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component-based modeling, Systems of systems fashion. This is to say, merging supports hieraadhi
composition in which families of models are genetladnd

Abstract tested via pruning and transforming their SESsoiton-up

We describe how to develop a suite of models in the  manner.
M$SA Modeling Environment. The approach employs the

operation of merging of System Entity Sructures supported
by the environment.  After construction, the suite of models
can be hosted on Model Sore, the cloud-based repository of /\
models provided by MSA systems as a basis for further

collaborative model development A suite of models, 1 Multiple Unrelated Families of Models
relating to Global Warming is used as an example. e
discuss enhanced browsing as necessary to enable a
devel oper to work effectively in a marketplace environment.

1. INTRODUCTION /\

As has been described in a number of publication ¢} Multiple Related Families of Models
(see e.g., [1-5]) the System Entity Structure (SES Figure 1 Suites of Models supported by the SES
supports development, pruning, and generation fafraly
of simulation models, In this paper, we introduce a 2. GLOBAL WARMING SUITE OF MODELS
expanded concept involving multiple families supedrby
MS4 Me [6], the Modeling Environment developed byGlobal warming provides a domain where suites ofie
MS4Systems.com . Figure 1 contrasts a suite ofetsod are related by common carbon-driven warming presess
with a single family of models. In Figure 1a) an SSE potentially causing a variety of climate-variati@ffects.
implements a single family of models while in Figurb) a  The following is an example of such families of retsdand
set of non-overlapping SESs represents a set dfiéanof  the questions they address:

a) Single Family of Models

unrelated models. Finally Figure 1c) depicts a oEt e Greenhouse effect Model Family: What is the
intersecting SESs representing a suite of relaedlies of greenhouse effect that causes warming of the
models. In such a suite, there are SESs that aregonents earth?

of other SESs. This use of the term “components” < Polarlce Melting Model Family: How does
transfers the “component of” concept from its use i global warming cause increased melting of the
component-based model construction [7] to the donahi Polar Ice Cap?

SES construction. Thus, an SES is a componentathar e PermaFrost Mdting Model Family: How does
SES in the sense that the models the first SES gfeseare the warming of the permafrost contribute to ever
components of models generated by the second SES. T increasing global warming?

operation of composing DEVS models to create a leoup « Sealevel Rising Model Family: How does the
model [8] is mirrored by the merging operation for global warming contribute to the rising of the sea
composing SESs [5]. As will be explained, merging level?

generalizes the DEVS construction process in which
individual models can be developed, tested and then



Storm Intensity Increasing Model Family: How
does the global warming contribute to the
increasing intensity of storms?

Flood Increasing Model Family: How does the
global warming contribute to the increasing
incidence of floods?

Drought Increasing Model Family: How does the
global warming contribute to the increasing
incidence of droughts?

Appendix 1 contains more description of the modielthis
collection. Each model family is a set of modetangd
and generated from a corresponding SES. As iltesdrin
Figure 2, these SESs form a set that is relatedaby
composition relation. Here an arrow indicates cositgm,
i.e., an SES is composed of the SESs and atomiiesnt
sending arrows to it. For example, the GreenHoueseEf
SES is composed only of atomic entities while itais
component in many other SESs, reflecting the chsg t
greenhouse gases are a cause of the related climatge
phenomena.
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Figure 2  Suite of Models for Global Warming

3. UNDERSTANDING THE SYSTEM ENTITY
STRUCTURE

To explain how to develop model families we steth
manual creation of DEVS coupled models and evaviné¢
next level where the SES automates most of thik.wbo
start, consider the Flood Increasing model famiy
instance of which is illustrated in Figure 3. Heflee
components are the model families for Sea and Rotar
,Record and Graph Flooding, Greenhouse Effect (n&to
and Land Flood The couplings are depicted bywasro
from output ports to input ports. For example, ¢hes a
coupling from the output port, outRain of Stormnttie input
port, inRain of LandPlot.
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Figure 3 Flood increasing model

Starm outR.ain

(ackiveRain)  ouksnow

}@ature

A common way of creating a coupled model requires
defining a class for it with a constructor that sdits
components and their couplings. For example,

public FloodI ncreasing(){

/lcreate instances of component classes and add them to the model

SeaAndPol ar | ce SeaAndPol ar | ce
SeaAndPol arl ce() ;

addChi | dvbdel ( SeaAndPol arl ce) ;

new

Recor dAndGr aphFl oodi ng
Recor dAndGr aphFl oodi ng
Recor dAndGr aphFl oodi ng() ;
addChi | dMbdel ( Recor dAndGr aphFl oodi ng) ;

new

G eenHouseEf f ect
G eenHouseEf fect ();
addcChi | dMbdel ( G eenHouseEf fect);

Q& eenHouseEf f ect new

Storm Storm = new Storn();
addChi | dvbdel (St orn;

LandFl ood LandFl ood = new LandFl ood();
addcChi | dvbdel (LandFl ood) ;

/I 'add the couplings

addCoupl i ng( LandFl ood. out Fl oodLevel , Recor dAn
dG aphFl oodi ng. i nFl oodLevel ) ;

addCoupl i ng( St or m out Rai n, LandFl ood. i nRai n);
addCoupl i ng( G eenHouseEf f ect . out Tenper at ur e,
Storm i nTenperature);

addCoupl i ng( G eenHouseEf f ect . out Tenper at ur e,
SeaAndPol ar | ce. i nTenperature);

addCoupl i ng( SeaAndPol ar | ce. out SealLevel , LandF
| ood. i nSealLeve);

The SES generates class definition containing tkiesks of
imperative commands from declarative statementshé

form of constrained natural language sentences.r Fo



example, to generate the same model you can wrde
following SES specification:

//describe the components

From the Floodl ncreasingsys perspective,
Fl oodl ncreasing is nmade of G eenHouseEffect,
Storm SeaAndPol arl ce, LandFl ood, and
Recor dAndG aphFl oodi ng!

//describe the couplings

From the Floodl ncreasingsys perspective,
Gr eenHouseEf fect sends Tenperature to Storm

From the Floodlncreasingsys perspective,
Storm sends Rain to LandFl ood!

From the Fl oodl ncreasingsys
Gr eenHouseEf f ect sends
SeaAndPol ar | ce!

From the Floodl ncreasingsys perspective,
SeaAndPol arl ce sends SealLevel to LandFl ood!

perspective,
Tenperature to

In addition to components and couplings, an SES c
include specializations that provide alternativamices for
components. For example, the SES for GreenHouseEff
of shown in outline in Figure 4, depicts a spezétlons
rateOfincrease for FossilFuelBurning with altervedi
Fastincrease, Slowincrease, and Zerolncrease. a8ynil
GreenHouseGasDilution is a  specialization
GreeHouseGas with values FastDilution, SlowDilutiand
ZeroDilution.  Such specializations multiply to pide a
combinatorial space of possibilities constitutiing family
of models generated by the SES. Appendix 2 costai
description of some basic natural language SES8rstts.

Choice of alternatives from specializations is ddinea
process called pruning [6]. After pruning, a tramsfation
algorithm creates the hierarchical
corresponding to the pruned entity structure.

= SES Tree: GreenHouseEFfect
[=--[8] EreenHouseEFfect
&[] GresnHouseEffectSys
- [B] COPSource
=[] FossilFuelBurning
&[] rakeofincrease
[8] FastIncrease
[8] SlowIncrease
[8] Zerolncrease
=[] GresnHouseGas
& HGreenHouseGasDiIution
[8] FastDilution
[8] SlowDiluticn
[8] Zerabiluticon
[8] PermaFrostandMethans
=--[8] RecordandEraphicresnHouse
[8] sun
Figure 4 Outline of SES for GreenHouseEffect
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4. DEVELOPING A SUITE OF MODELS

The process for developing, merging, pruning, and
transforming an SES is illustrated in Figure 5. éNdhat
before pruning, the SES components of a target &&S
merged (recursively) to give the merged versiontred
target SES. The merged SES is then pruned and
transformed to a hierarchical coupled model. Fangde,

to create the merged SES for FloodIncreasing, tingetged
SES is merged with the component SESs (see Figure 2
GreenHouseEffect, SeanAndPolarice, and LandFlood.
where the latter is merged from components,

LandFloodScape and LandFloodPlots.
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nFigure 5 Developing, merging, pruning, transform8ESs

To develop a new family of models in a suite of
models, you develop the target SES for it, lookiiog

coupled modefXisting models that you can use as componentsh Suc

existing models include families of models genetaby
SESs as well as atomic models in the repository. An
existing family of models generated by an SES be&som
component SES when you terminate the top down
specification of the target SES at a leaf entitthvihe same
name as this SES. This component SES will be marded
the target SES in the process illustrated in Fidgure For
needed components that are currently not availmblae
suite of models, you go through the same proceduits,
the additional task of recursively developing
components in the manner of the target. Of couosernyay
decide at any point to develop a model as an atonoidel
rather than as one generated by an SES.

the

5. MARKETPLACE OF MODELS

To summarize, in a suite of models, each component
SES represents a family of models that can be pramne



transformed to execute in a simulation. Comporg#ss
can be merged to a new SES with the same compuaitio
properties. This functionality leads to the coricep a
marketplace of models. SES supports families ofetsofbr
combinatorial generation of architectural altervegi for
exploration and optimization. As an ontologicalnfi@wvork,
the SES supports composition of models drawn from ar
more model repositories. Operations on SES obmath
as merging ease development by maintaining coherefic
shared constructs among modifiable components. iktgrg
enables divide-and-conquer component-based developm
of suites of models. Another operation, called nvagp
supports tailoring and restructuring of SES comptséor
different objectives [5].
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Figure x  Supporting marketplace of models

The concept of marketplace of models extends th

support for developing suites of models by usingbWe

developing environments to support
development processes for a marketplace of modéls.
MS4 Store technology supplies the requisite Cloasked
model repositories. The MS4 Modeling EnvironmentefM
provides a range of support to enable evolutiorusgrs
from neophyte to expert. For the student it prowide
introduction to a simplified DEVS, Finite Determsiic
DEVS. It then goes on to provide advanced supfuoort
developing full-fledged DEVS models in Java. For
collaborative team developers, it provides the amsitjon
and integration facilities based on the SES desdrdbove.
Going beyond team development, it provides supfumrt
market-oriented development of models. As illugtatin
Figure 6 for the Global Warming suite of modelsctsu
support involves browsing the SES structures of etsd

aimed at enabling comprehension of model contewt an

%

functionality. Such comprehension is necessary
realistically enable a developer to acquire andise-a
simulation model developed by someone else.
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Figure 6 Browsing support provided by MS4 Me
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6. CONCLUSIONS

This paper reviewed the System Entity Strucbarecept
and its support for developing a suite of modelthin MS4
Modeling Environment. We described the operation of
merging SESs and its key role in the methodologystah
development. As an ontological framework for maougl
and simulation, the SES provides the basis for rothe
advanced operations such as mapping and tailofimg,
support of reuse, composition and integration. The
gamework also supports browsing and comprehension
model suite structure and behavior. Further rebeasc

Services backed by Cloud Technology. MS4 Systesns ineeded to develop the most efficient and effectvags of

the workflow

generating views of SES entities, relationshipsd an
variables.  After construction, the suite of msdehn be
hosted on Model Store, the cloud-based repositdry o
models provided by MS4 systems as a basis for
collaborative and market-oriented model development
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Appendix 1. Global Warming Suite of M odels

Each global warming model is addressed to a péaticu
question as illustrated in the following breakdown:

= [&] Globalwarming
= Hglnbalwarming
B [8] Gueskion
=] questiu:un

- [8] DroughtIncreasing
[8] FloodIncreasing
[8] GreenHouseEffect
[8] PermaFrostMelting
[8] PalarIceMelting
[8] sealevelRising
[8] stormIntensityIncreasing

[ R i e e e e S T R )

Greenhouse effect Model

What is the greenhouse effect that causes warming of the
earth?

The greenhouse effect is the warming of the earthtd the

accumulation of “greenhouse” gases in the atmosgpher

Burning of fossil fuels such as oil and coal to powars
and generate electricity emits carbon dioxide irie
atmosphere. The accumulated carbon dioxide trapsuh’s

energy reflected off the earth’'s surface, as ifwdre a
greenhouse roof.  The trapped energy warms thesgas
and raises the earth’s temperature. A second eoofc
carbon dioxide (Cf) is gas released from permafrost in the
polar region when it is heated due to the greerfetfect —
thus constitution a vicious feedback cycle.

¥ Grossiusedffect Question

Zestilncrezss Fossil
factive)

PolarlceMelting Model

How does global warming cause increased melting of the
Polar Ice Cap?

Increased melting of the ice at the Arctic Poledased by
warming due to the Greenhouse effect.

¥ PolarIceMelting_Question

PolarlceCap outlce

Temperature e

oufIce'iiater

outMethaneCo,

b GreenHoussEFfe-t
outTermperatur

PermaFrostMelting Model

How does the warming of the permafrost contribute to ever
increasing global warming?

Melting of the permafrost (ground that is permahent
frozen) is also caused by warming due to the Graesd
effect. However, it also contributes to this effeittce upon
melting it also releases sequesteredtG@he atmosphere.



RecordandGraphPermaFrost
{active)

SealevelRising Model
How does the global warming contribute to the rising of the
sea level ?

The level of the oceans’ surface (sea level) isgislue to
the Greenhouse effect as the ice of the Polar &g r@elts
(caused by warming) and pours into the sea.

oukTcely At

i ] EMiper akure
outSeal ey

Stormintensitylncreasing Model

How does the global warming contribute to the increasing
intensity of storms?

The intensity of storms is increased by the Greas@o
effect causing more severe and frequent precipitati

(rainfall and snowfall.)

1
outMethanec

oukTermnperakure

Storm

Spclaluie [ackiveRain)

Floodincreasing Model
How does the global warming contribute to the increasing
incidence of floods?

Floods are increasing in frequency and severity tdutne
sea level rising and storms growing in intensityhbas a
result of warming caused by the Greenhouse effect.

[x]

outTemperature

| e
- outlcetiater inR.ain

Starm outRain

{ackiveRain)  oursnow

Droughtincreasing Model

How does the global warming contribute to the increasing
incidence of droughts?

Similar to the case of floods, droughts are alsodasing in
frequency and severity due to global warming. The
greenhouse effect warms the atmosphere and dries th
moisture in the atmosphere thus reducing the amotint
water reach the earth’s surface.
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Appendix 2:
Structure

The "Made of" statement

This statement tells how a modeled component issnogd
or composed from, more basic components. Alterabivt
tells how the entity representing a component is
decomposed into smaller entities using the asjpéation.
From the <perspective> perspective, the <coupledetro
is made of <componentl>, <component2>, ..., and
<componentN> !

Example: two aspects

From the floodHiRes per spective, LandFlood is made of
LandFloodScape and LandFloodPlots!

From the floodLoRes perspective, LandFlood is made of
LandFloodcape!

The "Sends" (Internal Coupling) statement

A series of these statements tells how the compsruéa
coupled model are coupled. i.e., how their outpiat iaput
ports are connected together.

From the <perspective> perspective, <componenthdsse
<Message> to <component2>!

or

From the <perspective> perspective, <componentidsse
<outPort> to <component2> as <inPort>!

From the floodHiRes per spective, LandFlood sends Rain to
LandFloodScape!

From the floodHiRes perspective, LandFlood sends
Sealevel to  LandFloodScape!

The "Sends" (External Input Coupling) statement

A series of these statements tells how the inprism a
coupled model are coupled to input ports of its gonents
From the floodHiRes per spective, LandFlood sends Rain to
LandFloodcape!

From the floodHiRes perspective, LandFlood sends
Sealevel to  LandFloodScape!

The "Sends" (External Output Coupling) statement

A series of these statements tell how the outpris d a
coupled model are coupled to output ports of iteonents.

From the <perspective> perspective, <componentassen
<Message>to <coupled model>!

From the floodHiRes per spective, LandFloodPlots sends
Floodedto LandFlood!

Basic Statements for the System Entity-rom the floodHiRes perspective, LandFloodScape sends

FloodLevel to LandFlood!
The "Can be" (Specialization) statement

Specifies alternative choices for a component¢hatbe
made in pruning. A component can be though of pla@e
holder into which one of the alternatives can Hagged."

<component> can be <alternativel> <alternative2>,
<alternative>, ... in <specialization>!

LandFloodPlot can be lowlLying, seal.evelLying, or
highLying in aboveGroundHeight!

The "Merge All" statement

Merges a set of SESs into a target SES, the #&t iset of
SESs found in the repository whose root entitiestes leaf
entities in the target SES

MergeAll from <SES>

mergeAll from GreenHouseEffect.ses !



