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Abstract—So far there exists no general, common
specification for multi-resolution modeling (MRM) to represent
models consistent with each other. To address this problem, a
new formalism, multi-resolution DEVS (MR-DEVS) is put
forward. The definition of multi-resolution entity (MRE), which
is the basic object MRM deals with and base for MR-DEVS, is
given. Then, MR-DEVS, combining and extending multiple
popular existing dynamic structure DEVS formalisms, is
elaborated in detail. MR-DEVS is capable of capturing all key
characteristics of MRM essentially, including adapting to
resolutions changing automatically by reflection, describing
consistency mappings and modeling causation by consistency
mapping functions and modeling emergence by functions of
coupling among sub-entities constituting the same MRE. Any
other existing formalism can’t do these all.

I. INTRODUCTION

IN modeling and simulation, models are abstractions of the
real world generated to address a specific problem. Since all

problems are not defined at the same level of physical
representation, the models built to address them will be at
different levels. The modeling a simulation problem domain
is too rich to ever expect all models to operate at the same
level. All these imply that multi-resolution models (MRMs)
and techniques to provide interoperability among them are
inevitable, and so bring about multi-resolution modeling
(MRM) issues.

MRM are also at the heart of many substantive problems
affecting model interoperability, reusability = and
composability. As shown in [1], MRM, which provides the
capability for interoperability between multi-level resolution
models, is one of the most interesting and appealing problems
which must be solved in order to advance the field of
distributed simulation significantly.

The general notion of MRM has existed since at least the
early 1980s whose origins are related to the modeling concept
commonly called the hierarchy of models pursued since the
mid of 1970s [2]. So far, many methods for MRM were
developed for different domain and problems, such as
Aggregation/Disaggregation [2]{4], Multi-Representation
Entity (MRE) [5]{7], Integrated Hierarchical Variable
Resolution (IHVR) [2], [4], and so on. All of these
approaches address some issues for MRM, and provide much
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practical significance for MRM practitioners. But, in practice,
multi-resolution models developed by any known MRM
approach can hard or even not be asserted to be effective or
consistent with each other. This is mainly because there exists
no general, common formal method for MRM to describe
MRMs effectively. If models for different levels of entities
are developed originally not in a common way, the linkage of
them is certainly intractable because of the versatility of the
structure, data types, interfaces, and mappings among them.
“If the joined models have quite different representations,
there might not even be a good way to join them at all” [8]. In
our view, a common and formal way for specifying MRMs is
at least a fine start for interoperability among them.

Just as Liu pointed out in [9], “the lack of formal
specifications of MRM has become a main obstacle for the
development of MRM. Without formalism, it is difficult to
establish a common language among different researchers
and model developers, and it is impossible to develop a
multi-resolution modeling framework and tools for modeling
automation”.

This inspires our work in the paper. We introduce a new,
general and common MRM  formalism, called
Multi-Resolution DEVS (MR-DEVS), by combining and
extending multiple popular existing dynamic structure DEVS
formalisms.

The rest of this paper is organized as following. In section 2,
two definitions of multi-resolution entity and multi-resolution
system, which are objects MRM deals with, are to be given.
In section 3, popular existing dynamic structure DEVS
formalisms are to be expounded briefly and main problems
with them will be pointed out. Then, in section 4, combining
and extending these formalisms, MR-DEVS will be
introduced and elaborated, and its key properties including
closure under coupling will be shown constructively. In
section 5, we will illustrate how to describe a multi-resolution
system with MR-DEVS with an example. Finally, we will
conclude and point out the direction of our work.

II. ISSUES OF VARIABLE STRUCTURE IN
MULTI-RESOLUTION MODELING

In the section, we will first define multi-resolution entity
and multi-resolution system which are objects MRM deals
with and the bases for our formalism. And then we will
analyze issues of variable structure in MRM briefly.

A. Multi-Resolution Entity and Multi-Resolution System
Definition 1 Multi-Resolution Entity (MRE)
A conceptual entity that can interact with other object(s)
at multiple levels of resolution.
The concept of MRE was first put forward by Natrajan, et
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al. in [5], defined as “an entity that can be perceived at
multiple levels of resolution concurrently”. Later the concept
was developed and redefined in [6] as “a conceptual entity
that can interact at multiple levels of resolution concurrently”.
The latter is closer to our definition. But we argue for that the
entity can interact with other object(s) at multiple levels of
resolution but perhaps not concurrently. In other words, the
interactions can happen at one level of resolution at one time
and at another level higher or lower at another time. An MRE
can designate the entities at all resolution levels that comprise
it. So it can interact with other objects (that are also MREs or
maybe common objects that are not MREs) at all resolution
levels. For instance, a MRE of plane representing single
airplanes can interact with a tank MRE representing single
tanks, and the same MRE of plane but representing the
formation of planes can interact with the tank MRE
representing the tank platoon.

Definition 2 Multi-Resolution System (MRS)

A complex system that involves multiple kinds of
multi-resolution entities (MREs).

An MRS is different from a common system in that the
former is capable of dealing with or addressing issues of the
change of resolutions. Whereas these issues are common for
most systems to be modeled, they, however, are usually
neglected in general systems modeling. It needs to be pointed
out that those general methods for systems modeling are also
applicable for MRM but not the focus of our research. We
focus on how to formally describe mechanisms of resolutions
changing and consistency mappings among models of the
same MRE at different levels of resolution.

B. Issues of Variable Structure in MRM

As Uhrmacher pointed out in [10], ““Dynamic structure” is
also called “variable structure”. Zeigler coined the term
“variable structure models” to describe models that contain in
descriptions of their behavior the possibility of altering their
own structure and, consequently, their behavior.” The
resolutions of MREs or MRSs are changeable, which brings
about the change of structure, such as selection of different
components, deletion of some components, or changing
interactions among components which bring about variable
interfaces, and so on. So, multi-resolution systems are of
systems with variable structure, and MRM are of variable
structure modeling in essence.

IlI. DYNAMIC STRUCTURE DEVS

“Variable structure models are a prerequisite for specifying
and analyzing systems that will dynamically and in part
autonomously adapt their interactions, composition, and
behavior patterns” [10]. The ways of modeling systems with
variable structure can roughly fall into two categories, i.e.
those based on DEVS (Discrete Event System Specification)
[11], [12] and those based on other formalisms. The former
lends the temporal dimension to structure in describing
systems by extending DEVS.

DEVS, introduced by Zeigler in [11], is a formal modeling
and simulation framework based on system theory and
mathematical theory rigidly. DEVS has well-defined
concepts for coupling of components and hierarchical,

modular model composition, support for discrete event
approximation of continuous systems and an object-oriented
substrate supporting repository reuse [13]. So, DEVS is
popularly accepted and widely used. In fact, the DEVS
approach is the mainstream for modeling variable structure.
This is also why we take DEVS underlying our formalism.
However regular DEVS has a static structure with which it
is difficult to adapt to changing systems dynamically. It needs
to extend regular DEVS to address this problem. Some
popular such DEVS variants are DSDE (parallel dynamic
structure discrete event system specification) [14], dynDEVS
(Dynamic DEVS) [10] and p -DEVS (variable ports
dynDEVS) [15]. DSDE focuses on the possibility to
dynamically change the system structure according to the
system real requirements. In DSDE, the structural changes
are carried out by the network executive y. Each state of y is
mapped to a structure of network by the structure function y.
In this way, the dynamic evolution of network structure can
be modeled by the model of network executive M, . However,

what is the state of y and how does it change? In fact, due to
the abstraction of network executive its state is abstract and
not well-defined, with the result that M, is incapable of

describing how to transition the state of y. So DSDE can only
tell you the result of structure changing but cannot represent
the mechanism for how to change network structure.
“According to Zeigler and Oren’s definition, variable
structure models are inherently reflective systems - reflection
being defined as the ability of a (computational) system to
represent, control, and modify its own behavior” [10]. The
intrinsic reflective nature of variable structure models was
however neglected in DSDE. Uhrmacher introduced this
reflection into her formalism - dynDEVS [10]. In dynDEVS
state transitions may possibly give rise to “new” models. A
dynDEVS model can changes its structure, i.e. its state space
and its behavior pattern, reflectively by model transition
functions p,. A dynDEVS model can be interpreted as a set
of DEVS models with the same interface plus a transition
function that determines which DEVS model succeeds the
previous one [16]. From this, a dynDEVS is a multimodel
[12]. Similarly, the system network, i.e. dynDEVS coupled
model can give rise to new network incarnations and change
the network structure by network transition function py.
However, some systems are characterized just by a
plasticity of their interface. Thereby, they signalize
significant changes to the external world. These phenomena
can particularly be found in multi-resolution simulation. The
p-DEVS introduced variable ports into dynDEVS, which
enables the interfaces of models and the coupling among
models to adapt to environment automatically [15].
Although these dynamic structure DEVS formalisms
above can describe the variability of structure, they were
introduced and developed not for MRM. They would meet
some big problems when they are used for MRM [17]. First of
all, they can’t describe mechanisms for changing models with
different resolutions. Secondly, they are incapable of
representing consistencies among models. So, it needs to
further extend and modify them. MRMS (Multi-Resolution
Model system Specification) [17], [18], which is, to our
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knowledge, the first DEVS based formalism special for MRM
and based on DSDE, was put forward by Liu Baohong in [17].
Two new key concepts of Multi-resolution model Family
(MF) and Resolution Mode (RM) were put forward by Liu in
MRMS. MF was introduced to represent models of the same
entity at different resolution level and the relationship among
those models, and RM was used to represent the
combinations of different entities’ resolutions in runtime. But
by analyzing deeply, we find out that, according to the
structure and operational semantics of the coupled model in
MRMS, the information contained in MF can’t be utilized in
simulation. In fact, MRMS is rather another form for DSDE,
and essentially provide no improvement in MRM.

Another known DEVS based formalism concerned with
MRM is ML-DEVS (Multi-Level DEVS) [19], [20],
developed recently by Uhrmacher. ML-DEVS is based on
dynDEVS and p -DEVS and can model upward and
downward causation and adapt to represent those systems
with emergence and controlling relationship, as in military or
biological system, between the micro level (high resolution)
and macro level (low resolution). The modeling causation in
ML-DEVS is modeling consistency among models at
different levels. However, ML-DEVS was introduced for
modeling systems biology and is applicable only for
modeling two levels, i.e. “Micro-Macro” modeling. This
means that it is not closed under coupling which is a
requirement for hierarchical and modular modeling in
distributed simulation.

From above, no existing formalisms including MRMS and
ML-DEVS can be good candidates for MRM. So it is
necessary and significant to develop a new one.

IV. MULTI-RESOLUTION DEVS

In the section, our formalism, i.e. MR-DEVS, is elaborated
in detail, and its key properties including closure under
coupling are shown constructively.

A. Multi-Resolution DEVS Atomic Model

Definition 3 Multi-Resolution DEVS Atomic Model

A reflective, dynamic structure DEVS, a prescriptive
specification that is a meta-model used to describe
Multi-Resolution Entities, with a structure described as
following;:

MR-DEVS
=< XRes,yRes' R, ¥, ¢, {m(po b {Mr}' {Cie—»j}; {Z¢} > where:

Xges,Yres: the ports to notify resolution changing. When
changing resolution, the entity could send a notification
through the ports Yg.s to other objects to change their
resolutions accordingly (see also the variable 4, following).
The entity could also receive the notifying events for
changing resolution from other entities or environment
through the ports Xges

R: the set of the entity resolutions, which can be regarded
as the indexes of models at different levels of resolutions of
the same entity

Y ={2R — ¢}: the set of resolution modes the entity
presents when interacting

@o: the initial resolution mode with ¢, € ¥

My, : the incarnation of models under ¢, with
My, € My, (My, © M, which will be defined in the
following)

Cicsj: Sm; © Smj, the function of consistency mapping
between models at different resolutions, where i, j € R, # j.
ForVr € R,m, € M,, Sp,_is the set of states for m,. When
an MRE is executed in concurrent mode, i.e. the entity
interacts with other object on multiple resolutions
concurrently, the consistency between models at different
resolutions is hold by applying C;,;. Because the effect
caused by the change of one model at a resolution can be
propagated to another model at a resolution higher or lower
by applying C;.,;, so C;.; is in effect capable of modeling
the causation between upward and downward levels of an
entity. The thought is the same as that in ML-DEVS. If the
entity is modeled only at one resolution, obviously C;.,;= ¢.

Z,:Y;} - X/, isthe coupling among different modules of
the same entity in resolution mode ¢ with ¢ € ¥ and r € R.
VY r € R, Y}, X] is the output and input of the model mt and
m] respectively, with mi ,ml e M,, where i,j are the
indexes of modules, i # j. When an entity is running under
disaggregated states, those modules comprising the entity are
not independent of each other. Just the reverse, they are
coupled with each other to constitute a coupled model, which
is the same thought as reflected in classical DEVS. Z,, can
capture couplings among those deaggregated entities
(DEs) constituting the same entity, which is requisite for
modeling emergence but usually neglected by most other
MRM approaches. If the entity is comprised of only one
module at resolution level » (generally speaking, when the r
is the highest level) , Z,= ¢.

M, the set of models of the entity at resolution level r
with r € R. For all m,, € M,., m, is a modified DEVS model
with a structure described as following:

m, =< X, Y., S, Sr.0,6ints Oexts Ocon » {Proih Ap, A, ta >
where:

X, Y,: the structured sets of inputs and outputs. The ports
XRes,Yres at the level of MR-DEVS are responsible for
notifying the changing of resolutions while the ports X,, ¥, at
the level of sub-entities, i.e. M, are responsible for sending
events for simulation interactions. Because of the variability
of the inputs ports X,.and outputs ports Y,, an MR-DEVS
model has variable ports for interactions, following the
same thought of variable ports as that in p-DEVS.

S, the structured set of states

Sro: the initial state with s,y € S,

Oine: Sy = S;» the internal transition function

Oext: QX X,,b — S, the external transition function with
Q ={(s,e)|s €S, 0<e<ta(s)} total state set including
elapsed time e remaining at state s

Scon: Sr X X, - S, the confluent transition function

A: S, - Y,, the output function

Ay S; > Yges, the notifying function for changing
resolution(s). The change of the states of the entity could
require creating or deleting entities including perhaps the
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entity itself, or require or cause other entities to change their
resolutions when the notification for these requirements
could be sent through the port Yg.s to the higher parent
network.

ta: S, - R2% U {o0}, the time advance function

Proit Sy X Xpes, = M;, the resolution changing function
which is used to change models from one resolution to
another one higher or lower while holding continuity between
two successive sets of models, where i, € R,i # 1.

The definition above is required to satisfy the property

(Rule 1) :

1. Any incarnation n of an entity is either equal to the
initial incarnation m,, or result from the transition by the
resolution changing function p, _. , ie. , Vn€{M,}:
@me{M}:n =Prypor, (S™) With s™ € STV n =m,, .

2. Given two incarnations m,n € {M,},n # m,s™ €
S™,D™and D™ the variable sets that structure the state space
ofm,n, ifn=p, . (s™), then the resulting state s™ € S™
of n is defined by:

n _ (Sq.vdep™np™
Sa = {s{ﬁitd,meun\um

where sjand s]' are the values of variable d in n, m,
respectively.

From the definition above, a model m,. at resolution level r
is an atomic model, i.e., a modified parallel DEVS (PDEVS).
As dynDEVS and p -DEVS, an MR-DEVS is a multimodel,
which could be interpreted as sets of PDEVS models with
a resolution changing function that determines which set
of models at one resolution level succeed the previous set
of models at another resolution level higher or lower,
according to its current states and the implied resolution
changing requirement. Input, output, state space, internal
and external transition, output, and time advance functions of
an MR-DEVS model are the same as those in PDEVS [12].
The resolution changing function p,_,; answers to the
state changes and implied resolution changing required
by other entities by generating “incarnations” of dynamic
PDEVS. This is so called “reflection” as in dynDEVS and
p -DEVS. Accordingly we can call p,_,; as reflection
function. To support continuity between incarnations it
preserves the values of variables that can’t be
aggregated/deaggregated from the preceding set of models or
are not common to two successive sets of models, i.e., m and
n, and assigns “default initial” values to the “new” variables.

As shown above, an MRE has a variable structure
dynamically changing caused by the changing of resolutions.
From this point of view, intuitively, if an MRE is with only
one resolution, it degenerates to a common entity and the
MR-DEVS could accordingly degenerate to a PDEVS.

PROPOSITION 1. If an entity is modeled only at one
resolution level, the MR-DEVS model for the entity
degenerates to a PDEVS model.

PROOF. Given that the entity has only one resolution r.
Obviously, it could not be split or deaggregated into multiple
sub-entities and has only one model M,.

In the model represented with MR-DEVS, Xpes=¢p, R ={7},

Y= Po = {r}s My, = Mra CiHj: ¢a Z(p=¢'

Now, the structure of MR-DEVS could degenerate to
<Yges, M, >. Obviously, in M,, p,;=¢. Let Y=Y, U Vg,
then 1 = 4,+4 . So, MR-DEVS=< Y, M, > = <
X Y S0 Sr,000ints Oexts Ocon » A, ta >=PDEVS. #

B. Multi-Resolution DEVS Coupled Model

Now, we can define MR-DEVS network (coupled) model
based on the MR-DEVS atomic model above.

Definition 4 Multi-Resolution DEV'S Coupled Model

A reflective, higher order dynamic MR-DEV'S network, a
meta-model used to describe Multi-Resolution Systems,
with a structure described as following;:

MR-NDEVS =< Xyges » Ynres) Tinits N >, where:

Nini¢: the initial network with n;,; € NV

XnNres » Ynres: the ports to notify resolution changing.
When the resolution of an entity in the network changes, the
entity could send a notification through the ports Yy, to other
entities to change their resolutions. The network could pick
up the notification from Yy, and transmit it to other
corresponding objects in the local network (see also the
definition of py in the following) or send it to other networks
through the ports Yyg.s (see also the definition of Ay in the
following). Of course, the network could also receive
requirement events from other networks through the ports
Xnresfor some entities to change resolutions.

V' the least set of network incarnations with the following
structure:

n=<X,Y,D,{My},{1:},{Z;;}, pn. Ay >, where:

X,Y: the structured sets of inputs and outputs

D: the set of entities

My: the MR-DEVS model of entity d for all d € D

I;: the set of influencers of d for all d € D U {N} with
I; € D U {N}, N the name of the network itself.

Z; ;: the i-to-j output-input translation function with i,j €
DU{N}i#j

Pn:S™ X Xyges = N, the network transition function with
Sn= de Y&, across-product of the notification events of all

€

entities in the local network for changing resolution.

An:S™ - Yyges » the notifying function for changing
resolution(s). When the resolution of an entity changes, the
entity could require entities in other networks to change their
resolutions by sending a notification event which will finally
be sent out through the ports Yyges-

The definition above is required to satisfy the property

(Rule 2) :

LYREN: (AmMEN : n=py(s™) withs™€S™)V
n=N;n;, 1.€., any network incarnation n either equals to the
initial network configuration n;,,; , or result from the

transition by the network transition function py.
2. Given two network incarnations n, m € N, n+m, let
s™ e S™ D™and D™ the sets of entities in n and m

respectively, mj € M and mj € M} the model incarnations
ofentity d € D™, d € D™ respectively. If n = py (s™) then:
mg vdeD" D" 1)

n
Mi=3 i\ ym 2
My,  NdeD"\D )
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1) The application of py preserves the state and structure
of entities that are not common to the composition of the “old”
network incarnation m and the “new” one n. In this case,

my could be calculated further by rule 1 above.

2) Entities that are newly created are initialized. In this
case , since enities are represented with MR-DEVS models,
their initial states and structures, i.e. mjy;, , are given by the

initial incarnation M, in its initial state s, (see the
definition of MR-DEVS above).

The thought line of py is the same as those of network
transition functions in dynDEVS and p -DEVS. For detailed
information about them see the references [10], [15].

Like proposition 1, if all entities in the network have only
one resolution, the network would degenerates to a common
system without the variability of structure or with the
variability of structure but not caused by the changing of
resolution. In this case, MR-NDEVS would accordingly
degenerate to a general PDEVS coupled models.

PROPOSITION 2. If all entities in a network are to be
modeled only at one resolution level, the MR-NDEV'S model
Jor the network degenerates to a PDEV'S coupled model.

PROOF. Let RY the resolution of entity d . |Rd| =
1,foralld € D = X4, = Y3, = @, foralld € D A

XNRes = YNRes = @ :>5n:d>s<D Vies =0 =pn =0 A

Ay =0 = MR-NDEVS=< X,Y,D,{M},{l;}, {Zi;}>. As
already shown in proposition 1, M is a basic PDEVS model.
So, MR-NDEVS is a PDVES coupled model. #
Besides, MR-NDEVS is closed under coupling.
THEOREM 1. (Closure under coupling) The MR-DEVS
Sformalism is closed under coupling, ie., any network
obtained by coupling models specified by the MR-DEVS
Sormalism is itself specified by the MR-DEV'S formalism.
PROOF. Suppose the MR-DEVS coupled model be:
MR-NDEVS=< XNRES ) YNRES' nim-t,]\f >, N set Of
network incarnations with the following structure:
n =< X, Y, D, {Md}, {Id}, {Zi,}'}, le/‘{N >
Now, it need to be proved that MR-NDEVS could be
represented as a MR-DEVS  atomic model with structure as
following;:
MR-DEVS=
< XRes,Yress R, ¥, @0, {Minic}, (M}, {CiHj}: {Z<p} >, where
M, has a structure:
M, =< X, Y, Sr, 51,0, Oint, Oexts Ocon » {Pri}s Ap: Ata >.
Let Xges = Xnress Yres = Yaress R = dU R,, Ry the set of
eD Rd

init 2

resolutions of entity d. Let ¥ ={2R — ¢}, oo = U

deD,

init

D;ni: the set of entities in the initial network configuration,

R:m the set of resolutions of entity d in the initial resolution

mode. Let {my;;}= U {m’}, mi‘fm the set of models of

dEDmll

entity d in the initial resolution mode. Let {C;;}= U{c/},
deD

{C‘Z{ j} the set of mapping functions of entity d. Let {Z,}

:{Zi,j}U(dLEJDZZ ), ZZ the coupling function of modules in

entity d in resolution mode ¢.

Now, it is key to prove that the network incarnation n
could be represented as the form of M,. In M, , the
constructions of X;, Y, S, Sr0, Oints Oexts Ocon >4, ta are the
same as in the proving process for the closure under coupling
of basic PDEVS [12]. Let 4, = A4y. The network transition
function py of the network finds its counterpart in the
resolution changing function p,_,;, both functions adhere to
the principle of value preservation and initialize new
variables and new components, respectively [10].

Now, all variables in MR-NDEVS are translated into the
variables in MR-DEVS. The proposition holds. #

C. Discussion

As shown in Fig.1, the thought line of the resolution
changing function p,.; , which can change structure
reflectively and adapt to environment automatically, inherits
from the model transition function p, with reflection in
dynDEVS and p -DEVS. However the p,_,; is different from
pq in that the transition by p,_,; is from one set of models to
another set of models while the transition by p, is from one
model to another model. Due to the variability of ports X, Y,
with different resolution r, the ports for interactions are
changeable. So as in p -DEVS, a MR-DEVS model has
variable ports which can adapt to the demand on changeable
interfaces for interactions or other requirements from
environment automatically. As MRMS, it is also capable of
describing resolution modes including concurrent mode
which is necessary for distributed simulations especially for
joint military training. Besides, it is capable of representing
consistency mappings between different levels of resolutions
by consistency mapping function C;.;. The consistency
mapping is another form for causation that captures the
affecting between upward and downward levels. Furthermore,
it can model emergence behavior by the couplings among
modules or sub-entities of the same entity, i.e. “Z,,” function.
To our knowledge, other researchers deal with DEs as
independent of each other. Even more, Liu argued for that the
independency among DEs is a premise for aggregating DEs
into one entity [9], [17], [18]. But just the reverse, in our view,
those DEs maybe interact and couple with each other, which
is so common in the real world. Emergence behaviors
common in many systems such as system biology and
military domains are such phenomena caused by interactions
among DEs. Any other formalism except for ML-DEVS can’t
model consistency mapping, causation and emergence. In
ML-DEVS, the causation and emergence can be modeled by
lending states to coupled model and by value coupling
function vg,y, , downward output function A4, , and
activation function act,, together. However, due to the
orientation of these functions an ML-DEVS coupled model
could not be translated into an ML-DEVS atomic model. This
means ML-DEVS is not closed under coupling which is
simply a fatal defect for MRM.

In summary, MR-DEVS can model dynamic structure,
non-linearity, emergence behavior reflectively and adaptively
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while holding continuity and consistency among models. So
it complies with Complex Adaptive Systems (CAS) theory.

emergence

dynamic .
behavior

structure

non- linearity adaptability
Complex adaptive system

(CAS) theory consistency
? / mapping

MR-DEVS
variable
. modeling ports
resolutior A
dq causation and
Hoas reflection

emergence

variable ports
‘—EE —DEVS
é concurrence reflection
\V e
[ DSDEVS | [ PDEVS
| 1 dynDEVS
N/

IGeneral system theory] |Set theory|

J

Fig.l. Relationship among MR-DEVS
and other dynamic structure DEVS formalisms

V. AN EXAMPLE FOR MRM USING MR-DEVS

In this section, we will illustrate how to represent an MRS
with MR-DEVS formalism with an example.
Let’s consider such a system in [8]. As illustrated in Fig. 2,

Network of Air Defense System
MR-PA

the system uses three different abstraction levels to model the
duel between hostile attacking airplanes and anti air defense
units. At the operational level, flight attack units, i.e. airplane
formation, and air defense companies as the fundamental
entities are to be modeled. On a tactical level, we have
representations for single airplanes and single anti air defense
units including air-surveillance, i.e. radar station and three
firing units, i.e. air defense artillery. On the lowest level we
will model bomb and missile impacts on a technical level
with detailed representations for every singlesoldier, vehicle,
missile and bomb.

The resolution changing criterion is: if the distance
between the two hostile units (on the operational level) gets
small enough, or if a bomb is dropped (at the tactical level),
the appropriate disaggregation process is initiated. When the
smallest distance between air defense units and airplanes is
large enough or all units of one side are eliminated, the status
information of each one of the soldiers and the unit's different
capabilities are aggregated into the state of a firing or
surveillance unit and only units (on the operational level) are
to be modeled. Besides, if the director or some trainees who
are authorized in the exercise want to have a view of some
entities on two or more resolution levels at the same time, the
resolution changing could be done manually by force.

Now, let’s represent the system with our MR-DEVS
formalism. As illustrated in Fig.2 described with another
MRM formalism System Entities Structure (SES) [21], the
system network model is represented by MR-PA, involving
two MREs, plane and artillery, for which the models are
MR-P and MR-A respectively. Suppose the simulation start at
the operational level when the resolution of plane is formation
and artillery is at company level. The models for airplane
formation and artillery company are My and M respectively.
Let the threshold distance for disaggregation/aggregation or
resolution changing between the two hostile units is D.

Plane MRE Artillery MRE
MR-P MR-A
PlanesFormation SinglePlanes ArtilleryCompany SinglcUnits Single Soldiers
Mre Mrp c ~ Mry Mrs
>~ Il : |
~o N,
S~ Plane ity AESEESEESESEERERE) O R J--—- J-- [ [
Mri 2 : RadarStation FireUnits : :R:ulurﬂp(‘(ulur Radar Guard | ShellLoaders ArtilleryVehicles Artillerymen

T/ L_______:,<::::3flv___' =

————— —
Interaction

Deaggregation among DEs

Masir

Masuc Masiw

A Masine
T VI 1T S
:ShellL()ader Artilleryman |
I Masuwi, 2,3 Masut, 2,3 :

Fig2. System Entities Structure (SES) of air defense system network

A. Plane MRE
The model for plane MRE, i.e. MR-P is represented with
MR-DEVS atomic model.
MR —-P =< Xgesl YRFes' RPI lan §0§, {mg)g}' {Mf"}' CEFHTP’
{Z5} > where:

XP,~{x"|xP €{F,P,FP}}, whereF, P, FP are input events
for plane MRE to be executed at formation level, single plane
level and concurrently at both levels respectively

YL, ={yPly® €{DesC,DesU,AggU,AggS}}, where DesC,
DesU, AggU, AggS are output notifying events for artillery
MRE to deaggregate or aggregate. Respectively, DesC is for



disaggregation from the level of company to single units,
DesU from single units to single vehicles and soldiers, AggU
is for aggregation from single units to company, and AggS
from single vehicles and soldiers to single units.

Rp={rr7p}, where rx formation level of resolution, 7
single plane level of resolution

Wo={rr7p, (rr7p)}, resolution modes for plane MRE
where (77 1) designates concurrent mode

Pb={rr}

mgu:MTF,o

{M7}={M, ., M,,}, where M, .={Mg} the set of models for
plane MRE at formation level that has only one model Mg,
M;,={ Mp,,Mp,} the set of models for plane MRE at single
plane level that has two models Mp, and Mp,

Model at formation level (operational level):

Mp =<
XF': YF: SF: SF,0 6F,intr 6F,ext: 6F,con ’ pr;:—»rpr AF,p' AF: tar >,
where the descriptions for those variables concerned with
resolution are:

Sr ={FCor,FV,FS|{FCor= (Fx,Fy,Fz)[Fx,Fy,Fz €
R)}.FVERFS€{0,1,2}}, where FCor, FV, FS position,
velocity and status (number of planes remained) of airplane
formation respective

Pre—srp: Sk X Xkes = {Mp }, i € {1,2}: if |[FCor-ACor|<D
V xP=FP V xP=P where ACor the position of artillery
company, then the changing of resolution from formation
level to single plane level would happen when the new
models Mp, for single planes would be created and initialized
according to rule 1. Then the models of My would be
removed out of simulation if x*=P, otherwise Mp,and My are
executed concurrently if xP=FP. In the initialization of Mp,,
the key is to call disaggregation function to get new states, i.e.

(Sp,,Sp,) =DeAgg,,_rp(Sr). During the process, the values
preserved in the preceding aggregation would be utilized to
hold continuity (see Prp,~rr following). It is an important,

necessary and intractable work for MRM practitioners to
design such disaggregation functions which are subject to
many factors, such as military doctrine and command and
control relationship.

A p: Sp = Yies: if [FCor-ACor|<D then y"=DesC

Models at single plane (tactical) level:

Mp, =< Xp;, Yp,, Sp,» Spy,0, Opyints Oy exts Opycons

prpi_,rF,/lpi‘p,/lpi, tap, > with i € {1,2}

where the descriptions for those variables concerned with
resolution are:

Sp,={PCor,PV,PS,PFire| {PCor=(Px,Py,Pz)|Px,Py,PzE R)},
PVeER, PSE{0,1}, PFire€{0,1}}, where PCor position, PV
velocity, PS status (0-destroyed, 1-live), PFire fight
status(0-normal, 1-fire)

Prpore’ Spy X XP.o & Mg: if |(PCor1+PCor2)/2-ACor|=D
V xP=FP V xP =F then as in py,_,r,,, a process for resolution

changing is to be done. Here the modelers need to design a
aggregation function, i.e. Sg= Agg;,rp (Sp,,Sp,): FCor =

(PCor1+PCor2)/2, FV =(PV1+PV2)/2, FS=PS1+PS2, but
not a disaggregation one in p,.,. Besides, the states of Mp,,
i.e Sp, must be preserved to hold continuity between two
successive resolution changing due to the loss of information
during the aggregation. The values preserved would be used
when the successive disaggregation happens (see pr._r,

above).

Ap,p: Sp; = Yies o if |(PCorl1+PCor2)/2-ACor| =D then
yP=AggU, If PFire=1 then y*=DesU

Consistency mapping functions:

CTPF—)TP: SF - (SPI'sz): (SP17 sz):DeAgng—)rp(SF)

CP SPi - SF : SF= Aggrp—'l‘p (SPI;SPZ)

Tox
TPOTF ey

In simulation, if the plane MRE is required to executed
concurrently at both levels, it would receive the event for this
requirement through the ports XZ,., i.e.x®=FP when the
consistency mapping functions CfF_,TP or Cfl,_,rF would be
called to maintain consistency between models at the two
levels.

Z};: Yo, = Xp,, @ €{rp, (r5,7p)}. If the plane is modeled at
single plane level or in concurrent mode, the wing plane
(represented by Mp,, for instance) must receive commands
from the leading plane (Mp, ) (see Fig.3(b) or (c)).

From above, it can be found that the
disaggregation/aggregation functions are the same as
consistency mapping functions. Indeed it is so.

In practice, the design of aggregation function is much
easier than that of disaggregation function. So we could
maintain consistencies through aggregation but not
disaggregation as possible. In our scenario, we take the
aggregation process, i.e. Cfp‘_rF, and the aggregation function
is very simple, ie. Sp= Ag8rporp (Sp, > Sp, ): FCor =
(PCor1+PCor2)/2, FV=(PV1+PV2)/2, FS= PS1+PS2.

Now, we have illustrated how to represent the plane MRE
with MR-DEVS in detail.

B. Artillery MRE

In the section, we will represent the artillery MRE with
MR-DEVS, the process of which is similar to that of plane
MRE above. To save space, we will only enumerate models
and their key variables concerned with resolution but not
elaborate them in detail.

MR - A =< Xiliqes‘YRAes' RA' LpA' (p64: {M$0}, {Mrl'q}:
{Cﬁc‘_,ru, C,‘}U._,rs}, {Z{z} >, where:

R,={r¢ 1y, 75}, the set of resolutions for company level,
single units level and single vehicle and soldier level
respective

Wy={rc,ru, 75, (rC,TU): (ry,75), (re, 1y, 75) }

Xi.s={x%|x4 € {C,U,S,CU,US,CUS}}, where C, CUS
input event for the artillery MRE to be executed at company
level and concurrently at all three levels respectively

Yé ={y4|v4 € {DesF}}, where DesF output notifying
event for the plane MRE to deaggregate from formation to
single plane level

(Pé:{rc}
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{mg, }={Mc,o}

{Mrl'q}:{Mrci M, My}, where

M, ={M} set of models at company (operational) level
rc with only one mode M, for artillery company,
M, ={Mayr, {Mayv;}}, 1 € {1,2,3} set of models at single
units (tactical) level r;; with a model M, for radar station
and three models {M,,y, } for three artillery vehicles,

M, ={ Masur, Masg, Masue, {Masv;} {Masaw 3 {Masur;} }>
i€ {1,2,3} set of models at single vehicle and soldier
(technical) level s with Mg,y for radar operator, M,y for
radar, Mgy for radar guard, Mgy, for artillery vehicle,

Mysuw, for shell loader, Mygyp, for artilleryman
Consistency mapping functions:

A .
Cryre’ Saur X (Ie{f,(m Savv;) = Sc

Clisry® SasuRr X Sasr X SasHc = Saur
Sasv; X Sasuw; X Sasur; = Savv» i € {1,2,3}
Cory® Sc = (Saur, Sauv,, Sauv,, Sauvs,)
Chy-rs: Saur = (SasHR, Sasrs Sasug)
Savv; = (Sasvy Sasuw, Sasur;)> U € {1,2,3}
Functions of coupling among deaggregated entities (see
Fig.3(b) and (c)):
Z{;: Z;“U: Yaur = Xagy,; » i € {1,2,3}
Zfsi Yasur = Xasr
Yasr = Xasv;» U € {1,2,3}
Yasuw; = Xasv;» t € {1,2,3}
Yasur; = Xasv;, § € {1,2,3}

C. System Network Model

The plane MRE and artillery MRE together constitute a
network of system with a structure as following:

MR-PA=< XNRES B YNRES! nim-t,N >, where:

Xnres={ (xP, x*)|(xF,x4) € Wp X W, }, input events for
changing the structure of network that is one of combinations
(cross-product) of resolution modes for plane MRE and that
for artillery MRE

Ynres—®

Vn € IV the set of structures:

n =< XN!YN'D' {Md}' {Id}' {Zi,j}le:AN >

where:

D={P,A}, P index of plane MRE, A artillery MRE

{M;}={MR — P,MR — A}

Ip:{N,A}

I,={N,P}

Iy={P,A}, where N the network itself

Zp: Xy XY, - Xp

Zy: Xy XYp = Xy

Zn:Yp XYy oYy

An=0

P Yies X Yiips X Xypes = N

Now, let’s enumerate several network incarnations from
the start of the initial configuration n;;,;;.

Note: in the following, the indications of the subscripts of
network incarnation n are: f, p, fp indicate plane is to be
simulated at formation level, single plane level and

concurrently at both levels respectively, the indications of c, u,
s, us, cu, cus for artillery MRE are similar. The sign @
indicates a relationship of combination or interaction or
resolution mode. For instance,fp@®cu indicates concurrent
interactions between plane MRE at formation and single
plane levels and artillery MRE at company and single unit
levels.

Nnit=Nf@. the initial network configuration is in “airplane
formation-artillery company” mode ( see Fig.3(a)):

{M*}={ MR — Pinjr, MR — Appye ={Mg,0, Mc,0}

Zp: Xype X Yo > Xr

ZC: XN,FC X Yp - XC

Z£®C: YC X YF e yN,FC

pl®¢: if yF=DesC v yA=DesF Vv (x7,x*)=(P,U) then

np@u:pnfec—mp@u

Npeu (“single plane-fire unit” mode, see Fig.3(b)) :
{ME®“}={M,., My }={{Mp,, Mp,}.{

Mayr, Mayy, Mayy, Mapys }}

3
Zpy: Xy X (,)21 YAUV/) - Xp,

3
sz: X] YAUV]- - XPZ
j=

2
Zpyr: % Yp, = Xayr

i=1
2

ZAUVi: Xl Yp]. - XAUVL" i € {1,2,3}
j=

p@u,
Zy " Yur 2 Yy

pE®": if yP=DesU v (xP,x*)= (P,US) then

Np@us™ Prpgu-npeus

Npeus (“single plane- fire unit-single soldier” concurrent
mode, see Fig.3(c)) :
@
{ME™Y=AM, , My, M, 3={{Mp,, M, },{

MAUR! MAUV1' MAUV2' MAUV3 }a{MASVI MASHW' MASHF}}

3
Zpy: Xy X (;il Yagy;) = Xp,

3
Zpyi X YAUV]' - Xp,
Jj=1

2
Zyyr: % Yp, = Xaur

i=1
2
Zpyyy: X Yp, = Xayv, i € {1,2,3}

pOu,
Zy" " YR 2 Yy

ph®™:if yP=AggU then Mo Prpgus—nsocs i (xP,x4)=
(FP,CUS) then nepgeus = Prpou-nfpocus
network structure would become the most complex because
all levels of all entities would be simulated concurrently,
which would bring about the most intricate and perhaps
intractable interaction relationships among entities and their
sub-entities at different resolution levels.

. In this case, the
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The structures of the three incarnations and transitions
among them are illustrated as Fig. 3. We can also represent
the remained structures and their transitions by following the
process above.

From above, we can fully see the complexity of issues for
MRM. The system in our scenario is just a typical but simple
one. In practice, those systems or issues MRM deals with
maybe much more complicated and intractable. But those
MREs and MRSs can still be represented with MR-DEVS no
matter how complex they are.

VI. CONCLUSION

MR-DEVS combines and extends multiple popular
existing dynamic structure DEVS formalisms. By comparing
Fig.2. described with SES and Fig.3. with our formalism
MR-DEVS, it could easily be found out that MR-DEVS is
capable of describing the dynamic evolution of structures
caused by resolution changing while SES can only describing
the static structure or a “snapshot” of the structures of an
MRS. Besides, and of course, MR-DEVS has other many
advantages over SES and other formalisms. In sum,
MR-DEVS is capable of explicitly capturing and describing
all aspects of key characteristics of MRM, i.e.
self-adaptability or reflection, modeling continuity and
consistency, modeling emergence and causation. The
example shows that our formalism has these capabilities and
is powerful and totally self-contained. And so MR-DEVS can
meet the goal of and requirements for MRM.

In near future, we will develop simulator algorithms for
the MR-DEVS which support executing MR-DEVS models
and simulation effectively and efficiently, and develop a tool
for modeling any MRSs, which can assert consistencies
among models and the goals of MRM to be obtained
automatically.

REFERENCES
(1]

S. StraBburger, T. Schulze, and R. Fujimoto, “Future Trends in
Distributed Simulation and Distributed Virtual Environments,” The
Fraunhofer IFF in Magdeburg, Peer Study Final Report, 2008, Version
1.0.

P.K. Davis and R. K. Huber, “Variable-Resolution Combat Modeling:

Motivations, Issues, and Principles”. RAND Technical Rep.,
N-3400-DARPA, 1992.

J. Klir, “Variable Resolution Modeling in Interactive Simulation,”
Department of Computer Science and Engineering of University of
West  Bohemia, Czech Republic, Technical Rep. No.

DCSE/TR-2004-07, 2004.

P. K. Davis and J. H. Bigelow, “Experiments in Multiresolution
Modeling (MRM),” RAND Technical Rep. MR-1004-DARPA, 1998.

A. Natrajan, P. F. Jr, Reynolds and S. Srinivasan, “Consistency
Maintenance using UNIFY,” Dept. of Computer Science, University of
Virginia. Technical Rep. No. CS-95-28, June 16, 1995.

P. F. Jr, Reynolds, A. Natrajan, and S. Srinivasan, “Consistency
maintenance in multiresolution simulations” ACM Transactions on
Modeling and Computer Simulation , vol.7, no.3, pp.368-392, July
1997.

A. Natrajan, “Consistency Maintenance in Concurrent Representations,”
PhD. dissertation, School of Engineering and Applied Science of
University of Virginia, 2000.

[8] T. Seiger, G. Holm and U. Bergsten, “Aggregation/Disaggregation
Modeling in HLA-based Multi Resolution Simulations,” in Proc. of the
2000 Fall Simulation Interoperability Workshop.

B. H. Liuy, G. Li, and L. Yan, “Theoretical Analysis and
Object-Oriented Design of Aggregation and Disaggregation in

[2]

(3]

(4]
(3]

(6]

(7

(9

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

864

Multi-Resolution Modeling System,”
Simulation Conf.

A. M. Uhrmacher, “Dynamic Structures in Modeling and Simulation: A
Reflective Approach,” ACM Transactions on Modeling and Computer
Simulation, vol. 11, no. 2, pp. 206-232. April 2001.

B. P. Zeigler, Theory of Modelling and Simulation, New York: John
Wiley & SONS, 1976.

B. P. Zeigler, H. Prachofer, and T. G. Kim, Theory of modeling and
simulation, 2nd Edition. New York: Academic Press, 2000.

Shang H., G. Wainer, “A Simulation Algorithm for Dynamic Structure
DEVS Modeling,” in Proc. of the 2006 Winter Simulation Conf.,
pp.815-822.

F. J. Barros, “Modeling formalisms for dynamic structure systems,”
ACM Transactions on Modeling and Computer Simulation, vol. 7, no. 4,
pp.501-515,0ct. 1997.

A. M. Uhrmacher, J. Himmelspach, M. Ro6hl, and R. Ewald,
“Introducing Variable Ports and Multi-Couplings for Cell Biological
Modeling in DEVS,” in Proc. of the 2006 Winter Simulation
Conference, pp.832-840.

G. A. Wainer, Discrete-Event Modeling and Simulation-A
Practitioner’s Approach. CRC Press of Taylor & Francis Group, 2009.
B. H. Liu, “Research on Theory of and Key techniques for
Multi-Resolution Modeling,” Ph.D. dissertation, University of National
Defense Science and Technology, Changsha, China, 2003 (in Chinese).
B. H. Liu, “A Formal Description Specification for Multi-Resolution
Modeling Based on DEVS Formalism and its Applications”. The
Jowrnal of Defense Modeling and Simulation: Application,
Methodology, Technology. Vol4, No.3, July 2007.

A. M. Uhrmacher, R. Ewald, M. John, C. Maus, M. Jeschke and S.
Biermann, “Combining Micro and Macro-Modeling in DEVS for
Computational Biology,” In Proc. of the 2007 Winter Simulation Conf.
C. Maus, M. John and A. M. Uhrmacher. (2010). A Multi-Level and
Multi-Formalism Approach for Model Composition in Systems
Biology. [Online]. Available: http://www.diemosiris.de.

B. P. Zeigler. “A Systems Methodology for Structuring Families of
Models at Multiple Levels of Resolution,” in Proc. of Conference on
Variable-Resolution Modeling, Washington, DC, 1992, pp. 377-408.

in Proc. Of the 2009 Asia



