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ABSTRACT

Modeling and simulating a real world scenario is fundamentally an abstraction that takes only part of the
given scenario into the model. Furthermore, the level of detail in the model, a.k.a. the resolution, plays an
important role in the modeling and simulation process. Finally, the abstraction and resolution of the model
determine the fidelity of the modeling and simulation, which becomes the ultimate utility for the model
users. While abstraction, resolution and fidelity are the corner stones of the modeling and simulation disci-
pline, they are often casually utilized. Moreover, their interplay is not investigated in-depth with explicit
operationalization of the concepts. This article operationalizes the concept of abstraction, resolution, and
fidelity by focusing on the aspect of model information. This theoretic investigation answers propositions
involving these concepts, i.e. whether or not a higher resolution model has higher fidelity and why, through
set theoretic approaches.

1 INTRODUCTION

Modeling and simulation (M&S) is ultimately an abstracted version of the real world. If we intend to re-
generate scenarios of interest in the real world without any loss of detail, modeling is impossible (Davis
and Bigelow 1998). Even if we consider only a facet of the real world, there are uncountable details that
we have to take into consideration. For instance, the famous butterfly effect claims that a distant and small
effect may cause a significant and large outcome after complex interactions between real world entities.
Assuming that this argument is true, simulation modelers might not have the full information that is neces-
sary to replicate the real world perfectly.

If simulation modelers admit that a simulation is an abstraction (Giunehiglia and Walsh 1992) of the
real world, the M&S community needs to engage in conceptual, theoretic, and practical discussions on
abstraction because abstraction is the one mechanism that enables our community to do its work. If simu-
lation modelers have common ground in defining the concept of abstraction, that would be a good place to
begin discussions on what good or bad abstraction is, how to abstract the real world better, and how to
improve current modeling practices in the M&S community. Recent M&S research contributions includes
numerous case study reports that cannot be validated for various reasons, such as unavailable datasets,
unseen futures, etc. Without numerical validation, which is inadequate in a number of cases, how can sim-
ulation modelers who have abstracted the real world be evaluated by a certain quality standard? A clear
definition and theoretic investigation on abstraction would be one way to build such a standard.

Further, abstraction is closely related to other important mechanisms in M&S. First, “resolution” (Davis
and Bigelow 1998) is often used interchangeably with “abstraction”. The resolution is important because
the resolution of a simulation model determines the level of details in the model and because the level of
details determines what to include and how to implement the model. Second, abstraction and resolution are
the major determinants of the fidelity of simulation models (Roza 2004). Conceptually, less abstraction and
higher resolution provides higher fidelity in the simulation models.
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Most simulation modelers are aware of the close relation between abstraction, resolution, and fidelity,
but only a few simulation modelers clearly distinguish them in their academic contributions (Davis and
Bigelow 1998; Roza 2004; Yilmaz et al. 2007; Mitchell and Yilmaz 2008; Turnitsa and Tolk 2008; Davis
and Tolk 2007; Gross and Freeman 1997; Gross, Freeman, and William 1998; Gross and Freeman 1999).
In some occasions, these concepts are casually used in research papers, so non-experts might get incorrect
impressions from the papers. Moreover, even M&S experts have slightly different views on these concepts
when they articulate each concept precisely. Therefore, investigating these concepts theoretically to provide
a concrete grounding is interesting and critical simultaneously.

This article proposes a potential grounding for abstraction, resolution, and fidelity through mathemati-
cal and logical arguments. Given the vast amount of M&S literature and their own views on these concepts,
it should be noted that this article is just a single position in defining and theorizing the concepts. We
develop theoretic arguments on abstraction, resolution, and fidelity from a simple black box model and its
represented modeling features. The development mainly depends on the amount of information that the
model holds and how it relates to the real world scenario that is the target of the modeling.

2 LITERATURE REVIEW

Before we start the theoretic discussion, we discuss the existing definitions and discussions of abstraction,
resolution, and fidelity in the M&S community and its neighbor communities, such as computer science.

2.1 Definitions and Preliminaries of Abstraction, Resolution, and Fidelity in Model Information

Many works (Davis and Bigelow 1998; Roza 2004; Yilmaz et al. 2007; Mitchell and Yilmaz 2008; Turnitsa
and Tolk 2008; Davis and Tolk 2007; Gross and Freeman 1997; Gross, Freeman, and William 1998; Gross
and Freeman 1999) have been published to define and examine the concepts and their casual definitions.
For example, Davis (2000) has published numerous papers on multi-resolution modeling, and the papers
had discussions and definitions of the concepts. Yilmaz et al. (Yilmaz et al. 2007; Mitchell and Yilmaz
2008) have expressed their views on multi-modeling, and their views categorize and specify multi-abstrac-
tion and multi-resolution, etc. Turnitsa and Tolk (2008); and Davis and Tolk (2007) discussed multi-mod-
eling from the viewpoint of model interoperability and ontologies. This short list shows that many promi-
nent M&S researchers expressed their own views on this subject. Gross et al. (Gross and Freeman 1997;
Gross, Freeman, and William 1998; Gross and Freeman 1999) have conducted research to define, measure,
and evaluate fidelity. Moreover, contributions have been published in relatively recent years, i.e. 2007, and
given that these concepts are the backbone of the M&S community, it is interesting that there are still
theoretic developments in this subject.

We identified a number of definitions of resolution, but the M&S community lacks an operationalized
definition of abstraction. For instance, if one of the oldest contributions regarding, the section titled “Defi-
nitions and Technical Background” in Davis and Bigelow (1998) begins with “All models are abstractions
of reality...” This statement leads to a definition of resolution, but Bigelow and Davis treat the concept of
abstraction as already given. This trend is similar to other M&S papers. In the computer science discipline,
abstraction is defined as follows.

* Abstraction: An abstraction, written f:Y; = Y, is a pair of formal systems (},;,Y.,) with lan-
guage A; and A,, respectively and an effective total function fy: Ay — A,.

In the M&S discipline, this definition can be interpreted as follows: f in modeling, }; is a real world
scenario, ), is a simulation model, A is a language used to describe the scenario, and A, is a modeling
language. One difference between the computer science and M&S fields is that )4 tends to be an informal
description rather than a formal system. Given this definition of abstraction, modeling is creating a mapping
from a real world scenario to a model. If we consider the model information aspect, not the behavior of the
model, Figure 1 is an illustration of this mapping. Here, M, the model; CS, the complete scenario; and U,
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universal information, represent the model information, the real world scenario information, and all infor-
mation in the real world, respectively.

'CS

Figure 1: Illustration of abstraction with Venn diagram

To measure the level of abstraction, Benjamin et al. (1998) discusses the relationship between quantity
of information and level of abstraction. They indicate that the level of abstraction of a model determines
the amount of information contained in the model. The quantity of information in a model decreases with
the level of abstractions. We also start our theoretic discussion from the model information perspective,
similar to the concept.

Since the definition of resolution may differ from one discipline to another, M&S articles define reso-
lution explicitly. For example, the below is a common definition that is explicitly shown or implied in Davis
(2000), Yilmaz et al. (2007), Turnitsa and Tolk (2008), and Roza (2004).

* Resolution: Resolution is a specification of the structural deviation in terms of modeling and sim-
ulation completeness; and abstraction level.

Although there is also a great amount of literature in academic and social research about defining fi-
delity, there still is not a clear practical and common agreed-upon definition. Each M&S researcher provides
his own definition by following related terms: accuracy and goodness. For instance, McDonald (1998) and
Foster (1997) define fidelity as a synonym for accuracy, which is a measure of how well the model agrees
with the real world information. Lane and Alluisi (1992) and Pace (Pace 1997; Pace 1998a; Pace 1998b)
propose the definition of fidelity as the degree of correspondence between the model representation and the
real world. Where the community stands, for now, is an “over-arching” definition of fidelity, which is just
a consolidation of two views. Through a variety of definitions, the Fidelity Implementation Study Group
(Fidelity ISG) define fidelity as follows (Gross and Freeman 1999); this definition assumes that the repro-
duction will be measurable or perceivable, so the measurable elements correspond to accuracy and perceiv-
able ones to goodness.

* Fidelity: The degree to which a simulation model reproduces the state and behavior of a real system
in a measurable or perceivable manner

Given the above definition, abstraction, resolution, and fidelity tend to be a selection, a degree, and a
faithfulness problem respectively. In other words, abstraction makes a modeler determine what to model
(Abstraction of which object). 1t is the process of selecting the essential aspects of a component to be rep-
resented in the model while ignoring those aspects that are irrelevant to the objective of the model. Reso-
lution asks a modeler to how to model to a certain extent (Resolution to which level). This refers to the
degree of detail used to represent aspects of the real world in a model. Fidelity indicates how faithfully a
model represents a corresponding real world object or information (Fidelity to how much realism). 1t be-
comes a measure of the realism of the model. Unfortunately, we have not discovered a detailed and opera-
tionalized definition of resolution.
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3 ABSTRACTION, RESOLUTION, AND FIDELITY OF MODEL INFORMATION

Abstraction, resolution, and fidelity in M&S can be investigated from diverse perspectives. This article
particularly focuses on the model information perspective. This means that we provide a theoretic view to
define and relate abstraction, resolution, and fidelity by assuming that the behavior rules of the models are
most realistic for the given model information. Under this assumption, we unfold the theoretic interplay
between abstraction, resolution, and fidelity by model information.

3.1 Theoretic Articulation on Abstraction and Resolution

According to the definition of the universal information, U, the model information is the set of information
included in a model. Considering a simulation model, the model can be viewed as a system that takes inputs,
produces outputs, and changes states, as described in Formula 1.

M(;S) =0

[: Set of Input Information, I c U

S: Set of State Information, S c U

0: Set of Output Information,0 c U (1

For example, the DEVS formalism (B. P. Zeigler and Vahie 1993; B. Zeigler, Prachofer, and Kim 2000) is
a complete representation of a discrete event model, and its model specification includes the following
seven elements. Relating the formalism to the above model representation in Formula 2, I corresponds to
X in the formalism; S is equal in both representations; and O is equal to Y in the formalism. The other
elements, which are functions, are outside the scope of our investigation because the functions specify the
model behavior with the given information. A DEVS coupled model is a composition of atomic models,
and the coupled model inherits the characteristics of the atomic model by virtue of the closed under coupling
property. Therefore, we can confirm that I, S, and O are the complete information required by the complete
representation of discrete event models.

AM =< XY, S, Soxt, Oine, A, ta >

X: Set of Input Events

Y: Set of Output Events

S: Set of Partial States

ta: Time Advance Function

Ot Externl Transition Function

Oint: Internal Transition Function

A: Output Function 2)

With the complete set of information in discrete event models, we represent the model information, M, as
the union of I, S, and O. Naturally, M is the subset of the universal information U. Here, we share the
symbol of the model information and the model by utilizing M because we limit ourselves to investigating
only the information in a model, excluding its functions and its behaviors.

M=IUSUO
McU 3)

Previously, we argued that the amount of real world information in a model is the level of abstraction of
the model. This suggests that the size of M, or |M|, determines the level of abstraction from the model
information perspective. This argument becomes the only axiom that we create in our theoretic develop-
ment. In detail, we define the model abstraction as in Formula 4.
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|M|

MA: Level of Model Abstraction 4)

The definition of model abstraction in Formula 4 enables modelers to compare the abstraction levels of
two models. This comparison determines which model has more details of the real world. We operationalize
this comparison by defining >, in Formula 5.

My 4: Model with High Abstraction Level
M; 4: Model with Low Abstraction Level %)

When we enumerate the possible cases of two models with different abstraction, three cases are iden-
tified and illustrated in Figure 2. Figure 2 (a) suggests that the two models share no common information
in the universal information, U, which means that the two models are abstracting completely different parts
of the real world. In this case, we might compare the abstraction levels of the two models conceptually, but
we cannot argue which model has more detailed information in the modeled part of the universe. Figure 2
(b) indicates that the two models focus on a common aspect of the universe, and M; 4 has more information
than My 4. In Figure 2 (b), we can argue that the model with more information has more detailed information
than the model with less information. Figure 2 (c) shows that the two models share a certain coverage of
the universe, but they are focusing on slightly different parts overall. Although M, 4 includes more infor-
mation than My, unlike Figure 2 (b), the two models contain different information in part. Hence, we
cannot directly argue that M; 4, contains more information than My, regarding the modeling scope in the

real world.

(a) (b) ()

Figure 2: Three possible model information relations with different abstraction

Figure 2 (a), (b), and (c) indicate that there is a special case of abstraction comparison between the two
models. Venn diagram of Figure 2 (b) suggests that the higher abstraction model is completely covered by
the lower abstraction model from the model information perspective. This indicates that the information in
M, 4 includes the entire information in My, along with additional information. Hence, this suggests that
M; 4 increased its resolution by adding information that is not covered by My 4. The other cases are different
from the second illustration because the models in the illustration have exclusive model information, so a
direct comparison of the modeling details would not be strictly arguable. We operationalize this complete
coverage of one model information to another by the operator of resolution comparison. This means that
we define resolution as a concept of relation between two model abstractions. This operationalization is
represented in Formula 6. This operationalization negates that the proposition in Formula 7 by the counter-
examples, as shown in Figure 2 (a) and (c).

Mir © Myr = Mygr >g My
MpyR: Model with High Resolution Level
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M, r: Model with Low Resolution Level (6)
Mya >4 Mpa # Mpa >g Mpy (7)

After arguing that lower abstraction does not necessarily yield higher resolution, considering the con-
verse of the proposition is interesting. Given the proposition in Formula 7, its converse is that the higher
resolution is the lower abstraction, which is described in Formula 8. Logical proof of this converse turns
out to be true, while the original proposition is false. Conversely, My 4 is a subset of M; 4 because of the
definition of the resolution operator in Formula 6. A subset is always equal to or smaller than a superset, so
My 4 is equal to or smaller than M, 4. This indicates that M, 4 has a lower abstraction level than My, ac-
cording to the definition of the abstraction operator in Formula 8.

Mpy >gr Mg = Myyg >4 Miq4 (8)

3.2  Fidelity in Model Information

The fidelity of model represents the closeness of the simulation model to the complete scenario. Since this
article limits itself to the aspect of the model information, we assume that each model has most realistic
representation in its model behavior. Under this assumption, the model with the highest fidelity is the model
with a complete scenario in the real world. The complete scenario covers every element of information that
increases the fidelity of model under the assumption of the most realistic model behavior.

Figure 3 indicates that there are two models with different model information sets and one information
set that is the complete scenario, defined in Section 2.1. The models might include more information than
the complete scenario, which will not affect the fidelity of the model according to the definition of the
complete information of a scenario. If the model information covers only a portion of the complete scenario,
which will be the case for most simulation models, the model will lack some of the information elements
that would have increased the fidelity if they have been included.

@ —~,
T €@ (|

(a) (b) (c)
Figure 3: Three possible model information relations given a real world scenario to model

This theoretic view is applicable to the previous discussion on abstraction and resolution. Before we
start applying the concept of fidelity to abstraction and resolution, we operationalize the comparison of
fidelity levels between two models in Formula 9.

IMLr N CS| < [Myp N CS| = Myp >p Myp
Myr: Model with High Fidelity Level
M, : Model with Low Fidelity Level ©)

From this operationalization, we hypothesize two propositions. The first proposition is “A lower abstraction

model has higher fidelity in its model information.” The second proposition is “A higher resolution model
has higher fidelity in its model information.” The two propositions are operationalized in Formula 10.
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1) Mya >a Mg # Mg >F Mya

2) My >g Mg = Mygr >p Mg (10)
The proofs of the propositions are intuitive and simple. The proof of the first proposition is done by a

counterexample described in Figure 3. Figure 3 (a) shows that a lower abstraction model that is less focused

on the complete scenario has lower fidelity than a higher abstraction model that is more focused on includ-

ing the complete scenario. The proof of the second proposition requires a few more logical steps than the

first proof, which is described in Proof 1.

Mpyg >g Mg
= M;p C Myp
= M;pNCSc MyrNCS
= Mg NCS| < |Myg NCS|
= Myg >p Mg

o Mygp >g Mg = Myg >p Mg

Proof 1: Proof on proposition between resolution and fidelity relations

33 Theoretic Relation of Abstraction, Resolution, and Fidelity

This subsection summarizes the theoretic relations of abstraction, relation, and fidelity, which are identified
in this article through definitions and proofs. Figure 4 is the illustrative version of the summary. According
to the definitions, resolution is a special case of abstraction. Regardless of the intersection between two
model information sets, lower abstraction means more model information than a higher abstraction. Mean-
while, higher resolution means that the model information is a superset of the model information in a lower
resolution model. This definition difference results in two logical statements. First, a higher resolution
model is a lower abstraction model. Second, a lower abstraction model is not necessarily a higher resolution
model.

Abstraction

7/ \
/ k\ \
M;>eM,
Mz>)\|\V|1 \\
N \
N MixaM,
\ Mst\Ml
\
M1>RM2 =4 = A\ |
. M;>M, g -
Resolution MM B | Fidelity
M1>RM2

Figure 4: Illustration of theoretic relation of abstraction, resolution, and fidelity

When the concept of fidelity joins this theoretic relation, this discussion involves a real world scenario
of interest and its complete information to model. A model with higher fidelity should cover more model
information belonging to the complete information set of the scenario. Then, this article proved two logical
statements. First, a lower abstraction model does not necessarily have high fidelity. Second, a higher reso-
lution model should have high fidelity. These statements are true only when we assume the most realistic
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model behavior given the set of model information. If this assumption is not guaranteed, the theoretic rela-
tions should be evaluated accordingly.

4 IMPLICATIONS AND LIMITATIONS

This work aims to deliver more concrete ground for M&S researchers to discuss abstraction, resolution,
and fidelity. These concepts are the backbones of the M&S discipline, but many M&S researchers use the
terms and apply the concepts causally. However, we argue that these concepts need to be used more con-
sciously because the model users fundamentally rely on these concepts to understand simulation models.
To support the articulation of abstraction, resolution, and fidelity, we utilize the set theory to represent and
investigate the meanings of and relations among these concepts. In particular, we focus on the model infor-
mation aspect of these concepts under the assumption that models provide the most realistic behavior with
available information.

This work is preliminary and requires further development. First, this work should be developed as a
joint investigation within the M&S community. The presented theoretic development should be carefully
examined by active members of the research community, and consensus on the work is imperative for wide
acceptance. Second, the presented theoretic contribution should conform to the existing M&S theories and
the theoretic framework. This work should position itself as a supporting framework, not an obstruction to
the current practices. One distinct characteristics of M&S is its practical approach to real world problems.
Theoretic contributions should be developed in conjunction with the practical approaches. For example, the
DEVS formalism, one of the theoretic works in M&S, is better recognized and utilized when the formalism
is used to solve real world problems, such as defense modeling and simulation. Third, this work should
examine the effect of model behavior that is beyond the scope of model information. Two models can be
completely different from each other even if they use the same information.
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