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Abstract—Defense modeling and simulation (DM&S) has
brought insights into how to efficiently operate combat entities,
such as soldiers and weapon systems. Most DM&S works have
been developed to reflect accurate descriptions of military doc-
trines, yet these doctrines provide only guidelines of military
operations, not details about how the combat entities should
behave. Because such vague parts are often fulfilled with the
appropriate behavior of combat entities in a battlefield, one part
argues that DM&S should consider individual combat behaviors
as well. However, it is known as an infeasible problem discover-
ing best individual actions from infinite searching space, such as
the battlefield. This paper proposes a layered behavior modeling
to practically resolve this issue. The proposed method applies
descriptive modeling to reduce the searching space by employing
domain-specific knowledge; and prescriptive modeling to discover
best individual actions in the reduced space. For the gener-
alization, the proposed method adapts both modeling methods
being modularized, and then the proposed method suggested an
interface between them that is based on their semantic analogies.
Both modeling methods are modularized, so they are interacted
through an interface defined in the proposed method. This paper
presents a realization of the proposed method through a case
study of infantry company-level operations. In the case study, the
proposed method is implemented with discrete event system spec-
ification formalism as the descriptive part and Markov decision
process as the prescriptive part. The experimental results illus-
trated that the combat effectiveness resulted from the proposed
method is statistically better than that from the descriptive-only
modeling, and the difference would be guided by the objective of
the combat behavior. Through the presented experimental results
and the discussion, this paper argues that future DM&S should
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consider a broad spectrum from the battlefield incorporating the
rational behavior of military individuals.

Index Terms—Computer generated force (CGF), defense
modeling and simulation (DM&S), descriptive modeling, layered
modeling, prescriptive modeling.

I. INTRODUCTION

MODELING and simulation has been utilized as an effi-
cient method for analyzing and evaluating military

systems [1]–[3], and this field is generally referred to as
defense modeling and simulation (DM&S). The current suc-
cess in DM&S is partially rooted in the applicability of the
modeling and simulation techniques that support analyzing the
situations that have not yet occurred, but are expected to in
the future (e.g., anticipating the outcome of potential combat
scenarios).

These scenarios consist of the cooperation among multiple
combat individuals in military systems, such as weapon system
and military rank structure. To improve the combat effective-
ness of military systems, military experts suggested improving
their systematic efficiencies, in particular, considering their
hierarchical command structure [4]. These experts designed
a guideline for managing the military systems efficiently, and
this experience has been documented and refined up to now.
Such documents are generally referred to as military doc-
trines or field manuals. From this perspective, DM&S works
have been developed to evaluate military systems by models
based on the military doctrines [5]–[7]. In this sense, there-
fore, descriptive modeling was considered as an appropriate
method for DM&S.

Descriptive modeling aims at explicitly illustrating the
system mechanisms that steer the system behavior, and the
military doctrines are regarded as the core of those mech-
anisms in DM&S. Specifically, descriptive modeling intends
to describe military doctrines as they are, and the developed
model is used to evaluate and analyze combat effectiveness.
For example, Yun et al. [8] presented agent-based modeling
and simulation to identify the key tasks of company-level com-
manders by analyzing the command and control systems of the
infantry company.

Meanwhile, other researchers raised concerns about apply-
ing only systematic analysis to military systems. They instead
focused on individual modeling in the military systems that

2168-2216 c© 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: KOREATECH. Downloaded on March 05,2026 at 08:45:51 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0002-1798-1306


2552 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 50, NO. 7, JULY 2020

actually carries out combat behavior, so they suggested consid-
ering human reasoning process behaviors in DM&S [9], [10].
Furthermore, we focused on another reason for the above
concerns originated from inherent limitations in the military
doctrines: the military doctrines describe the behaviors of the
general combat situations, but this generality often fails to pro-
vide specific behaviors in a certain situation. For example, due
to the lack of specific representations of the rules in the mil-
itary doctrines, combat individuals should determine or infer
their future behaviors based on their experiences and situated
environments. It also means that there might be room that the
military doctrines does not fully cover.

Prescriptive modeling is to model human reasoning
processes in several decision-making fields, such as opera-
tion research and artificial intelligence. Through this reasoning
process, an individual could determine his rational behav-
ior considering his current situation. The rational behavior
implies the behavior patterns based on the utility theory, often
mentioned by economists [11], [12]. For example, a ratio-
nal agent modeled with Markov Decision Process (MDP)
would select their behaviors as maximizing the expected sum
of rewards [13], [14]. Generally, this rational behavior dif-
fers from the guided behavior from the descriptive modeling:
prescriptive modeling can generate unexpected behaviors that
are not explicitly coded in the model. In DM&S cases, for
instance, prescriptive modeling is able to provide the ratio-
nal behavior that a combat entity could autonomously behave
when the military doctrines fails to offer explicit guides.
Having said that, the utilization of prescriptive modeling in
DM&S has been inherently limited, because it requires infea-
sible computation time for discovering infinite searching space
on the combat situation [15].

One way to make the prescriptive modeling being more
practical is reducing its searching space. This reduction, how-
ever, is an intricate problem because it is at risk for losing
or distorting the original information. Having said that, in
some domain-specific problems, such as military systems, we
assumed that well-refined domain knowledge, such as field
manuals, would be used to reasonably reduce the searching
space. To implement this idea, we applied the descriptive
modeling with domain knowledge for reducing searching
space and the prescriptive modeling on the reduced searching
space to find approximately best actions in the reduced search-
ing space (see Fig. 1). Having said that, we also note that this
approximation holds tradeoff relationships between the appli-
cability by the reduced searching space and the effectiveness
of the selected actions from the reduced space, which can be
measured in an empirical manner.

In terms of military systems, we can rephrase the above
assumption with detail examples: combat individuals in the
military systems are generally highly trained to follow the
military doctrines prior to their individual thoughts. This dis-
tinctive feature backs up the assumption that the best actions of
combat individuals in a battlefield would fall into the boundary
of the field manuals. In other words, their combat behaviors
would be placed within the boundary of the military doctrines,
and human reasoning process can find out their best behav-
iors for the current situations. We consider that this approach is

Fig. 1. Conceptual view of the proposed method: finding approximated
course of actions by utilizing prescriptive method on the reduced searching
space by descriptive method.

expected to provide more efficiency rather than the descriptive-
only method by filling the gap among the military doctrines
with the human reasoning process. Therefore, we also expect
that this idea would give an answer to military experts standing
on both descriptive and prescriptive modeling sides.

To this end, this paper proposes layered behavior modeling
by interfacing the descriptive and the prescriptive modeling
methods. Both modeling methods are modularized, so the
proposed method combines them with an interface mapping
their semantic analogies. In particular, we note that this loosely
coupled structure makes the proposed method being general-
ized, which will be covered in the discussion section. We note
that the proposed layered modeling has rarely been applied so
far in DM&S domain, but it has in a few works in the natu-
ral resource management [16]. This paper also presents a case
study of a company-level engagement model. The case study
introduces an agent-based model conducting a company-level
occupation mission, and combat individuals in the model con-
duct the mission with considering the environmental factors
that influence their combat behaviors, such as maneuver and
fire. To build a layered behavior structure for the case study,
we employed discrete event system specification (DEVS) for-
malism as descriptive modeling (for describing the military
doctrines) and MDP with continuous state and action spaces
as prescriptive modeling (for describing the rational behavior
of combat individuals). From the result analysis, the proposed
method statistically showed better combat efficiency rather
than the conventional method (i.e., descriptive-only model).
For further insights, this paper also discussed the strong and
weak points, the distinctive benefits, and the generality of
the proposed method. We expect that the proposed method
will provide a modeling way of embedding individual rational
behavior to systematical behavior.

II. PREVIOUS RESEARCH IN DM&S

DM&S has been used as a tool for researchers and prac-
titioners in the analysis of the military domain [17], [18],
especially for training [19], acquisition [20], [21], and anal-
ysis [22], [23]. Among the DM&S works, in particular,
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computer generated forces (CGF) have been developed to eval-
uate combat efficiency. CGF is defined as “A generic term used
to refer to computer representations of entities in simulations
which attempts to model human behavior sufficiently so that
the forces will take actions automatically (without requiring
man in-the-loop interaction)” [24].

By its definition, CGFs contains both systematic (e.g., mis-
sion operations) and individual (e.g., human behavior) features
at once. From the systematic view, CGFs focus on mili-
tary doctrines that explicitly denote the basic principles and
guidelines for military operations, and combat entities in the
CGFs are designed to follow the military doctrines. One
method of developing such CGFs is a descriptive modeling
method. Descriptive modeling is specialized in presenting the
explicit rules about system behavior [25]–[27]. Hence, descrip-
tive modeling is applied to illustrate military doctrines and
field manuals, which dictate basic rules of military missions,
so it has been applied to various defense models [28], [29].
Examples of descriptive modeling are the state, operator,
and result (SOAR) framework [30], [31] and DEVS formal-
ism [32], [33]. The SOAR framework determines autonomous
behavior by the combination of production rules and the state
set of the model; the DEVS formalism uses algebraic represen-
tation consisting of sets and functions to represent systematic
behaviors so that it enables to realize system of systems
concept [34].

On the other hand, some researchers said that the descriptive
modeling was insufficient for fulfilling the unnoticed details
between the military doctrines [9], [10], [35]. They argued
that the military doctrines generally care about macroscopic
rules at war, but a combat is conducted through the coopera-
tion of multiple combat entities. Specifically, combat entities
have to reflect their experience and knowledge according to
their situations for investigating the best action during military
missions [36]–[38].

Prescriptive modeling considers for decision-making pro-
cess under uncertain circumstances. In particular, in the
DM&S area, prescriptive modeling has been used to exam-
ine various combat strategies [39]–[43]. MDP is an example of
prescriptive modeling [44]–[46]. MDP generates a sequence of
behaviors in the stochastic environment, so it enables the sug-
gestion of the rational behavior of combat entities with respect
to their battlefields, which is not described in the military
manuals.

Most of the current practices in DM&S are either macro-
scopic (e.g., military doctrines) or microscopic (e.g., combat
entity behavior) only. Due to the characteristics of the mil-
itary, DM&S emphasizes systematic behaviors based on the
field manuals. However, it is required to consider that due to
the vague regions between the military doctrines, the combat
effectiveness could significantly be changed.

To investigate and clarify those vague regions, DM&S
should be performed from the multiple perspectives. Few
cases considering both factors together have been con-
ducted [47]–[54], but they still hold limitations in terms of
model-scale, applicability, and extendability issues. For exam-
ple, [47] developed an agent-based model applying human
reasoning process via human-in-the-loop manner, but it is

Fig. 2. Structure of the layered combat behavior modeling applied to the
company-level CGF. The behaviors of the combat entities are described by the
combination of two modeling methods: the DM and PM represents the field
manual (i.e., what to do) and rational behavior (i.e., how to do), respectively.

considered for small number of scenarios and implemented
as ad-hoc manner. Furthermore, [48], [49], [51], [53], [54]
developed their agent-based models embedding reasoning pro-
cess with simulation frameworks, such as MANA, Pythagoras,
JANUS, ACOMSIM, and Repast, but they covered squad-
level or individual military unit operations which still
remains a question of the applicability. Hocaoglu [50] and
Elkosantini [52] proposed a simulation framework for decision
process but did not present a practical example.

This paper proposes layered behavior modeling consist-
ing of the descriptive and prescriptive methods. Specifically,
we employed formal methods, i.e., DEVS and MDP, in the
proposed approach and interfaced them by connecting their
elements. The following sections introduce the details of the
proposed method with an explicit example and also analyze
its efficiency through virtual experiments.

III. LAYERED BEHAVIOR MODELING USING

COMPANY-LEVEL ENGAGEMENT OPERATIONS

Layered behavior modeling was suggested to embed ratio-
nal behavior into artificially designed systems (e.g., embedding
rational combat behavior into military systems). In particular,
we designed the proposed method as a practical one mean-
ing not to discover optimal values in infinite time, but to
find acceptable and applicable solutions in reasonable time.
Hence, the proposed layered method was designed to hierar-
chical form and its parent and child part have different roles:
the parent part, as descriptive model, reduces problem regions
with domain-specific knowledge; and the child part, as pre-
scriptive model (PM), discovers the best strategy (or behavior)
on the reduced problem regions. By explicitly separating and
interacting two modeling method, we note that the proposed
method is capable of being applied to domain problems with
the similar characteristics.

Based on this design concept, this section illustrates how
this concept would be implemented through the model devel-
opment of a company-level CGF. For better understanding, it
starts with introducing the objective and structure of the CGF.

A. Company-Level CGF With Layered Behavior Model

The company-level CGF describes an occupation mission
where one infantry company of the blue force intends to take
over an enemy spot where one infantry company of the red
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Fig. 3. Model structure of the company-level CGF. The rectangle and the trapezoid boxes represent the DEVS CM and AM, respectively. The numbers next
to the lines show the multiplicity of the models. In particular, BlueForce uses the MDP models to reason combat entity behavior.

force is located. The combat entities in the company-level CGF
are soldiers, mortar teams, team leaders, and mortar headquar-
ters: the soldiers and mortar teams are engagement units, and
the others are command and control (C2) units.

To incorporate behavior reasoning process in the blue force,
we designed it with layered behavior modeling (see Fig. 2).
The layered behavior modeling consists of two main parts:
descriptive model (DM) and PM. Specifically, the DEVS
model, as a DM, describes military doctrines regarding the
maneuvers, direct fire, and mortar fire of company units; MDP,
as a PM, reasons the combat entity behaviors of the maneu-
ver, direct fire, and mortar fire on the conditions of the military
doctrines and the surrounded environment. Also, to communi-
cate between DM and PM, there is an interface between DM
and PM.

Fig. 3 depicts the overall structure of the company-level
CGF. The BlueForce model consists of one Company model,
and the Company model has CompanyHQ and three Platoon
models. CompanyHQ delivers missions to the Platoon models
and to the MortarTeam models, and the bombardment order
to MortarTeam by controlling the Mortar MDP model, which
determines the bombing target for each mortar. The Platoon
model has a similar structure as the Company model, i.e., it
has one PlatoonHQ and three Squad models. The Squad model
has two Team models, and each Team model has five combat
entities, such as Team Leader and Soldier, and one Team MDP
model. Team leader generates an order to Soldiers according to
the combat mission from the PlatoonHQ and reports the result
of the mission to the PlatoonHQ. Each combat entity consists
of five behavioral models: 1) decision-making; 2) maneuver;
3) fire; 4) detection; and 5) damage evaluation. Team MDP
model has linkages with two MDP models: 1) maneuver MDP
and 2) fire MDP. Each MDP model determines the associated

behaviors of the combat entities. Also, the company-level CGF
contains the Environment model, which provides battlefield
information (e.g., elevation and terrain type) used in the behav-
ior reasoning process. In Fig. 3, the rectangle and the trapezoid
boxes represent the DEVS coupled model (CM) and atomic
model (AM), respectively. The numbers next to the lines shows
the multiplicity of models.

B. Descriptive Model in the Company-Level CGF

DMs in the company-level CGF guide the combat entities
to behave considering the mission objectives and field man-
uals. We applied DEVS formalism to descriptive modeling.
DEVS formalism suggests two types of submodels: 1) the AM
for describing system component behavior and 2) the CM for
building up a hierarchical model structure. Table I presents
the formal specifications of the two models [for reference,
M.e in Table I indicates an event port (e) associated with a
model (M)].

In the development of the company-level CGF, DEVS CM
illustrates the hierarchical structure of friendly and enemy
troops, and DEVS AM represents individual-level combat
behaviors, such as decision-making, maneuvers, fire, detection,
and damage evaluation. Through this building process, CGFs
are developed in a bottom-up manner: for example, one soldier
on a team consists of five AMs regarding combat behaviors,
and that team is also a component model of a squad. Fig. 4
shows the coupling structures of the BlueForce model. Fig. 4
(left) is the composition structure of the troop hierarchy of the
BlueForce. The numbers next to a model indicate the number
of its instances; for example, there is one company model in
the BlueForce, and a Company model has three Platoon mod-
els. In particular, a Team model consists of one Team leader,
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TABLE I
MATHEMATICAL REPRESENTATIONS FOR DEVS MODELS: AM AND COUPLED MODEL (CM)

Fig. 4. Coupling structure of the blue force in the company-level CGF. Left: Composition of the troop hierarchy of BlueForce in the simulation (The numbers
next to the model names indicate the number of the model instances). Right: Soldier model by DEVS CM consists of five DEVS AMs for combat behaviors,
such as Decision-Making, Maneuver, Fire, Detection, and Evaluation.

one Team MDP, and four Soldiers, and the internal structure
of a Soldier is depicted in Fig. 4 (right).

The five submodels in a soldier model represent the basic
combat behaviors of a soldier. The Maneuver, Fire, and
Detection models are controlled by a central model called the
Decision-Making model. Evaluation model evaluates the sol-
dier damage caused by other soldiers. For example, we present
the diagram of Decision-Making model (see Fig. 5), which
represents the decision-making procedure of a soldier.

The company-level CGF contains an environment model,
where environmental factors, such as the terrain and eleva-
tion of the battle scene, and the location of blue and red
agents. When making a decision, all combat entities obtains
agent information at time t from the environment model with
their limited scopes (e.g., detection range). Also, terrain fac-
tors in the environmental factors are categorized into three
types: 1) mountain; 2) open field; and 3) road, and they have

an influence on maneuvering and firing behaviors. The eleva-
tion factors, on the other hand, affects to detecting behavior
by interfering in securing the line of sight (LOS) between blue
and red units. Such interferences are modeled as noise factors
in MDP models.

C. Prescriptive Model in the Company-Level CGF

The PM is proposed for determining a proper action of
a combat entity considering the currently situated environ-
ments. To implement PMs, we applied MDP. MDP provides an
mathematical framework for modeling decision making based
on the Markovian property. The formal definition of MDP is
represented as a tuple <S, A, T, R, γ> (see Table II).

MDP is in a certain state st ∈ S at each time t, and there are
several actions at ∈ A that are available in state st. By conduct-
ing an action, the next state (s′ or st+1 ∈ S) is stochastically
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Fig. 5. DEVS AM diagram of Decision-Making model, managing combat behaviors of a soldier model.

TABLE II
MATHEMATICAL DEFINITION OF MDP MODELS

determined by state transition function T , and the correspond-
ing reward is determined by reward function R. Also, the
rewards for future states are discounted by the factor of γ .

The company-level CGF contains MDP models to manage
maneuver, fire, and mortar behaviors of combat entities. The
following section introduces how each MDP model is designed
in the company-level CGF by specifying its formal description.

1) Maneuver MDP: Maneuver MDP decides the moving
direction and speed of each soldier considering the balance
between two objectives: 1) keeping the team formation where
the soldier is involved and 2) arriving at the mission point as
soon as possible. This concept was designed as the following
MDP formulation.

Environmental State (S): Environmental state s is defined
as <�α, �β, �g>. �α represents x, y coordinations of five soldiers
on a team [i.e., �α = <(α1x, α1y), (α2x, α2y), . . . , (α5x, α5y)>].
�β = <βx, βy> is the centroid of the enemy force’s position,
and �g =< gx, gy > represents the team destination position
that the red team occupied in the scenario.

Action (A): Action a is defined as moving speed (v) and
direction (�) of team soldiers (< �v, �� >). The moving speed

is a value within [0, vMAX] where vMAX means the maximum
speed, and the moving direction is in the range of [0, 2π).

State Transition Function (T): The state transition function
deals with the position changes of team soldiers according
to the current state s and an action a. Specifically, the state
transition function provides the speed of each soldier consid-
ering the situated environments. The geographical noise, ρ,

consists of two components: 1) terrain (ρt) and 2) elevation
(ρe) noise. ρt is determined by three terrain types; mountain
as 0.6, open terrain as 0.8, and road as 1.0; ρe is calculated
with respect to the elevation degree, θe [i.e., ρe = 1 − (c ∗ θe),
c is a constant from the ROK field manual]. ρ is therefore cal-
culated by the multiplication of those environmental factors.
With the provided speed of each soldier, their next positions
are calculated(

α′
ix, α

′
iy

)
→ (

αix + ρri cos �i, αiy + ρri sin �i
)

(1)

where ρ = ρt ∗ ρe :geographical noise, ri : moving distance
(ri = si ∗ t, si as soldier speed and t as moving duration).

Reward Function (R): Each soldier has two objectives in
the maneuver mission: 1) the arrival at the mission position
as soon as possible and 2) the maintenance of team forma-
tion during maneuvering. These objectives are designed as
coefficient factors in the reward function

R
(
s, a, s′) = wA ∗ rA

(
s, a, s′) + wF ∗ rF

(
s, a, s′) (2)

where wA and wF are the weights for the arrival and the
formation reward, respectively.

rA(s, a, s′) evaluates how close team soldiers approach the
mission point. Mathematically, rA(s, a, s′) is defined as the
potential function 	goal(s), which represents a Euclidean
distance between the team leader’s position and the goal posi-
tion in state s [i.e., rA(s, a, s′) = −(	goal(s′) − 	goal(s))].
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TABLE III
MESSAGES EXCHANGED BETWEEN THE SURROGATE MODELS OF DM AND PM: CONTROL, OBSERVATION, AND ACTION;

MESSAGE CONTENTS ARE BASED ON THE SEMANTIC RELEVANCE BETWEEN DEVS AND MDP

rF(s, a, s′) evaluates how perfectly team soldiers maintains the
team formation. (e.g., the wedge-shaped formation).

To maintain the team formation, a soldier calibrates his cur-
rent position with other soldiers, which means rF(s, a, s′) is
factorized by the x and y coordination of the team soldiers [i.e.,
rF(s, a, s′) = ∑5

i=2

√
(x̃i − xi)2 + (ỹi − yi)2, where x̃i and ỹi

are the expected x and y coordination of soldier i to maintain
the team formation according to soldier 1’s position]. Also, we
assumed the discount rate, γ , of Maneuver MDP to be 0.95;

2) Fire MDP and Mortar MDP: Fire MDP and Mortar
MDP determines the fire target of each soldier and the target
point to support the infantry with mortar fires, respectively, to
maximize the combat effectiveness. The following description
illustrates how Fire MDP was formulated, and due to their
behavioral similarity, Mortar MDP is explained by noting the
differences with Fire MDP.

Environmental State (S): Environmental state s is defined
as <�α, �αd, �β, �βd>. �α and �αd are the position and the damage
state of team soldiers, respectively. The damage state of a
soldier (αd,i) is initially set to 100 and decreases by the fire
damage from the opposing force. If αd,i goes down to below
30 or becomes zero, the soldier becomes disabled or dead.
Similarly, �β and �βd are the position and the damage state of
the detected soldiers in the red force, respectively. In Mortar
MDP, αd,i (i = 1, 2, 3) does not change because the mortar
model is designed not to be damaged by the enemy fire.

Action (A): An action a = <R1, R2, . . . , R5> represents
the fire targets of team soldiers. Specifically, Ri indicates a
red soldier or a location targeted by a blue soldier i (in Fire
MDP case), or a bombing target of mortar i (in Mortar MDP
case).

State Transition Function (T): The damage states of combat
entities (αd and βd) are changed by the transition function of
Fire and Mortar MDP

β ′
d,i = βd,i − Di (3)

where βd,i ∈ �βd and Di is fire damages to soldier i, Di ≤ 100.
Damage from the Fire MDP is determined by hit probability

and fire power. Hit probability is a random variable derived
from Bernoulli distribution with the accuracy rate of a rifle.

The rifle accuracy rate is assumed as 90% within its fire range;
otherwise 0%. Having said that, when the LOS between the
shooter and target is not obtainable by the elevation, the accu-
racy rate is also 0%. Fire power is modeled as a parameter,
called probability of killing (see Table IV). In the mortar MDP
case, we modeled that damage by the mortar fire are affected
by terrain type and elevation the elevation degree between the
impact area and the force garrison.

Reward Function (R): The objective of fire and mortar MDP
is to increase the number of the disabled red force. Thus, these
models are designed to get more reward when more opposing
soldiers’ life status (i.e., βs) go below 30. Also, we set the
discount rate, γ , of fire and mortar MDP as 0.95.

D. Model Interface Between DM and PM

While DM describes the military doctrines and current
combat situations, PM can infer rational behavior regarding
maneuvering and firing operations within the military doc-
trines. To support such interoperation, we designed an interface
for exchanging information from the DEVS and MDP mod-
els. Specifically, we resolved this issue by coupling the two
models with the semantic relevance of the inputs and outputs
of those models.

The protocols used in the suggested interface consist of
three messages: Control, Observation, and Action. Control
specifies: 1) the mission objectives generated from Team
leader or high-level units and 2) the current life status of
the team (αs). Observation contains the observed informa-
tion, including red force units and the situated environments.
These two messages are sent from DM to PM through the
interface. On the other hand, Action message, forwarded from
PM to DM, indicates the behaviors of the associated com-
bat entities according to the received Control and Observation
messages. Table III presents the details and the semantic
relevance between the DEVS and MDP of the three messages.

Fig. 6 illustrates an interface applied to the Team model.
The interface holds surrogate models for DM and PM, which
are Team MDP and relational dynamic influence diagram lan-
guage (RDDL) Composer and RDDL Parser. Team MDP is
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Fig. 6. Interface structure (shaded area in the figure) between DM and PM: the interface consists of two surrogate models in both side, and they exchanges
their information through three messages, such as control, observation, and action.

a DEVS AM for transforming model states into the interface
protocols (see Table III) and forwarding them to PMs. Using
RDDL [55], which is a planning domain definition lan-
guage [56], to specify a set of decision-making problems,
RDDL Composer receives the observation information, and
RDDL Parser translates the received information into a set of
planning problems for MDP models.

Let us elaborate the interface procedure between DM and
PM: (1) when a Team leader decides to conduct a course
of action, it sends a Control message to its Team MDP and
other Soldiers; (2) the Team MDP model forwards the Control
message to RDDL composer; (3) RDDL Composer extracts
the required information from the Control message and trans-
lates it into RDDL format. Then, RDDL Parser interprets
the translated message and initializes either the Maneuver
MDP or Fire/Mortar MDP solver according to the message
contents; (4)–(6) meanwhile, Soldier models that received
the Control message (including the Team Leader model)
send an Observation message through the previous sequence;
and (7)–(9) using the received information, Maneuver MDP
and Fire/Mortar MDP calculate each soldier’s next action
and return the calculated result to the Soldier models by the
Action message. Team soldiers repeat steps (4)–(9) until they
complete the current mission.

We used DEVSim++ [7] as the development tool for
the DMs and applied hierarchical open-loop optimistic plan-
ning algorithm as an MDP solver because it is able to
describe continuous state and action spaces and multiple-
horizon MDP planning [57]. The interface between DM and
PM was implemented using TCP/IP communication.

IV. VIRTUAL EXPERIMENTS

We performed virtual experiments with the developed
company-level CGF. The objective of the experiments is
to evaluate the change of the combat effectiveness when
the reasoning process is considered. The following section
introduces the performance measures and the virtual exper-
imental designs.

Fig. 7. Initial deployment and maneuver routes of blue and red forces
according to four scenario phases: maneuver, breakthrough, charge, and
occupation.

A. Scenario and Performance Measures

Before introducing our virtual experimental design, we
illustrate an infantry engagement scenario using the company-
level CGF. The scenario proceeds with four phases, such as
maneuver, breakthrough, charge, and occupation (see Fig. 7).
Initially, there is a hill occupied by RedForce with two
Platoons, and BlueForce with three Platoons and Mortar teams
are deployed to take over the hill.

1) At the maneuver phase, Platoons in BlueForce move to
their maneuver points, and RedForce mounts guard at
the occupied hill.

2) At the breakthrough phase, the first Platoon and Mortar
team of BlueForce engaged with RedForce, while the
second Platoon makes a breakthrough in the obstacle
area set up by RedForce

3) After the obstacle is dismantled, at the charge phase, the
second and the third Platoons charges to RedForces, and
the first Platoon follows them a little way off.
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TABLE IV
VARIABLE LIST IN THE COMPANY-LEVEL CGF; VARIABLES ARE CATEGORIZED BY

INPUT VARIABLE, OUTPUT VARIABLE, AND MODEL PARAMETERS

Fig. 8. Contour map and terrain types (red line: road, blue line: mountain
line) of the battlefield in the scenario: around Mt. Bongseo in South Korea.

4) When the damage states of RedForces fall down to 30%,
the occupation phase begins, and BlueForce takes over
the hill.

The behavior of the combat entities are affected by their
situated environments, so the battlefield of the scenario should
be considered. For practical experiments, we employed a real-
world environment as the battlefiled: around the Mt. Bongseo
in South Korea (lat: 37.8377, long: 126.8180). Fig. 8 depicts
the elevation and terrain types of the battlefield.

Based on the above scenario, we defined two performance
measures: 1) formation violation penalty (FVP) and 2) damage
ratio (DR). FVP indicates the fitness of the formation while
a team maneuvers in the wedge formation, by calculating the
violation of the x and y coordination of team soldiers to main-
tain the wedge formation. Therefore, FVP is mathematically
identical to the reward function of formation (rF) in Maneuver
MDP

FVP =
5∑

i=2

√
(x̃i − xi)

2 + (ỹi − yi)
2 (4)

where x̃i and ỹi is the expected x and y coordination of soldier
i, respectively, to maintain the team formation according to
soldier 1’s position.

DR represents a ratio for how much damage a Platoon
suffered during simulation execution. Thus, a higher DR repre-
sents that soldiers in the corresponding platoon received more
damage during engagement, which indicates lower combat

effectiveness. Mathematically, the DR of a Platoon (DRP) is
defined as follows:

DRP = 1

|SP|
∑
s∈SP

100 − EndDs

100
(5)

where SP: soldiers in platoon P, and EndDs: damage state of
soldier s at the end of simulation.

B. Experimental Design

Table IV presents variables used in the company-level CGF.
Excluding the output variable defined in the above section,
there are two kinds of variables; one group of the variables
comes from real data or field manuals, which is presented as
the parameter (e.g., fire range of rifle); the other is added to
test the performance of our treatments, which is presented as
the input variable (e.g., applying Maneuver MDP model or
not).

Using the input variables, we designed virtual experiments.
The experiments were conducted to see the influence of the
proposed layered structure of the behavior model on combat
effectiveness. Specifically, combat behaviors in the company-
level CGF are developed with either the proposed layered
modeling or the descriptive-only modeling (i.e., the typical
modeling practice). Table V shows the experimental design of
the battle experiment. The use of Maneuver, Fire, and Mortar
MDP models indicates the usage of the MDP models in the
combat behaviors. Also, we varied the arrival weight (WA) in
Maneuver MDP by 0.05, 0.5, and 0.95, which means forma-
tion weight (WF) also changed by 0.95, 0.5, and 0.05. Fire
damage represents the rifle damage of soldiers. Through the
full-factorial experimental design, a total of 36 experimental
cells are created, and each cell was replicated for 10 times. The
experiments were performed in the following environment:
Windows 7, Intel i7 6700K 4.0GHz, 32GB RAM.

V. RESULT ANALYSIS

This section provides analyses on the simulation result
from the experimental design. The result analysis consists of
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TABLE V
VIRTUAL EXPERIMENTAL DESIGN OF THE BATTLE EXPERIMENT. THE USE OF MANEUVER, FIRE, AND MORTAR MDP MODELS,

ARRIVAL WEIGHT (WA) IN THE MANEUVER MDP, AND FIRE DAMAGE ARE CONSIDERED

TABLE VI
n-WAY ANOVA RESULTS ON THE FVP AND THE DR OF BLUE AND RED FORCES (BOLDED FIGURES INDICATE p-VALUE UNDER 0.05)

(a)

(b)

Fig. 9. Visualization of the infantry engagement scenario. (a) Breakthrough
and (b) charge.

statistical analysis on the performance measure and illustration
of maneuvering with MDP modules.

A. Statistical Analysis on the Performance Measure

Fig. 9 shows screen captures from the provided scenario:
breakthrough and charge. Small blue squares and red circles
represent blue and red soldiers, respectively. Blurred and large
circles represent the coverage of the area fire by each force.
Also, mortar and direct fire engagements are represented by
bigger circles and lines.

Statistical analysis is performed with two objectives: 1) sta-
tistical differences in the performance measures by introducing
the combat behavior reasoning process (i.e., MDP models) and

2) significant factors among the input variables that affected
the performance measures. To this end, we conducted n-way
analysis of variance (ANOVA), t-test, and meta-modeling with
regression analysis to the simulation results.

N-way ANOVA is applied to see whether statistical means
of the performance measures differ by the variation of the
input variables, such as MDP models usages or not and fire
damages. The null hypothesis of the ANOVA is that statistical
means among the variations are same (i.e., μ1 = μ2 = · · · =
μn , where 1, 2, . . . , n indicate different experimental cases),
and it could be rejected at the 95% confidence interval when
the associated p-value is under 0.05. Table VI presents the
ANOVA results where: 1) the usage of Maneuver MDP causes
a significant mean difference to FVP, the DR of the blue force
(BlueDR) and the red force (RedDR); 2) the usage of Mortar
MDP has an influence on the mean difference of BlueDR, but
not RedDR; and 3) fire damage is also a significant factor to
the DR measures in the ANOVA test.

The ANOVA test presents which input variables can signifi-
cantly affect the mean of the combat effectiveness, but further
works are required to see the details of the differences. For
example, the ANOVA results show that there is a significant
difference via the usage of Maneuver MDP, but that differ-
ence does not indicate whether the mean of Maneuver MDP
usage is significantly greater than that of the no usage case,
and vice versa. Therefore, one-sided t-test was performed. The
null hypothesis of the right-tailed t-test is μ1 ≤ μ2, so it
can present a significant comparison of the means of the two
groups.

One-sided t-tests were conducted with considering the usage
of MDP models: Maneuver MDP (arrival weight WA = 0.95,
formation weight WF = 0.95, and no MDP), Fire MDP (use and
no MDP), and Mortar MDP (use and no MDP). In Table VII, fire

Authorized licensed use limited to: KOREATECH. Downloaded on March 05,2026 at 08:45:51 UTC from IEEE Xplore.  Restrictions apply. 



BAE et al.: LAYERED BEHAVIOR MODELING VIA COMBINING DESCRIPTIVE AND PRESCRIPTIVE APPROACHES 2561

TABLE VII
t-TEST RESULTS ON THE FVP AND THE DR OF BLUE (BLUEDR) AND RED FORCES (REDDR) (BOLDED FIGURES INDICATE THE

SIGNIFICANTLY BIGGER GREATER RATHER THAN THE OPPOSITE ONE): ARRIVAL: WA = 0.95, FORMATION: WF = 0.95;
NOTE THAT t-STATS AND p-VALUES ARE CALCULATED FROM THE RIGHT-TAILED t-TEST

damage was dropped in the t-test because its influence on the DR
measures is quite conjecturable. Table VII shows the results from
the t-test. Bold figures in the table represents that those figures
are greater than the opposite one; for example, the FVP mean
of arrival weight = 0.95 cases (i.e., 4249.30) is significantly
greater than that of formation weight = 0.95 cases (i.e., 540.38)
at the 0.05 significance level. For a better understanding of the
result interpretation, we note that better combat effectiveness
is relevant to lower FVP, lower BlueDR, and higher RedDR
by the definition of the performance measures. The result
table explains that: 1) in the maneuver MDP case, using an
MDP model with a higher formation weight shows the best
combat performance (i.e., lower FVP, lower BlueDR, and higher
RedDR), but using an MDP with higher arrival weight causes
lower combat effectiveness even rather than no MDP case; 2) the
usage of Mortar MDP shows significantly better performance
only for BlueDR; and 3) there is no significant difference
between the use and no use of Fire MDP.

The t-test results show that the FVP can be reduced by
utilizing the formation-weighted (WF) MDP hybrid model
compared to the pure DEVS model and the arrival-weighted
(WA) MDP hybrid model. This result indicates two advan-
tages of utilizing the layered model. First, the layered model
can minimize the unexpected losses adaptively compared to
the pure DM. The FVP can only be minimized by adaptively
repositioning soldier maneuver given the terrain environment.
The DM may not produce adaptation rules without extensive
scenario and environment-based modeling while the MDP part
of the layered model can provide such adaptations. Second,
the layered model can diversify the behavior model through
parameter changes. If a model is purely descriptive (e.g.,
DEVS model only), the model is often extended through
further descriptions. This often complicates the model, and
eventually this limit the diversification on the model behav-
ior. However, the MDP part can be controlled by the reward
setting parameter (e.g., WA and WF in the Maneuver MDP),
so the implicit policy from the MDP can be diversified, and
eventually the model behavior. This adaptive nature is one
characteristic that the DM cannot obtain.

TABLE VIII
STANDARDIZED COEFFICIENTS OF THE LINEAR REGRESSION MODELS

(ROWS ARE INDEPENDENT VARIABLES, AND COLUMNS ARE DEPENDENT

VARIABLES, AND BOLD FIGURES INDICATE p-VALUE UNDER 0.05)

We also conducted meta modeling analysis to determine
the effectiveness and robustness of each input variable for the
performance measures. Specifically, the meta modeling anal-
ysis was conducted with the linear regression method, and its
result is presented in Table VIII. The standardized coefficients
in the table represent the effectiveness of the independent vari-
able to the associated dependent variable, and their p-value
under 0.05 (i.e., bold figures in the table) indicates their statis-
tical significance. Hence, the following interpretations comes
from the result table: 1) FVP depends only on the maneuvering
variables (e.g., arrival weight and the use of Maneuver MDP),
and, in particular, arrival weight is the strongest affecting fac-
tor for FVP; 2) the use of Mortar MDP significantly affects on
the DR measures, but the use of Fire MDP does not; and 3) by
considering the relationship of WF = 1 − WA, maintaining
the formation statistically leads to better performance on DR
measures (i.e., decreasing BlueDR and increasing RedDR).

B. Illustration of Platoon Maneuvering With MDP

The combat effectiveness generated from applying MDP
modules to DM&S is analyzed in the previous section, but
the proposed method also provides detail individual behav-
iors during the simulation executions. For example, by the
layered structure of descriptive and prescriptive methods, the
proposed method provides the detail behaviors illustrating how
individuals autonomously react to the situated environment
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Fig. 10. Illustration of the maneuver routes of the first team of the second
Platoon in the Blueforce as the maneuver coefficients (WA and WF) changes:
red boxes highlight noticeable differences among four figures.

changes, which eventually makes the developed model being
more adaptive or robust to environmental changes. We note
that such illustrations are hardly obtained from the previous
approach (i.e., descriptive-only methods), and they would be
used to analyze current systems and design next systems.

In the case study, the proposed method enables us to incor-
porate Maneuver MDP that determines individuals’ movement
considering their terrain information, such as terrain type and
elevation,which eventually makes the developed model being
more adaptive to the situated environments. Specifically, this
section focuses on the influence on the platoon maneuver by
changing reward coefficients in Maneuver MDP [i.e., weight
for formation (WF) and arrival (WA, WF = 1 − WA)].

Fig. 10 depicts the maneuvering route variations of the first
team of the second platoon in the Blueforce as the maneuver
coefficients changed. Furthermore, we highlighted the major
difference among the subfigures with red boxes. With the No
Manever MDP case as the baseline, the subfigures represent
that the moving trajectory changes as the Maneuver MDP
was applied. Furthermore, the maneuver routes are also var-
ied depending on the reward coefficients. Specifically, (WA =
0.05, WF = 0.95 case (the top-left figure in Fig. 10) denotes
that combat individuals in the team are modeled to concen-
trate on the maintenance of a formation against the situated
environments, such as elevation and terrain type (see Fig. 8),
and it leads to their maneuver routes, being different (even
longer than that from more WA or No Maneuver MDP cases).

This result represents the effect of applying the proposed
model compared to the descriptive-only model (i.e., No
Maneuver MDP). As Table VII indicated, the MDP parts gener-
ate different performances through reward weight settings (i.e.,
better or even worse than no MDP case), which means human
reasoning process in the military units significantly affects to the
combat efficiency. We note that the maneuvering route changes
in Fig. 10 are results from the reasoning process considering
both the field manual and the environmental factors, so they
could be utilized as a backup data for interpreting the different

Fig. 11. Illustration of the formation maintenance of the third team of
the second Platoon in Blueforce as the maneuver coefficients (WA and WF)
changes.

TABLE IX
MEAN, STANDARD DEVIATION, AND STANDARD ERROR OF

FVPS FROM THE MANEUVER LOGS OF THE THIRD TEAM

OF THE SECOND PLATOON (IN FIG. 11)

performances and eventually used for improving the current
military systems and designing the future military systems.

Fig. 11, on the other hand, illustrates the formation main-
tenance as the maneuver coefficients vary. The subfigures, in
particular, emphasize keeping the team formation during sim-
ulation execution when the team passes the same point in the
battlefield. In these figures, we can see that the formation is
better maintained when WF is larger, and the differences of the
three cases are numerically compared by FVP (see Table IX).
From these results figures, we argues that Maneuver MDP was
operated as we expected, and, furthermore, the result analysis
in the above section also become more convincing.

VI. DISCUSSION

This section deliberates about the benefits and the losses
of the proposed method. The layered approach was suggested
to complement the weak points of descriptive and prescriptive
methods with the characteristics of each other. The descriptive-
only model behaves according to the explicit action rule (e.g.,
military doctrines), meaning a minor change in the battlefield
or in the objective would lead to the redescription of the
whole agents’ behavior. Meanwhile, prescriptive-only mod-
els show robust responses to changes in a combat situation,
but their higher time complexity did not allow them to be
applied to practical DM&S. In this sense, the proposed lay-
ered modeling adopts the descriptive features to address the
practicality issues, and also adopts the prescriptive features to
show robust behavior in response to changes occurring in the
battlefield.

The provided case study illustrates other advantages of the
proposed layered modeling: the proposed approach empiri-
cally sheds light on the need of human reasoning process
in DM&S, which has been raised by military experts and
researchers [58], [59], however, without any solid founda-
tions. Having said that, the provided case study showed that
the combination of descriptive and prescriptive modeling can
statistically outperform descriptive-only model. These results
imply that prescriptive modeling would contain key factors for
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improving combat efficiency, concurring with the need of the
reasoning process.

The layered modeling also enables to explore how system
behavior would be differed by changing individual reasoning
process via employing additional parameters from the pre-
scriptive parts. For example, the case study results (Fig. 10)
show how team maneuvers were differed by the values of the
weights in the maneuver MDP (WF and WA). Such illustration
is certainly not obtainable from descriptive-only models, and
it could provide an insight of enhancing military systems at
the individual level.

Generalization is a key aspect in the modeling approach.
Currently, the proposed layered model is implemented as
a specialized case of integrating the descriptive DEVS and
the prescriptive MDP models for specific purposes, such as
maneuver and engagement. Having said that, we note that
this paper presents that the concept of the proposed method
(e.g., modularized components and hierarchical structure) can
be rather considered as a theoretical and technical founda-
tion. Nevertheless, we also agree to need more cases to prove
the general value of applying the layered modeling to various
domains. On the other hand, for this specific case, our layered
modeling provided a generality from the scenario perspective.
Often, the scenario imposes a certain behavior guideline that
a simulator regenerates, but such guidelines are also often
incomplete. Therefore, we need a generality in our model
to handle such missing detailed behavior rules, and the pre-
scriptive part provides a generalized answer under the rational
behavior assumption.

Let us elaborate on the applicability of the proposed method.
Modeling and simulation is applicable to man-made systems
and nature systems. If one simulates a man-made system, the
modeler could identify every behavior rules and implement
them into simulation models. However, if a system is a nat-
ural system consisting of an individual and a collection of
individuals, the behavior rule modeling becomes incomplete
at a certain resolution level. From this aspect, the descriptive
approach on modeling behavior rules is limited, and we require
a general framework to generate such rule given outside stim-
uli. However, at the same time, if such a natural system is not
so natural with some artificial components, i.e., social norms
in the collective of individuals, we still can receive benefits
from the rule description on such the artificial components.

Given this discussion, we would argue that the proposed
layered model could be generally applicable to the domains
of overlapping artificial rules and natural behaviors. One clear
example of such overlapping domain is the defense community
that models and simulates the artificial operations and doc-
trines as well as the human instincts on the combat field. This
case can be found in diverse social simulation areas, e.g., polit-
ical modeling with laws and ideologies, population modeling
with welfare policy and individual family planning, etc. Also,
the suggested interface enables to communicate DEVS and
MDP modules, and the protocols used in the interface are built
on their semantics. It means any DEVS and MDP modules can
be interacted with the interface, and this generality, moreover,
not only increases its applicability to other domain problems,
but also suggests a general interface structure encompassing
multiple methods with different modeling paradigms.

Fig. 12. Average of simulation execution time for experimental cases with
10 replications (Man: Maneuver MDP, Fire: Fire MDP, Mor: Mortar MDP;
other parameters are fixed as WF and WA as 0.5, and fire damage as 60).

While the layered modeling is expected to provide the
above benefits, it also holds negative sides. First, it requires
much execution time by the addition of the reasoning pro-
cess and interfacing two methods. Fig. 12 shows simulation
execution time with respect to the MDP combinations in the
case study (i.e., maneuver, fire, and mortar MDP). This figure
represents that the simulation execution time of the proposed
method takes about four times more than the descriptive-only
model do (i.e., 1833 s from the maneuver, fire, and mortar
case; 455.2 s from no MDPs case). We also note that, in
the case study, the computation cost in the maneuver MDP
is much dominant in the overall execution time, which means
that the maneuver MDP could be improved or abstracted for
any practical usages. Second, through the layered modeling,
researchers would have more opportunities to investigate the
effects of the reasoning process, but it also might cause the
hardship on the interpretation and generalization of the obser-
vations. Hence, it is required that researchers consider this
tradeoff relationship between modeling details and practical
interpretations.

VII. CONCLUSION

Evaluating combat efficiency conducted by a myriad of
humans is still a challenging problem, and DM&S has
been successfully applied to resolve that problem. However,
their practices still remained in the use of descriptive-only
modeling, which is lacking of the considerations of human
reasoning processes in military systems. Such descriptive-only
modeling would overlook the influences from the unnoticed
behaviors, so it could lead to missing opportunities of enhanc-
ing combat effectiveness or complementing unseen faults in
the current military systems.

This paper proposes the layered behavior modeling of
combat entities where the combat behaviors are modeled
by considering both military doctrines and human reasoning
processes. Specifically, the proposed behavior modeling con-
sists of descriptive (i.e., DEVS) and prescriptive (i.e., MDP)
parts, and their interactions are realized via the interface con-
sidering their semantics. We note that the proposed method
enables to incorporate human reasoning process into military
doctrines, which resolves the above concerns. The provided
case study illustrates that the proposed method not only sheds
light on the human reasoning process in the systems, but
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also enhances the overall combat effectiveness. Moreover, by
exploring parameters of the prescriptive part, the proposed
method would provide various behavioral patterns that may
not be generated from the descriptive-only method.

This paper offers discussions on the proposed method
from various perspectives. The generalization of the proposed
method needs more evidences, yet we note that the structure of
the proposed method (i.e., modularized components connected
via interfaces based on their semantics) is designed to easily
adapt to various domain problems with modeling approaches.
In this sense, the provided case study shows how the proposed
method is realized for a certain problem. It means the proposed
method could be implemented by a pair of modeling meth-
ods, if there exists the similarity between them and extended
to multilevel layers. In addition, considering its characteris-
tics, this paper also notes that the proposed method is rather
proper to the domains of overlapping artificial rules and nat-
ural behaviors. Meanwhile, its potential negatives are also
presented, such as long execution time and difficulty on result
analysis. Having said those features, we note that researchers
who adapts the proposed method to their domain problems
should consider such tradeoff relationships, and nevertheless
expect that the proposed method would be used to create
new insights for analyzing many complex systems including
DM&S.
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