roadmap’ for the modeling community. Additionally, we lay out these points as tenets that may
be tested rigorously by future research.

(a) Define the question to be addressed and implicit assumptions to be made in addressing it.
The art of asking the right question, with a model appropriate for addressing it, to help
decision makers seeking information and insights regarding the challenges they face, remains
supreme.

(b) Conceptualize an ‘ideal’ model that aligns best with the question, particularly paying atten-
tion to relevant physical and economic structural dimensions of the problem. In reality, there
will naturally be some degree of joint selection in choosing a question and model given what
is feasible to model and what data is available.

(¢) Compress the model resolution as much as possible without materially changing what is
concluded about a question. If compression does change model outputs, be aware of the
increased weight that places on model parsimony in assessing appropriateness, with associ-
ated loss in relevant information about the question. Compression can mean aggregation of
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resolution along a given dimension, or alternatively approximations like convex relaxation of
constraints.

(d) Analytic assessment to check whether a less detailed model resolution materially affects model
outputs can provide a general guarantee that, and is thus likely preferable to, numeric assess-
ment. However, numeric testing can complement the analytic assessment, or as a substitute,
be used to work out the appropriate operating conditions of the model in a relatively blunt,
but potentially effective, fashion.

(e) Be careful to operate the model within the derived operating conditions that indicate where
model/question alignment holds.

(f) Interpret the model with humility, providing appropriate caveats, remembering that the quest
for why the results are the way they are is key in the normative modeling context. To gain
an understanding of what aspects of the modeled system drive results is a worthy goal of
modeling.

(g) Overall, we want to choose resolution so as to develop the lightest model that answers the
most relevant question in a fashion that efficiently harnesses available data.

A contribution we provide in this paper is that this roadmap is not only based on empirically
induced best practice, but has a grounding in, and can be related to, information theoretic concepts.
Finally, machine learning and broader artificial intelligence methods will allow us to understand
available data better, and find more efficient compressed representations, consistent with the steps
above, to model the questions we are interested in. The broader question for the modeling commu-
nity is, however, how these methods might, or might not, change the whole paradigm of normative
modeling, a topic we leave for ongoing research.

8 To conclude

This work, through a novel approach, has attempted to inform the choosing of model detail in
normative models with inherent validation difficulties. The starting concept is that there are mod-
eling decisions that are conditionally separable, allowing us to isolate situations, where systematic
evaluation is possible, from others where evaluation rests with judgment and expert option alone.
We have shown how two familiar modeling goals can be based not only on wisdom but on infor-
mation theoretic ideas, and develop how they may be applied to the choosing of model resolution.
Furthermore, based upon this journey, we have developed a roadmap to aid modelers think about
this topic, a topic that can have first order impact on model results

This work may be applied to modeling challenges relating to, for example, temporal and spa-
tial resolution, treatment of uncertainty, technological details, and representation of heterogenous
demographic groups. While associated modeling decisions can be made in an ad hoc fashion in
practice, there are also more sophisticated approaches in the literature to choosing resolution in
these cases, such as the use of clustering methods. This paper aims to provide principled guidance
on when more sophisticated methods are necessary, and on their implementation. While models
that include increased resolution will be able to say more about the disaggregated entities, this
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work is most valuable in thinking about whether the disaggregation, and the interaction between
the disaggregated components, affect more aggregate model outputs of interest.

From a broader perspective, as computational power continues to develop through hardware
and algorithm advances, and as availability of data continues its recent increasing trend, having
a logical basis to address how much model detail is required to address certain questions may be
increasingly useful. Data and computation will less frequently be the binding constraints of an
analysis. Additionally, the derivation of simple rules from the abstract concepts introduced in this
paper could be beneficial to those who ‘consume’ model outputs.

This paper is an attempt to open up a new frontier in model formulation, particularly the
choosing of model resolution, largely following a discursive approach, and will ideally inspire fur-
ther research in this domain. More rigorous results can follow, and also more direct numerical
applications of the information theoretic ideas for choosing model resolution. Systematic methods
to evaluate formulation of the models discussed in this paper are not common. A vision would be
for model formulation, parameter estimation, scenario development, uncertainty characterization,
and model diagnostics to be all considered comprehensively and systematically together during the
whole modeling process. This vision may be conceptual at first, followed by more formal systems,
all with a goal of increasing the utility of, and confidence in, normative models.

There is an analogy to computational tasks such as image recognition where programs were
coded to identify specific features selected by experts. This paradigm has recently been displaced
by programs that search the problem space themselves, learning the relevant features. The challenge
of extending the analogy to the domain of the models discussed in this paper is the challenge of how
to label the appropriateness of different formulations. For now, we focus on the more constrained,
yet useful, problem of choosing model resolution.
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A Aggregation toy example

Appropriate aggregation has played a central role in this paper. This toy example will walk through
some of the concepts presented. Firstly, let us define model f as follows:

m{gx 2x1 + 3x2 + x3

subject to:
rrtaoata3<3, x—ax3=>21 x>0

The optimum value of the function maximized is 8, and the corresponding x values are (1;2;0).
Now assume model A is a compressed version of model f with variables z; and xo aggregated such
that the coefficients associated with the aggregate variable are an average of the original coefficients.
We will assign these aggregated entities the subscript 12. Model h can be represented thus:

max 2.51'172 + I3
T

subject to:
Ty -+ T3 S 3, 0.5%172 — X3 2 1, T Z 0

The optimum value associated with model h is 7.5, and the corresponding & values are (3;0).
Models f and h help illustrate some of the concepts introduced about testable model aggregation.
As h is a compressed version of f, to determine its relative appropriateness for different questions,
we simply compare the outputs of the two models.

To apply the test we first have to define the question. For this first example, let our question
be what is the value of x3 at the optimal solution. Assuming L1 distance as our distance metric,
dg compares x3 across the two solved models:

do(z*,&*) = |25/ —2{"| =0 - 0| =0 < eg

We see that for this question, the compressed model, h, produced the same output as the original
model f. We can then say that model h is more appropriate than model f for this question. The
test is simply whether the aggregation that took place from model f to model A distorted the
output of interest, x3.

In contrast, if the question asks what is the objective function value returned by the model, the
difference between model outputs can be expressed as follows:

do(x*,2*) = |8 — 7.5/ = 0.5

The test is then, firstly, whether this level of deviation is material, depending on the choice of
the eg parameter, and if so, secondly, then depends on the tradeoff between model detail and
model information discussed in Section 5. While for this toy example, the comparisons may seem
obvious, the idea is to demonstrate a logical basis of to model evaluation, so that the reasoning can
be extended to large-scale models or cases where the comparisons are not so obvious, improving
transparency of modeling decisions.
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