1 Executive Over view

The goal of the proposedork is to establish the feasibility and utility of an approach, which we call
UNI FY, to the aggmation/disaggrgation problem.UNI FY is a framork that ensures consistgnc
among leels of resolution in a simulation. &\propose a one yearf@t comprised of an analysis and
design phase foliwed by a small prototyping phaseeWropose to wrk closely with the MITREAI M
project, which could benefit substantially from success in tloet gfroposed here. Also, we propose to
coordinate with the DMSO Architecture Management Group (AMG) HighelLArchitecture KLA)
prototyping efort. We expect to demonstrate aovkable solution to consistepenaintenance problems
that face ag distributed simulation éért that includes interacting entities atfeifng levels of resolution.

1.1 The Problem

Simulationists speak of aggaged entities (AEs) and disaggated entities (DEs). AEs typically
represent abstract units such as Army battalions or éice-squadrons, while DEs represent single
objects such as a battle cruiser or a tank. Digtib simulations comprised of AEs and DEs pose critical
consisteng issues when AEs and DEs are a#al to interact. Usuallyneaningful interaction cannot &k
place without one of the twrepresenting itself at aviel of resolution compatible with theviel of the
other But then potential problems arise. A disaggted AE that reagggates itself for the purpose of
interacting with another AE, and then later disagates (i.e., the sequence AE DE; -~ AE, - DE,
occurs), may put itself into a state (PEhat DE could not hee achiged oser the same period of time.
Any approach, such as this, that enygldynamic transitions between aggted and disagggated leels
of resolution, sdérs more than just potential consisteraroblems. Other problems include: chain
disaggreation, netverk flooding, transition lateycand mapping problems betweewdls. We have found
that solutions meant to sewsome or all of these problemsveane critical issue unresels: proper and
efficient maintenance of consistgramong the heels of resolution for the same set of objects.

An alternatve approach, where AE and DEvéés of resolution are maintained concurrently for the
same objects (e.g. a battalion AE, with tank and wheadbdtle DES), encounters the same consigtenc
issues: aything that happens to a DE must be accurately reflected in the AE, andevsee Mag
programs (e.gSTOW have adwcated that AE and DE representatiokistein different simulations (e.g.
CBS or AWEI Mat the AE lgel andMbdSAF or CCTT- SAF at the DE lgel). This approach is Iy to
lead toad hocsolutions to the consistenproblem. A more unified approach is required.

The core problem is this: aif fight cannot be guaranteed without a unified, coherent approach to
correct, eficient, consistencmaintenance amongvels of resolution for a set of simulated objects.

1.2  The UNIFY Approach

In UNI FY, we contend that multiple \els of resolution should be addressedide individual
simulations, in order to ensure afi@ént, coherent, arifiable solution. Rather than think in terms of DEs
or AEs, we propose the concept of MREs (Multiple Resolution Entities). MREs are capable of
representing simulated objects at specifigdliof resolution in a consistent manner

We ewision future simulations being deloped with the MRE concept in mind. From the outset, a
simulation designer auld allov for generation of attrilte \alues at multiple lels of resolution. &t
example, in a battalion simulation, there could be battalivetlattritutes, platoon-kel attributes, and
tank-level attritutes. The MRE should be able toyid®, when requested, bindings for attities at an of
these lgels in a timely mannerA number of ky issues must be addressed in order tosigeothis
capability The most critical issues are: identification of core data, temporal congjsésgcmapping
consisteng.

Clearly we wish to ®soid simulating all details at all applicablevéds of resolution in an MRE
wheneer possible. The concept of MRE, independent of issues about amount of detail simulated, is itself
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FIGURE 1. Core attributes

beneficial, from the point of we of forcing consistencissues to be addressed in a coherent mahmer
addition, we gpect benefits will accrue fromxgloitation of redundancies and high speed generation of
attribute \alues not eplicitly simulated all of the time. ¥ ewision MREs (which are not currently
interacting with others) maintaining a core set of information for the objectsré¢peesent. This core

would «ist at all required Mels of resolution. When called upon to do so, an MRldvdynamically
generate attrilte details for a particularvel of resolution. Rgardless of whether it is interacting with

other MREs, the MRE wuld alvays maintain consistepowithin the core, among thevgs of resolution

of the objects it is simulating. Aelx research issue pertains to the core information that must be
maintained. Space and temporal economies encourage use of a minimal core, while response time
requirements (to requests from a runtime infrastructure or other MRES) encourage use of a richer core.

In the technical section we tfentiate between temporal consisgeand mapping consistendoth
are critical. EBmporal consistegaconcerns the time step féifentials that typically>dst at diferent levels
of resolution: lev resolution models tend to operate on a coarser time scale than high resolution models. It
is doubtful, for @ample, that Lanchester equations, as used curreatiybe computed with thefiefency
required to maintain consistgnwith high resolution attrition techniques. Methods for ensuring temporal
consisteng must be found in order for theNl FY concept to wrk. One approach we aobate for
temporal consisteds atomicity of outside interactions and serialization of accesses within the core. This
approach is discussed in more detail in the technical section.

With respect to mapping consistgneve maintain that MREs are feasible if dynamic agatien/
disaggreation schemes are, because both require a set of mapping functions amongelthefle
resolution of a set of objects. While a full solution to the mapping problem for all objects that might be
considered in military simulations lies outside the scope of this proposakpeetdo @in significant
insights into this problem in the course of our researoh.avé relying on our collaboration with the
MITRE Al Mproject to preide opportunities for necessary insights.

The UNI FY concept of MREs is the most promising approach to solving the congigteridem that
exists in all simulations (e.@TOWJSI MS) that include concurrent, multivel resolution representations
of potentially interacting objects.

1.3 Proposed Eff ort

We propose thexploration of theUNI FY concept, which is that MRESs should be used in place of AEs
and DEs. Thisxploration includes both an analysis and design phase, and a small prototyping ghase. W



expect to l@erage our dbrt with the MITREAI Mproject, and the DMSO/AMG High kel Architecture
prototyping efort that has just lin. We expect to delrer a thorough analysis of the feasibility and utility
of the UNI FY concept, as well as a small prototype demonstrating feasibility and. uktitgugh our
collaboration with MITRE and the DMSO/AM@ELA prototyping efort, we expect to mak our @olving
technology w@ailable to on-going delopment and prototypingfefts.

The proposed &jrt spans one year and consists of phases. The first phase is analysis and design.
Here we will irvestigate the critical issues identified aleoand propose solutions. The second phase is a
prototyping phase and will lead to the small prototype already proposeekp@tt technology transfer to
occur in this phase as wevedop results and bring them to the attention of MITRE and DMSO/AMG.

In order to ensure a good coupling between dortedind the MITREAI Mproject, we plan to conduct
monthly meetings witt\l Mpersonnel, at MITRE. Also, we will maekpresentations, as requested, to the
DMSO/AMG. We &pect the greater benefit to come from our association with MITRE as we attempt to
apply our technology to their multi-resolution problexhM(AWEI Mto ModSAF connection).

1.4  Risk Anal ysis and Expected Results

The highest risks associated with the proposéartetoncern the consistendssues. Solving the
spatial consisteryc problem requires identification of good mapping functions betweealsleof
resolution. As noted earliearyone working on a dynamic agggation/disaggrgation schemedtces the
same questions.oTreduce our risk, wexpect to leerage df projects that hae an aggrgation/
disaggreation requirement.

The temporal consistepdssue is &ced by those who are considering concurrent multi-resolution
representations of the same set of objestd STOW among others). So a, we will leverage dfthe
insights those groups maywvsfor solving the problem, as well agpre some of ourwn ideas. W have
some preliminary thoughts about discretizing the PDEs used in Lancaster equations, in ordeithemak
more eficient.

Identification of the core representation of a multi-resolution entity is an issue the MATRIE
personnel hae considered. Wexpect to vork closely with them, both toain knavledge about what core
information is essential, and to determingvhxest to generate information not in the core.

Clearly, the quality of our dbrt will be determined in lgre part by the amount of cooperation weeha
with MITRE Al Mand to a lesser deee, thesSTOWandJ SI MS/\War si mefforts.

A successful ébrt would yield:

« A unified approach to consistgnmaintenance in multi-resolution simulations.

* Insight into methods for resolving temporal consisyeasues.

* Increased understanding of the mapping functions that all multi-resolution simulations require.
* Insight into the nature of core information in an MRE.

* Insight into space and time requirements for MREs, as compared to AE/DE approaches.

* Insight into netwrk loading requirements for MREs as compared to AE/DE approaches.

» Technology transfer to MITRBI M and DMSO/AMG members, among others.

Long term benefits include:

» Avoidance of ad hoc approaches to consistemgintenance.
* Insight into hev to kuild future simulations.

Overall, the proposed research has the potential to reduce risk associated with inadequate addressing
of the consistencissue. Vith DoD'’s strong desire to guaranteeaa fight, consistencmaintenance must
be addressed, whether it is throudi FY, or some other &drt.



2 Statement of W ork

We propose a one-yeaf@at consisting of tw major phases of six months each: an initial analysis and
design phase follwed by a prototyping phase.a/xpect to continue some of the analysis and design
effort into the prototyping phase.

2.1 Analysis and Design Phase

In the first six months, we will concentrate oqplering design options for anfefient solution to the
problem of maintaining consistenin simulations imolving interaction among entities at multiple/dés
of resolution (aggmgation). Section 4.3 describebll FY, our stravman approach to solving this problem
and the technical challenges that must be addressed to establish the feasiiNiti#6fThe focus of the
first phase will be to meet these challenges, resulting in a design that leads us into the prototyping phase.

A significant efort during this phase will be a thorough analysis of the technical challesgss iy
UNI FY (consisteng maintenance, netwk trafic and processor loading) with the primary focus on
consisteng maintenance. Thisfefit will be three-pronged: (i)xtensive discussions with the personnel of
the Al M project at MITRE, via meetings on site at MITRE — wewiRIITRE (specifically the Al M
project) as our primary source of critical information on muitelesimulations, (ii) discussions
(electronic and @ice) with other people arking in multi-level simulations in the industry and in academia
— the PI5 close ties to the ARID A/IDMSO high level architecture actities and to the National Ground
Intelligence Center arexpected to yield seeral rel@ant contacts, (iii) a suey of literature — the Pl and
the graduate research assistant amglfar with the major sources of information and the research assistant
has already conducted a preliminary syrvDiscussions held during ELECSIM 95, the ongoing
conference @anized by Mystech Associates on the Internatehpmoided us with seeral starting points
for this study

As a result of this studyve epect to hae one or more solutions for each of the technical challenges
of UNI FY. Thus, a second feft during this phase will be to compare these alteraeatusing simple
analyses and, perhaps, simulations.

At the end of the first phase, therefore, wpeet to hae suficiently fleshed out the details of our
stravman, UNI FY, so that we will hae a design that can be prototyped in the second phasefél a
discussion of this design with DMSO/AMG to ensure conformity with the HiglelL&rchitecture. Once
the design is appved, we will be ready for the second phase — demonstrating the feasibility of the
UNI FY approach.

We believe strongly that théJNI FY approach has potential to selthe consisteycmaintenance
problem in multi-leel simulations. W are confident we will amg at a feasible design. In theeat that
we find some issues cannot be resdldue to as yet unforeseen reasons, we wginbexploration of
alternatves to theUNI FY approach. Een so, we beliee the core of th&NI FY approach will remain
unchanged.

2.2 Prototyping Phase

The main dbrt in the second six months will be to demonstrate the feasibilitWNdfFY by
prototyping and testing the design resulting from the first phaseedpéct this dbrt will involve
considerable collaboration with MITRE.

Since theAl M project at MITRE deals directly with multislel simulations, it is clearly better
equipped to do the implementation and testing. Therefore, we propose a plan in which our design team
interacts closely with MITRE to implement and test ourvatnan design. This plan will draon the
experience of the MITRE personnel witikegcises imolving both aggrgated entities and disaggeged
entities. V¢ believe this eperience will accelerate the implementation process and also ensure realistic
testing (i.e. using real scenarios).



The ley aspect of the prototyping will be the multiple resolution entity (MRE),va kied of entity
introduced as part diNI FY in Section 4.3. \W believe that prototyping ébrts such a®\l Mand those
being coordinated by DMSO/AMG in connection with the HiglveleArchitecture will find the MRE
powerful enough to warrant its inclusion in their respegti eforts. This will sere to further demonstrate
that (i) UNI FY is feasible, and (ii) it indeed priales the benefits listed in Section 4.4. It is possible that the
prototyping process raiseswéssues that require changes in the desigawill address these issues as
they arise.

As in the design phase, our primary focus during prototyping will be on the congistaimtenance
problem; eploration of other benefits &Nl FY can be pursued pend the verk proposed here.

3 Cost and Sc hedule

We hare proposed a one-yeawo-phase plan of action. The first six-month phase will focus on
fleshing out the design of the straan and the second phase on testing of a prototype implementation of
this design. Some of the anticipated\tiés in the first phase are:

* literature search — graduate research assistant (GRA) and post-doc (PD), with guidance from
the principal inestigator (PI).

» meetings with MITRE personnel on site — GRA and PD, with PI attending frequently

« discussions with other contacts — PI, PD, GRA.

« analyzing challenges and identifying solutions and altergt— Pl, PD, GRA.

» comparatie analyses of design alterma$ — GRA with guidance from PD and PI.

» discussion of final design with DMSO/AMG — PI (PD, GRA?).

A break-devn of the actiities in the second phase is as faio

» meetings with MITRE to wrk on details of implementing the design — GRA, with PI attending
occasionally

« design changes as a result of implementatitorte GRA and PI.

* generating test scenarios and testing prototype — MITRE, GRA and PI.

Proj ect costs:

Per sonnel - $39, 778
Travel to/from M TRE - $ 4,000
Techni cal services (conputing) - $ 3,230
Q her - $ 4,459
Uni versity overhead (52% -_$24,138
Tot al - $75, 605



4 Technical Bac kground

The goal of the proposedork is to establish the feasibility and utility NI FY in a multi-level
Distributed SimulationUNI FY is a fram&ork that ensures consistgnwill be maintained acrossvels in
a simulation.

4.1 Definitions

We present definitions for some of the terms we will use. Some of our definitions are based on those in
[AMG95].

» Object: A fundamental element of a conceptual representation that reflects therdaerels
of abstraction and resolution appropriate for a planned simulation.

» Entity: A unit of oganization at some Vel of abstraction, such as a tank, human, platoon,
battalion, cloud or radar

* Modd: A mathematical abstraction of the beioa of an object at a \@l appropriate for the
planned simulation. Models are usually instantiated in simulation source code.

* Resolution: The conceptual el at which an entity is simulated.
» Disaggregated Entity (DE): A high-resolution entitysuch as &CTT tank simulatar

» Aggregated Entity (AE): A low-resolution entity that simulatesvegal aggrgated objects, such as
a battalion.

* Multiple Resolution Entity (MRE): An entity that can be pereeid at multiple leels of resolution
concurrently

e Simulation: A dynamic representation of one or more object@luing some combination of
executing code, control/display intade hardwre and integces to real-arld equipment.

 Multi-level Smulation: A simulation or gercise that imolves entities at diérent levels of
resolution.

Note: Levels of resolution and Yels of aggrgation are imersely related: high-resolution meanw lo
level of aggreation, and lav-resolution means highvel of aggreation.

4.2 Problems with Current Appr oaches

A common approach for handling interactions between AEs and DEs in a melltsieulation has
been to designate some areas of the battlefield as “virtual pksg/bax which all interactions are
performed at the DE el [Karr94]. When an agggated entity (AE) enters the playbox, it goes through a
disaggregation process whereby the AE is separated into its constituent units. These units are said to be
disaggreated entities (DES). Upon lgiag the playbox, these units may reaggte.

The virtual playbox approach hasseeal shortcomings: (1) the playlesmust be chosem priori,
(2) their boundaries are static in nyacases, which means that AEs that “stray” into a playlwxid not
interact with other entities inside it, will disaggate unnecessarijlyand (3) by definition, no aggrate-
level simulations may occur inside. Wever, this approach is simple, since aggton and
disaggreation decisions are reduced to determining when the boundary of the playbox is crossed. A more
generic scheme, where aggagon decisions are made dynamicaibyclearly preferable.

The playbox approach hides some critical issues such as temporal incopsatehachain
disaggreation. We elaborate on these issues using theviatig example scenario. Consider an airborne



reconnaissance (T)er a battalion (4. The aircraft is interested only in the positions of the constituent
DEs and does notfatt them in ap way. Most schemes to dateowld require a disagggation sequence

as the aircraft flieswer the AES location, because the positions of constituent DEs are not maintained at
the aggrgated leel. When the aircraft is out of range, the DEsuld reaggrgate. Furtherthe aircraft

could return shortly thereafterausing the agggation/disaggrgation g/cle to repeat. Qhously, this case

can become pathological.

42.1  Temporal Inconsistenc y"

When simulations run on di#rent time-steps, i.e., simulations afieliént resolution Mels proceed at
time steps that dir by orders of magnitude, inconsistgrmoay arise. In particulainconsisteng may
occur during attrition computation, while pendag the state of another entitduring line-of-sight
computations or during dead-rexkng. In computing attrition, the problem occurs due to the time spent in
solving Lanchester equations. These equations are easily computed in their simplesitforrarder to
model the capabilities of the aggated entities bettea number ofdctors are added to the equations,
making them more time-consuming to compute [Karr83]. It is then possible to reach a state where entities
hase an inconsistent we of each otheras follws. In the airborne reconnaissanceraple, suppose
battalion A is en@ged in a battle with another battalion. A, and A interact at the battalionwel.
Aircraft T, coordinating an attack on,Aobseres A at the tank teel and relays information about, A0
other entities which intend to attack.ANow consider the follwing sequence ofvents: A communicates
its current strength to Awhich computes attrition on,;Aising Lanchester equations. In the meantime, T
requests tank-el information from A. T's requests may be satisfied in a much shorter time than that
taken to compute the fefct of A;’s interactions with A By the time A completes its computations, the
results will be quite meaningless, because the computations were performed with data thatstake no
A, and T would nav have inconsistent vigs of A;. Such inconsistencies are bound to ocfarrinstance,
in the AWEBI M ModSAF linkage. V& belisve the temporal inconsistgngroblem will become ery
significant as lage multi-level simulations such &8TOWandJ Sl Ms are planned andecuted.

4.2.2 Chain Disa ggregation

In a two-level simulation, interactions between AEs should naturally occur at thegatgyterel and
those between DEs at the disagaite level. Hovever, several options arise when AEs interact with DEs.
A naive approach is to disaggede an AE whener it comes into sensor proximity of a DE.wwer, this
could cause chain disaggegion, wherein manAEs are forced to disagg@&e in a short period of time
[Smith94]. Consider a simple case where four AEs are interacting in theifaltinear fishion (A~ B
indicates that entities A and B interact with each other), i.e. ARAE, ~ AE; - AE,. AE; comes into
contact with a DE, causing AHo disaggrgate. This forces AEto disaggrgate, follaved by Ak and
AE,. The problem can be translated easily to the airborne reconnaisgsanggiee When the aircraft T
begins interactions with battalion,Athe latter disagggates. This causes other AEs interacting witlcA
also disaggmgate. The na® approach causes unnecessary disggtiom and puts ausden on computing
and netwark resources.

Figurel, based on [Smith94], siws different approaches to solving the chain disagaien problem.
The colored entities are simulated at the highest l&f resolution, i.e., theare fully disaggrgated.

The Null solution demonstrates the chain disaggfien problem. In this solution, an AE must
disaggrgate if it interacts with a DE. As can be seen from the figallepf the AEs disaggoate
unnecessarily by transiity. The Direct Contact solution suggests that only those AEs that directly interact
with the DE should be disagged. In efiect, this limits the propadion along ay chain to one step.
However, the question of hw the disaggmgated AEs (colored) interact with the “un-disaggted” AES
(un-colored) is left open. One option is for the “un-disagaged” AEs to also disagggate. This

* The definition of €mporal Inconsistenchas changed since our last publication [Anand95].
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FIGURE 1. Some solutions to chain disaggregation

degenerates to the Null solution and hence is unacceptable. Another option is for all AEs to be able to
handle interactions between disaggted AEs and “un-disaggrated” AEs. This approach impliegezy

AE should be able to handle interactions with all types of ABgerGihat there may be madifferent

types of AEs in a simulation, this is clearly not a scalable solution. The Horizons approach stipulates that
all AEs within some range of the DE should disaggte. This approach has thewback of the Direct
Contact solution — it is not clear Wodisaggrgated AEs and “un-disaggjated” AEs interact. In the

Local Mrtual approach, the DE reses aggrgate information from the AE. The DE then locally
disaggreates the AE information in order to obtain theeleof information it needs. This is also kmoas
“pseudo-disagggation” and is emplged by theJPSD program [Calder95]. It sobs the chain
disaggreation problem, bt exhibits other problems. émporal inconsistegccould occur if tvo DEs

locally disaggrgate the same AE using flifent algorithms. Furthermore, this solution is not scalable,
because each DE mayveato knav how to disaggrgate eery AE in the simulation. The last solution
presented here —ahial Directed — also sobs the chain disaggiation problem, bt ignores other



problems. In this solution, the AEs interacting with the DE are partially disgaggek i.e., some part of
the AE remains an AE, while the rest disaggtes into DEs. Hwever, the algorithms for partial
disaggregation are quite compke Also, consecutie disaggrgation and aggigation might not produce the
same state.émporal inconsisteyds introduced once a@n, kut this time within (the partly-colored) AEs
themseles.

It is important to note that in attempting to solthe chain disagggation problem, most of these
approaches introduce the temporal inconsigtgmoblem, thus strengthening our claim that the temporal
consisteng problem is critical.

4.2.3 Network Flooding

The netvork is projected to be a bottleneck in distitdd simulations. Netwrk resources may be
strained by the acts of aggegion and disagggation, depending on the scheme used. Disaggjom
creates ne@ entities, each of which could be a sender and/orvexcef messages. Clearkven if only the
entity state messages (forample, ESPDUs il S) generated by all the entities aregaknto account,
this is an increase in netwk trafic. Also, aggrgation and disagggation protocols typically require a
number of messages to be sent, such as “Request to dgsiggrtRefuse to disagggate” and “Request
to aggrgate”. In our @ample scenario, if the aircraft T returngery fev minutes, the battalion ,Avould
undego repeated agggation/disaggraation g/cles, flooding the netwrk with protocol messages. Thus,
these messages represent an unacceptabldhead. Finally by disaggrgating an AE, we lose the
opportunity of messageuhdling, resulting in man short messages. This can reduce tHectfe
throughput of the netork.

4.2.4 Transition Latenc y

We refer to the time tan to efect an aggmgation or disaggmation as thetransition period
Transition periods can be significantly long depending on the cityptd the protocol. Br example, a
proposal in [Robkin92] requires on the order of 10 seconds to complete thgatiggr@rocess. This is
because each DE could request to be reggtgd, and each could also refuse to be reggtge, thus
stopping the entire process. Long transition periods are incompatible with real-time constraints in
humanin-the-loop simulations because yhmay cause visual or conceptual inconsistencies. An entity that
does not change position during a transition period, and then suddenlgaewlarlage displacement at
the end of the transition period can cause a visual inconsisterffump”. A conceptual inconsisteync
may arise in the airborne reconnaissan@argle as follas. In the 10 seconds that it mighteabattalion
A, to disaggrgate, aircraft T might hee flovn avay from it and disappeared from the scenario.olilel
not be able to relay grinformation about Abecause Adid not disaggmate in time!

4.2.5 Mapping Inconsistenc vy

The mapping inconsistepgroblem aists because the attutes at one il of resolution are not
consistently mapped to the attribs at other iels. The problem is obsexs# when an entity performs
actions in an inted of time in a simulation that it could notvsaperformed in realityThis may happen,
for example, during an agggation-disaggrgation sequence. The information stored at an agtgd leel
may not be sftitient to praide consistenc at the disagggated leel. In other wverds, in the first
transition, i.e., disagggated to aggmated, some information pertaining to the DEs may be lost.
Consequentlythe second transition may result in a disagaped state that is inconsistent with the first
disaggreated state.

In the case of the airborne reconnaissance, after the aircraftwagshe DEs in the battalion may
reaggregate. While reagggating, for «ample, the actual positions of the DEs may be lost. If the aircraft
returns within a short time after reaggméon, a disagggation must be écted. On disagggating agin,

a standard algorithm or doctrine [France93] [Clark9dlild be applied to position the entities. This might
cause unrealistic discontinuities or “jJumps” in position.



4.3 Proposed Appr oach

It is clear from the abe discussions that temporal inconsistenwst be soled in order to mak
multi-level simulations feasible. The temporal inconsisyepooblem is caused because there is not
enough information at gnone level that can be translated to information at othgelge Traditional
approaches teards aggrgation/disaggrgation maintain, at angiven time, the attrilntes at onlyonelevel
of resolution — the el at which the entity is being simulated. This is unsatisiry for two reasons:

* When the entity is simulated at a certaiveleof resolution, the attriies at the other Vels are

unused or lost.

» There is an implicit assumption that the resolutiorelleat which the entity is being simulated
(simulation leel) is also the resolutionyel at which it is being perogtd (perception ieel). Thus,
entities eplicitly aggregate or disagggate in order to &ep their simulation el the same as their
perception leel.

We believe the perception el of an entity should be uncoupled from its simulatiorelle This
implies that attribites from the simulationvel should be consistently transformed into the attéb at the
perception leel(s). It then follavs that each entity should possess attdb at multiple beels of
perception. W call such an entity a Multiple Resolution Entity (MRE). By definition, a MRE can be
perceved at multiple resolutions.

We proposdJNI FY as an approach to solving the aforementioned problN<=Y is based on the
use of MREs rather than AEs and DEs. Each MRE either maintains state information at all dedged le
(as determined, perhaps, as part of the HigheLArchitecture subscription process) of resolution or
furnishes information at a requestesidein a timely mannerSimulation of the MRE entails handling
incoming interactions at all desiredvéds. Each MRE is responsible for enforcing logical consigtenc
across resolution Vels: the dict of aly incoming interaction should be reflected consistently in the
attributes of all leels of the MRE. Br example, a platoon unit — a typical MRE — composed of four
tanks wuld contain information garding the platoon as well as the widual tanks (Figur). Similarly,

a battalion unit wuld hare information at the battalionMel regarding each of its platoons. In turn, each of
the platoons wuld contain information garding the indiidual tanks.

Platoon unit

/" Platoon state \

Platoon attribte

/ Tanks’ state \

tank # attrilies

tank 1
tank 2
tank 3
tank 4

FIGURE 2. Design of a MRE

Let A, and A be platoons of tanks and T be a solitary tank. The interactions betwesid A, occur
at an aggmgated leel. For instance, platoon state information such a®aity and strength may be
exchanged and acted upon. When T comes into contact wiih r&quests tank-lel information. A
proceeds to send informationgeeding the tanks of interest to T (Fig@le Typically, this information

10



would be culled from data the MRE maintains on each tapkiegeves information sent from /s
“global” fields — the fields that are either common to all entities or can be deduced from viauaidi
attributes of the tanks (Figu. For example, if T is absent, theelocity of the indvidual tanks in A
would not be important, and a globalecity vector in A could be sent to A However, if T is present,
then A’s \elocity vector for A could be computed as a weightegrage of the indidual \elocities of its
constituent tanks.

MRE A,
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FIGURE 3. Multiple levels of resolution

Consisteng maintenance is thesk aspect of th&NI FY approach. Consistepanust be maintained
among leels of aggrgation. There are tavaspects to consistgne— temporal and mapping. &\address
the issue of temporal consistgnioy imposing an atomicity constrainbn interactions between MREs.
A/'s interactions with T and Amust be serialized and applied tg &omically When A receves a
message garding an interaction from srother MRE, it must process that message completely before
beginning to process gnother message that might &ei The atomicity constraint is required because
interactions at anlevel may afect the other leels. If an interaction is from, Then its diect on A should
be reflected in subsequent interactions betwegarmll A. In this instance, information fks from the
high-resolution leel to the lav-resolution leel in A,. Likewise, if an interaction comes from,Ahen the
state of each high-resolution entity in Aay hae to be updated. Infett, the entity deals withvery
interaction “atomically” — it completesveluating the décts of the interaction ail levels before it can
begin the n&t one. Atomicity of interactions, while strict, ensures that akleare consistent with each
other It is worthwhile to note that we ka reduced the problem of maintaining consistebetween
aggreyated and disagggated entities to the task of serializing and atomically handling each request
arriving at the unit.

Mapping consistencpertains to designing a pair of functiohsand f 1such thatf maps a set of
attributes at the disaggyated level to a set at the aggiated leel while f ~ maps attribites from the
aggreyated level to the disagggated level.

We propose a model for consistgrin Figured. A,, A, and A are MREs with multiple leels of
resolution, while T is a MRE with oneuve of resolution. If tw entities percaav'eT a particular MRE at
different levels of resolution atverlapping simulation times, then the entities’ respegberceptions can

* The concept of atomicity is boksed from other areas in Computer Scienaw. éample, in the conte of memory sys-
tems, an “atomic read/write” means that no other read (or write) cafebtedfuntil the current read (or write) completes.
T Itis assumed that no informationgledation occurs in the perception of another entity
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be translated from one to the other with the same result as if the entities hatbdetmeMRE at the other

level of resolution. Also, if tw entities viev the MRE at the sameJel of resolution at werlapping
simulation times, the entitiesowuld percere the MRE in gractly the same ay. Note that in the figure, an
arrov doesnotimply an interaction between the corresponding entities. A dotted box surrounding an MRE
indicates that anview of the MRE from outside this box is temporally consistent with ather viev
overlapping in time. The left-to-right ams indicate “perception”, while theewtical arravs denote
mapping consisteyc Also, note that the dashed bidirectional arrepresents “eactly the same”,
whereas the dashed cadvarravs represent “can be translated”.

aggreate-level perception 1 A,'s aggreate %
>\ viewof A; m
| >
| N\

L !

N ]
_ disaggreate-level perception 1 T iy =
A, — disaggrgate > view (%gA?a it
' —

y

A, — aggregated

f

FIGURE 4. Models for consistency

4.4 Expected Benefits of our Appr oach

UNIFY solves or allgiates mag of the problems described in Section 4.2. The fdlg sections
discuss the benefits wepect.

44.1 Temporal Consistenc y

UNI FY directly addresses the temporal inconsistgmmblem. Br the most part, this problem has
been ignored in the distiked simulation communityThe fev attempts at solving this problemvea
followedad hocapproaches, designing customized translators that maintain consigtesse approaches
are conceptually unscalable. As pointed out in Section 4.2, the temporal incoggistdiiem lies at the
core of the challengesded in designing multidel simulations:it must be solved in anfifient and
scalable manner to maklarge-scale multi-leel simulations feasibldUNI FY is the first step in this
direction.

12



Temporal consisteoguarantees that all entities wie particular MRE in a consistent mann&iso,
the perception kel is uncoupled from the simulationvid. The MRE may be thought of as being
simulated at all kels of resolution, irrespegt of the lgels at which it is being peragd. Temporal
consisteng has a salutary fefct on attrition computation, line-of-sight computations, deadergoly and
other ley aspects of a simulation. These aspects strongly influence the decision-making process in a
simulation and hence play a role in establishing #liglity of the simulation. Decisions made on the basis
of incorrect data &ct the usefulness of the simulation.

4.4.2 Elimination of Chain Disa ggregation

Recall the chain disagggation problem (Section 4.2.2) sko in Figure5. UNI FY effectively
eliminates this problem since it has no concept of ag¢jmn or disaggmgation. Each MRE determines
the level of resolution at which it peragis another MRE, and the perel MRE is able to present
consistent vigrs of itself to its perceers. As seen in Figui& eachUNI FY entity is an MRE to kgin
with, so no ne entities are created when MREs interact. The interactions between MREs are defined in
the design of the simulation. Eliminating chain disagatien reduces the number of entities participating
in the simulation. This reduces the demands made ororledmd processor resources (discussedelo

The Problem UNI FY

@@@ @@@

FIGURE 5. UNI FY's approach to solving chain disaggregation

4.4.3 Reduced Netw ork Traffic

The netvork flooding problem is alleated by reducing the message ficafn the simulation in a

number of vays:

* UNI FY does not hee aggregation/disaggreation g/cles. Thus, the number of protocol messages is
reduced. This is a significant reduction géthead.

 UNI FY prevents unnecessary disaggation, thereby reducing the number of entities in the
simulation. This means that there arede recevers and senders of messages. This in turn reduces
the number of messages severcthe netwrk.

* Message bndling is a technique in which a number of short messages can lesl paitka single
long message. The pak messages shouldvieasome common characteristics — the same set of
recevers, for instance. This can increase tHeatize throughput of the netwk by causing feer
long messages to be sent rather thanymstmort messages. Since a MRE is responsible for
interactions with all of its constituent objects at a particulzelJeahe MRE can tindle messages
about those objectsoFexample, a MRE simulating a platoon of tanks candie the state update
messages (at the disaggate level) of all its tanks.

Reducing netwrk trafic affects scalability as well. Netwk bandwidth places a limit on the number
of entities that can be simulated. Reducing oétvrafic increases this limit, thus imprimg scalability
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Typically, schemes using dynamic aggagon and disagggation cause “brsty” trafic on the
network, because the aggation/disaggreation g/cles add to the netwk trafic for short periods. By
eliminating aggrgation/disaggrgation g/cles, UNI FY imposes a more “uniform” load on the net,
ensuring lessariance in latenc Fixed latencies are compatible with real-time constraints in a simulation.

4.4.4 Reduced Transition Latenc y

An aggregation/disaggreation g/cle can consume a significant amount of time (which we call the
transition period), depending on the conxfileof the protocol. Lage transition periods are incompatible
with real-time constraints in simulations. Elimination of aggt®n/disaggrgation g/cles also eliminates
the transition period. By design, an MRE has all necessary information to satisfy requegtteatian
Thus the major source of latgneould be in &tracting (or computing) this information, which can be
done eficiently.

4.5 Technical Challeng es

In order to demonstrate the feasibility il FY, some issues must be addressed. Issues relating to
consisteng maintenance are of primary importance and will be the focus ofdaheproposed here.

45.1 Core Attrib ute Identification

An important issue in the design of MREs is to identify aiteb required for maintaining multivel
consisteng. While the MRE concept may be beneficial in maintaining consigtere expect additional
benefits to accrue fromxploitation of redundancies and high-speed generation of wtrilalues not
explicitly simulated all of the time. IfUNI FY, MREs maintain a set of “core” atttites, as shon in
Figure5. These attriltes form a minimal set from which other atirtiiss at all leels can be directly found,
or generated on request. Core atit@s are application-specific. In our research, xpee to @in insights
into general guidelines for identifying core attiies for classes of MRES. A rich set of core aiteb
represents a higher demand on memory resources. Altetligadi sparse set implies that more atités
will have to be computed requiring more computing time.

Attribute generation functions

- 1

Low-resolution
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|
|
|
|
|
|
|
|
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public world view

Multiple-

Resolution

Core

High-resolution

public world view

7/
Wo . Attributes for public wrld view - -~

FIGURE 6. Core attributes
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45.2 Consistenc y Maintenance

In order that may entities percee a particular MRE consistentlyhe attrilutes at all leels of
resolution of the MRE must be consistene Wave proposed serialization and atomicity as a mechanism
for maintaining consistegyc between Ieels of resolution (Section 4.3). aVbelizve consistenc
maintenance is theek to successfully implementing multiviel simulations. The follwing sections detail
some of the issuesgarding consistencmaintenance.

45.2.1 Time-step Diff erential

In multi-level simulations, dierent levels of resolution may proceed atfdient time-steps (Section
4.2.1). The time-steps usually determine the mean time betwestseof interest at thatvel of
resolution. Rradoxically the complgity of the efects of the eents at a particular Vel of resolution
determines the time tak to compute thosefetts. In turn, this time plays a role in determining the time-
step at which that el of resolution should proceed. A substantidiedénce in the time-steps of iifent
levels of resolution, combined with the serialization requirement poses real-time challenges. Thare are tw
approaches to solving this problem: (i) reducing the time-stégreaittial, and (ii) carefully relaxing the
serialization and atomicity constraints in order tovalloultiple, hut consistent, interactionsfa€ting a
MRE at overlapping times.

45.2.2 Mapping Functions

The mapping function$ andf ™ are required for gnapproach to multi-kel simulations, including
an aggrgation/disaggrgation approach.df a MRE with two levels of resolution, ifA gndD are the set
of _attriEtheDs at the agggated and disagggated leels respectely, then [F | 2 -2 1 and
0 72 - 2°[, where 2™ is the pawver set of ap set S. These functions pwide a translation
mechanism from onevel of attritutes to anotheHence thg should be considered as an gred part of
the design of multi-lwaellsimulations. The “rules-of-thumb” suggested in [Allen92] are useful guidelines in
the design off andf ~. A general stratgy for designing these functions isybad the scope of this
proposal, although wexpect to gin insights into this process in the course of our research.

45.3 Load Considerations

In a typical disagggation approach, computing resources mustJaglable to simulate the ndy
generated DEs when an AE is disaggted. Correspondinglywhen an MRE lgins interactions with
other MREs at a high Vel of resolution, sticient computing resources must beitable to simulate
these interactions. One approach to handling this additional loaldiWe to simulate the high resolution
interactions using Computer Generatemtdes. Multiprocessor implementations of MREs using a small
number of processors are alsorth investigating. In this respect)NI FY has an adantage wer other
approaches: sinddNl FY creates feer entities, some computations such as deadnéagf and line-of-
sight may be simplified.

Another aspect of load is memory consumptioar Eomparison, we assume a memofficieit
traditional schemexists. This scheme allocates memory only for the entities atwbkderesolution that
is being simulatedUNI FY requires memory for the attrites atevery level of resolution. Ifn; is the
number of i -level entities peri + 1-level entity the memory requirements for a memorfegdnt
traditional scheme arldNl FY would be

| [
OEH nEandOEZ M nE
G-, O H=1i=j O
respectiely, wherel is the number of leels of aggrgation. The constants f&NI FY are epected to be
large since more data is stored per MRE in order to maintain congisteappears that MREsoumld
require more memory than AEsDEs, lut we pect this will be diet by the decreasing cost of memory
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4.6 Summary

The adent of lage-scale distribited simulation programs (such 88OWandJSI MS) requires that
entities at diferent levels of resolution co@st and interact in a single distited simulation. This
requirement raises aeral problems thanhustbe addressed in a systematic, unified manner for sugg lar
scale simulations to be feasible. At the heart of these problems is the issue of maintaining gpnsistenc
among leels of resolution. Other problems include chain disagien, netvork flooding, transition
lateny and mapping consisteyc

We hare proposedJNI FY, an approach to address these problddhb.FY defines a ne kind of
entity, a Multiple Resolution Entity (MRE), which replaces traditional AEs and DEs. A MRE maintains a
set of core attribtes from which other attntbes at all desired Vels of resolution can be generated in a
timely manner There are seral immediate benefits of tHdNI FY approach: temporal consistgnc
elimination of chain disagggation and reduction in netwk trafic and lateng. The technical challenges
in demonstrating the feasibility &Nl FY include: identifying the set of core atuiles, resolving the time-
step diferential and managing load. eAMpropose research into these challenges with the goal of
establishing the feasibility and utility &Nl FY.
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