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1 Intr oduction

This document proposes Multiple Resolution Entities (MRES) and AteibependencGraphs (ADGS) as part
of a framevork for maintaining consistepén multi-resolution simulations. @briefly present our pastork in this
area and then outline ourwedirections. In particularwe demonstrate o our approach applies toxisting
simulations, and analyze the cost benefits &ekli®y our schemever traditional multi-resolution schemese\tfer
guidelines for future simulations from these analyses, awd mikestones for future research. The primary obyjecti
of the direction of our research is to yide guidelines for designers andvdmpers of n& and lgacgy battlefield
simulations for resolving representation issues in multi-resolution simulations.

2 Background

We have identified critical issues that must be solin order to maksimulations at multiple \els of resolution
feasible. Existing schemes do not address some or all of these issues in a coherenptausmgeentities to become
inconsistent. Since inconsistgnmay compromise the usefulness of the simulation,ynsanulations may require
consisteng maintenance. Wproposed Multiple Resolution Entities as a mechanism for maintaining consistéenc
explored means by which MREs could be created agput konsistent. In pursuit of this goal, we made some
Fundamental Obseations, which we belie should guide the design of all multi-resolution simulations.

2.1 Definitions

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

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

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

e Resolution: The conceptual lel 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 simulatesveeal aggrgated objects, such as a
battalion.

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

» Simulation: A dynamic representation of one or more objectgluing some combination ofkecuting
code, control/display inteate hardwre and integces to real-arld equipment.

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

Note: Levels of resolution and Wels of aggrgation are imersely related: high-resolution meanw level of
aggreation, and lav-resolution means highvel of aggreation.
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2.2 Problems with Current Multi-Resolution Appr  oaches

Current approaches subject entities to one of Full Agdgien (FA), Full Disaggrgation (FD), Rurtial
Disaggregation (PD) or Pseudo-Disaggagion (SD). The first tee schemes representtemes in the ay the
address multi-resolution issueseWtiefly re-introduce these issues. A fuller discussion can be foundying&le

Temporal Inconsistency: Temporal inconsistegcis said to occur when tw(or more) entities v@ mutually
inconsistent viers at the same simulation time. This may arise when simulationgeaiedifresolution hels proceed
at time steps that dér by orders of magnitude. In particylarconsisteng may occur during attrition computation,
while perceving the state of another entityuring line-of-sight computations or during dead-cetkg. Temporal
inconsisteng will become ‘ery significant as lae multi-lezel simulations are planned anxkeuted.

Chain Disaggregation: Chain disaggmgation (also called spreading disaggaon) is a phenomenon wherein
mary AEs are forced to disagg&e in a short period of time. Chain disaggtéeon usually causes unnecessary
disaggreation, putting a brden on computing and neivk resources. Man approaches introduce temporal
inconsisteng in attempting to sokr the chain disagggation problem.

Network Flooding: Network resources may be strained by the acts of ggtiom and disagggation,
depending on the scheme usedel¥ only the entity state messages generated by all the entities emeiribk
account, disagggation increases netwk trafic by virtue of creating more entities. Aggation and disagggation
protocols typically also require a number of messages such as “Request to ditafdiiRefuse to disagggate”
and “Request to aggyate”. With the netvark projected as the biggest bottleneck for simulations, these messages
may represent an unacceptablerbiead.

Transition Latency: The time takn to efect an aggmgation or disaggmgation, thetransition period, can be
significantly long depending on the comytg of the protocol. Long transition periods are incompatible with real-
time constraints in humain-the-loop simulations because yheay cause visual or conceptual inconsistencies. Long
latencies may also cause entities to thrash, whereprspiend most of their time just changingdks.

Mapping Inconsistency: Mapping inconsisterycarises when the attukbes at one ieel of resolution are not
consistently mapped to the attribs at other ieels. The problem is obsesd when an entity performs actions in an
interval of time in a simulation that it could notJeaperformed in reality

2.3 Fundamental Obser vations

We present some fundamental obaépns rgarding multi-resolution simulations. These abservations rather
than theorems because the truth of their statementgugdainformally rather than pren rigorouslyThey are
fundamental because yamgeneral solution to the multi-resolution problemust take them into account. These
obsenations are a result of a thorough analysis of the issues concerning multi-resolution modeling. The fundamental
obsenations preide the foundation for the theory of multi-resolution modeling and guide tredoenent of long-
term solutions to the arious issues in multi-resolution modeling. Thguanents supporting the fundamental
obsenations are in [Rm96]. In this discussion we merely present the olagienvs with a briefplanation.

FO-1: In general, déctive linkage requires entities to be modeled at appropriedéslef resolution.

FO-2: The efects of concurrent interactions at multipledks of resolution must be combined consistently

FO-3: Overlapping interactions may often not be independent.

FO-4: Time-step diferentials can amplify iné#ctiveness due to dependence violations.

Consider a linkage between modelg &nd kg at levels of
resolution Ly and Lg respectrely (Figurel). For most La \\\\\\\\\
applications, either Emust be represented ag lor Eg must be A\
represented at/d for E5 and E to interact with each othefO-1 .
states that only linkages folling a combination of aertical and V
a horizontal link can be fefctive — a diagonal linkage cannot. L ////// - - -

In order to satisfy FO-1, entities must dynamically transition y B // B
to the appropriate Vel as required, as is done with aggon-
disaggreation. The costs associated with thegemheads 0°  FIGURE 1: Fundamental Obseation 1
dynamic transitions can be reduced by reducing the number of
transitions. Significant reductions irveshead can be achied by limiting the propaagion of transitions (for
example, by controlling chain disaggegion). Ideally a transition should be restricted to a single entity instead of
propagiting. This leads to the folldng two requirements: (i) entities must be able to handle interactions at multiple

Resolution
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levels concurrently, and (ii) the dects of these concurrent interactions must be combined without compromising
effectiveness (realism alidity, consisteng etc.). These requirements are captured in FO-2.

The second requirement isfaitilt to satisfy Serialization dils in the contet of real-time interactions because it
detracts from the appearance of conculyaidnteractions eerlapping in real-time. Alternatly, interactions could
be processed in parallel and their results combinedetdn, when interactions with smaller time-stel%) @re
allowed to occur concurrently with those withdar time-stepsL{), the assumptions made by the will be
invalidated due to th§ during a time-step, leading to ifettive linkages.

The problem of combining the fetts of concurrent interactions consistently arises primarily due to a
fundamental underlying problem, namelpdependence. As FO-3 states, tw interactions that \erlap in (i)
simulation time, and (ii) the entitiesvisived in the interaction, may not in general be independent simply because
they can afect the outcome of each oth#rtwo dependent interactions aveeeuted independentlthe results of the
combination of these interactions may beaiid. FO-4 says that time-step fdifentials tend to aggvate the
inconsistencies created due to depengéssuies.

The fundamental obseations present the basic issues that must be addressey dgremnal, scalable approach
to multi-resolution modeling and thus pide the bginnings of a theoretical foundation for the same. Thet&
multi-resolution modeling is a holistic approach that internalizes issues of consiatehis designed to s@them.

In the ne&t section, we present one such approach based on the fundamentaltmvserv

3 A General Frame work

We describe a general framark we hae developed aimed atafilitating the design of multi-resolution
simulations. The franveork huilds on our Fundamental Obsations and consists of tacomponents: the Multiple
Resolution Entity and the Attrilte DependencGraph.

3.1 Multiple Resolution
Entity MRE A;

' Traditignal approgcheszrds aggrmtion/ a‘?ﬁt@?ﬁ%ﬁ’?' > @
disaggreation maintain, at gngiven time, the

attributes at onlyone level of resolution — the
level at which the entity is being simulated. In
contrast, we belie@ each entity should possess COHS'StEW EnfOfC

attributes at multiple beels of resolution. These

Multiple Resolution Entities (MRES) can be

perceved at multiple resolutions becauseythe ﬂéisgggggte—lﬁeveLA .
either maintain state information at all desired interactions 1~

levels of resolution or furnish state information
at a requested Vel in a timely manner
Simulation of the MRE entails handlir _ FIGURE 2. Multiple le vels of resolution
incoming interactions at all desired/és. Each
MRE is responsible for enforcing logical consisteacross resolution Vels: the eict of ary incoming interaction
should be reflected consistently in the attiés of all leels of the MRE.

The MRE is temporally consistent becauserg interaction is consistently reflected across alklte of
resolution. Each MRE determines thedkof resolution at which it peraais another MRE, and the perel MRE
is able to present consistentwieof itself to its percgers. Since the concept of disaggaton doesrt’ exist, chain
disaggreation is eliminated. This, in turn, reduces mativload and transition latepc\We proposed a core set of
attributes for each MRE, which comprised atiitiss that will alvays be maintained for that entitife identified some
guidelines for choosing attribes that went into the core set. As the feilg sections will she, we hae had
insights into hw the MRE can be designed in order to stay consistent.

3.2 Attrib ute Dependenc y Graph

The ley feature of the MRE is its ability to stay consistent in #oefof concurrent interactions at multipledis
of resolution. In order toain insights into its implementation, it is useful to visualize a model of the MRE as a graph.
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This graph, knan as an Attrinte DependencGraph (ADG), depicts theavious attribites and sub-entities of the
MRE, and portrays the relationships between them. ADGs are an encoding of the concurrent multi-resolution
interactions problem, and are also an encoding of solutions to this prololethe Fest of this discussion we assume
away FO-4, i.e., we assume that the time-steferdintial between simulations atféifent levels of resolution does
not ist. We beliere that making this assumption does noteasely afect our theory

In order to model ha an entity behaes at multiple leels of resolution, it is important to be able kpeess the
relationships between attuites. These relationships can be modelled by a directed, weighted graph wherein the
nodes represent atttites and the edges between the nodes represent relationshipanfaheeseres to illustrate the
concept betterAssume an entitf at two levels of resolution: a l@-resolution aggmgate level and a high-resolution
disaggreate level. The lav-resolution leel is the aggmgate level and the high-resolutionvel is the disaggoate
level. LetE; andE, be the sub-entities &. Let the attrilntes of interest b8 (strength) andr (firepaver). Therefore,
the attrilutes ofE (and hence the nodes in the Attt DependencGraph) are:

Sa = aggrgate strength S, = strength oE; S, = strength oE,
Fa = aggrgate firepaver F, = firepaver of E; F, = firepaver of E,

A phantom nodeQutside, is used to represent interactions Interaction Dependegc
from the emironment or other entities. This hode may be omitted — Distributive Dependenc
altogether without loss of generalitfor every dependenc Accumulative Dependenc
between a pair of attrittes, a directed edge must beverafrom —> Modelling Dependernc
the dependee to the depender (e.g.7iB(X), then drav the edge @

- ¥y). The edgesdl into various catgories depending on their
associated nodes, as igphkined in the follwing section. A

pictorial representation of the MREIis shavn in Figure3. Fa
The selection of nodes clearlweals hav the ADG satisfies
FO-1. Attritutes at all leels are present in the ADG. Therefore,
the MRE is represented at alé&ds of resolution. (@ S,
3.3 Attrib ute Dependencies F,

The dependencies between atttéds &ll into four classes. .

The semantics of these dependencies (and hence the edge. .. FIGURE 3: Attribute DependencGraph
graph) are as belo

* Interaction Dependencies. These are edges frofutside to some other node in the graph. Interaction
dependencies capture interactions that may causeutdsito changealues. Vpically each attribte that
can be changed as a direct result of an interactmidihare an interaction dependgnc

 Distributive Dependencies: These are edges from a node representing angagepievel attritute to a node
representing the corresponding disaggte attrilute for a particular sub-entityObviously, distrikutive
dependenciesxest from each agggate attrilute to may disaggreate attrilutes.

» Accumulative Dependencies. These are edges from a node representing a digatgierel attrikute for a
particular sub-entity to a node representing the correspondinggatgedtrilute. Each disagggate-lesel
attribute has an accumuledi dependencwith one aggrgate-level attrikute.

» Modelling Dependencies: These are all edges that are not one of theeaAgpically, these edges represent
relationships between atttites that ®ist due to the nature of the entity being modelled.

To construct the graph f&, we assign each atttite to a node. The disttiive dependencies ar; — S, Sy

- Sy, Fpo - F1 andFy - F,. The accumulate dependencies ar§; — Sy, S — Sy, F1 —~ Fa andF, - Fa.
Aggregate interactions can cause changes in the gag®8, or F5, and disagggate interactions can cause changes
in S;, F1, S, or F, depending on which d&; andE, or both are imolved. Assumds, is involved in a disagggate
engagement and concurrentiere is an agggate enggement in progress. Therefore weéadgeOutside Sy,
Outside  Fp, Outside S, andOutside  F,. In addition, assume that the modelling of the sub-entities stipulates
that asSreduces, so dods In this case, we ka the edgeS; - F; andS, - F.

After constructing the graph (Figu8g, given an interaction, it is possible to trace a path in the graph to account
for changes to nodesoFexample, suppose an aggate-level enemy attrits the MRE. The paths through which the
attrition must be reflected ar@utside Sy, - S, - F; -~ FyandOutside Sy - S - F, - Fa. Thisis
equivalent to saying that the aggege interactions caused a change in theviddal disaggrgate strengths, causing
a change in the disaggage firepavers, which dected the aggoate firepaver. Recall thate, was irvolved in a
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disaggrgate battle elsghere. V¢ may translate this to rewing (or weighting with zero) the edd®, — Fp, in
essence saying thgy does not contrilte to the firepwer of the aggmgate.F, — F, should be weighted to zero for
the same reason. Note that this does not prediydefirepaver being decreased due to thieefs of an agggate
attrition.

The ability to weight graphs (with binary or fractional weightsyjates a means to s@\he issue raised by FO-
3. For our particular xample, a judicious choice of weights ensures Has strength can be fatted by both
aggrgate and disagggate interactions, Wi its firepaver is tageted either wards the agggate battle or the
disaggreate one, not both. This is because firepoependitures are independent interactions — an ggtgdevel
expenditure precludes a disaggate-level expenditure in the same time-step.

3.4 Graph Traversal

For ary interaction, a path can be traced in the graph to account for changes titeattépresented by nodes. A
traversal of the ADG is initiatedvery time an interaction occurs. In otheonds, graph tneersal bgins with an
interaction dependepcFurther traersals occur along the other dependencies. In the course ofvaredtaf a node
has been visited it is colored to indicate that for thattsal the node should not beakiated agin. After a node has
been colored (and thefetts of the changes in the corresponding aiteiltomputed), the edges going catevfrom
that node are addressed. The changes in the nodes at the other end of the edges are computed, and the process is
continued till no more nodes can be visited either becaugehtire all been colored or there does neistan
outgoing path from anone of the colored nodes to the uncolored ones. In simulation terms this translates to the state
where the décts of @ery attritute to @ery other possible attnitte hae been propaged.

The order in which the nodes areveesed is sonvehat crucial. Assume an interaction modifyiggarrives. A
depth-first traersal of the graph might yield the falling pathsOutside Sy - S, - F, — Fo - FpandS, - S;.

Notice that in the second pafh is not talen because it has been visited already in the first path. This is clearly
incorrect because it violates the design requisites of the sub-énbtgadth-first treersal vorks slightly better in

this case because it yields the patbatside Sy, - S - F, -~ FyandSy - S — Fp. Note that this is also
unsatisactory because thewevalue ofF, has been computed without taking into account the charfge eneral

rules for traersal of the Attriite DependencGraph need to be researched.

The distrilutive and accumulate dependencies put together form simpleles. If a particular trgersal is in
progress and a distrtive dependencis talen, then the corresponding accumukatdependencies must not be
taken. Likewise, if an accumulate dependencis talen, then the corresponding distritve dependencmust not be
taken. Essentiallythis means that once the attitie at one kel is changed it does notyeato be re-computed after its
corresponding attrilde at the other @l has changed. If visited nodes are colored, then this will be enforced. If the
modelling dependencies form gcte, then during a te@rsal the nodes in thgae must be visited only once. If the
attributes at some el cyclically depend on each othehen it is reasonable to assume that the designer does not
wish that the attrilites be modified infinite number of times per interaction.

3.5 Multiple Incident Edg es

An important issue is managing multiple dependencies on arusdfritharacterized by multiple edges incident
on the corresponding node in the graph. When changes to aatatrialue arnve on more than one incident edge
concurrently a decision must be made as taviibe efects of those interactions will be reflected on the aitieib
Note that this issue directly corresponds to FO-2 and FO-3. Choosingafpoliesolving multiple incident edges
on nodes in the ADG addresses the problem of combining concurrent interactions on the &Rt to
identify classes of nodes for which we canwvmle solutions to the problem of concurrent interactions. The
application may choose €fent solutions for diérent nodes.

One solution addresses attries for which interactions with independerieets are incident. Such interactions
have efects on the corresponding nodes that are independent of other interactions. Note that tioisirpés that
the interactions are independent with respect to the nodeaftaet. If they do afect different nodes altogether the
problem becomes tiial. Rathey we account for concurrent interactions whose intersection seeofeaf attrilites
is non-empty but whose dects are such that one does not preclude fectathe outcome of the othdfor such
interactions, we can stwthat their efiects can be propated to the corresponding nodes iy arder Therefore, we
can instantaneously reflect théeets of such interactions on the corresponding nodes.
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Another solution is to delay thefefts of interactions for arvarage of half-a-timestep. Infett, each time-step
becomes a windw during which interactions are incident on a node. At the end of that time-step, the node possesses
a set of interactions that areid during that time-stepubhave not been incorporated yet. The node may then reflect
the efects of these interactions by choosing one of theuatig (incomplete) list of optioﬁs

» The node could reflect thefe€ts of the interactions in the orderyharived on the node. This is akin to

serialization, bt with some delay because the interactions are madaitéowan &erage of half-a-timestep
before their dects are reflected. If such a pglis adopted, it may be more beneficial to not endie
interactions wit and instead just reflect theirfadts as and when the interactions ocdboncurrent
interactions may be arbitrarily settled by choosing arex the other as occurring earlier

» The node could arbitrarily re-order the interactions and then reflect tfegtsefThis may delve to the

independent interactions solution described eagkeept that the &kcts are reflected after some delay

» The node could he static policies for each combination of concurrent interactions since the types of

interactions that are incident on a node areskna priori. If n types of interactions could be incident on a
node, then the total number of combinations of types of interactions that could be incident on that node is

0 n
S= OSZ E?%z O(Zn). Thus, choosing a policfor each combination is anxgonential-gravth
=0

solution. Havever, we expect mag of the cases could be collapsed into one anoffreather approach is to
design for gceptions alone and catch all other cases inauttefAlso,n is expected to be small.

4 Applicability to Existing Sim  ulations

In order to demonstrate the applicability of Attrib DependencGraphs, we applied them to the Federation
Object Models (FOMs) of xasting battlefield simulations. ®/ consideredJPSD and Eagl e as candidate
simulations, and attempted to create ADGs for entities simulated thereimevé able to dva some conclusions
regarding these simulations after creating the ADGs. SincéRS® FOM does not focus on aggede interactions,
we attempted to introduce these by constructing a “mock” linkage betweEaghe andJPSD FOMs. W believe
this linkage helps bring out important issues to be considered in actual implementations.

4.1 JPSD

The JPSD FOM includes the Class
Structure able, the Attrinte Table and the
Interaction &ble, The ADG in Figurd was
constructed from these tables. Some of the
Aggregate and Entity attriltes (subscripted
A and p respectrely) have been omitted
because theare not immediately relant to .
our theory The omitted attribtes are mostlyPetonation
enumerations, and their correlation w’ FIGURE 4. JPSD Aggregate MRE
other attrilbutes is minimal, if ap The blue
arrovs stand for Distribtive dependencies from that attrib to all other entities/attiiibes at a laver level of
resolution. The green ams stand for Accumulate dependencies. The red avrestands for a Modelling
dependeng Clearly the disaggrmgate-level locations depend not just on the aggte-level location, lot also on the
shape of the agggate. The yellw arronvs stand for Interaction Dependencies.

An interesting obseation we made as rgarding acceleration and angulaiacity attrilutes. Thel PSD FOM
indicates that a Helicopter Compamay be an agggate entity Assuming that such an aggate would comprise
Entity.Platform.AirAttackHelicopter it is som&hat strange that the aggate entity has no pvision for
acceleration or angularelocity attrihutes @en though the disaggrate entities hae such attribtes. Also,JPSD
seems to ignore the strength of the disagmeeentity (see for displaying a damage state) and its fireggro The

( shapg ) ( Locationy ) (_ Velocityy, ) (Orientation, )

Locatiory, ) (_ Velocity, ) (Orientatior, )

Collision

* The time required to actually reflect théeefs of these interactions must be small compared to the size of the time-step.
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aggreate equialent of such a policis to just count the number of disaggate entities that are in the aggmee and
submit this as some notion of strength.

The FOM Interaction dble lists the possibléPSD interactions and sk the attribntes that wuld be afected
in case such an interaction occurs. Most of these interactions are “read” interactions, and are of lesser importance.
The Collision interaction is anxample of interactions thatfatt some entity attriltes. Figurel shavs hav the
Collision interaction décts the MRE. The Detonation interaction is also depicted. Aside from thes¢éhewvonly
other interaction that fdcts attrilutes in an MRE is the DisaggeeRequest interaction. aMforesee that this
interaction will be unnecessary in the comtef an entity that is able to consistently represent itself across multiple
levels of resolution. The contents of the interaction messages, \&a gihdéhe FOM, mak it clear as to hw the
affected attrilntes are changed.

JPSD does not possess agggite interactions, apart from DisaggaéeRequest. The simulation proceeds in the
aggregate when nothing of interest is going ont wvhen something interesting happens, the simulation switches to
the disaggrgate. The problem of concurrent interactions along the edges incident on a node is duifrigally.
However, JPSD could be augmented by assuming concurrent multipleldeln such case, weowld have to add
Interaction dependencies to the nodes representingoadg trilutes too.

4.2 Eagle-JPSD
Figure5 shavs theEagl e-JPSD linkage in the form of Attribte DependencGraphs. The upper half of the

R-SEG ) ( QTYSYS )

% ( Depth, Fro@tLAT, LONGjC SPDIR ) ( orient )( EFF )
w L)
- — - — == -— - — = —- -—--—- -l — -
Y Y
( Locationy ) ( Velocityy, ) (Orientation, )
%
5 y Y Y y
Locatiory Q Velocityy ) (Orientation, ) Appear Damage

Collision

Detonation

FIGURE 5. Eagl e- JPSD Attrib ute Dependenc y Graph

diagram shas Eagl e nodes for their “Military-Units”. The Mer half of the diagram detailsPSD attributes.
Again, only attrilutes immediately rel@ant to our theory are stvo. The black tw-headed arres stand foleagl e
attributes and their immediate counterpartd RED.

The meanings of some of the amoare olkious. Havever, some others merikplanation. SYS-CONFIG is an
attribute maintained byeagl e Military-Units to record the percentage of the Unit that lies in each of four cells:
front, rear right and left. This attrite may be calculated from the position of the agggeeand the positions of the
disaggreates. R-SEG is aBagl e attribute that is a set of points representing the future path of the unit. QTYSYS
represents the quantity of each type of system in the composition of thgeaaggueit. EFF is the percentage
effectiveness of th&agl e unit. JPSD entities hae no notion of déctiveness, therefore the mapping is natiobs.

The best recourse may be to link the Appearance and Damage-State of the entityettitsnefss. Likwise, one
way to keep QTYSYS consistent with entityvkd information is to link it to the Appearance and Damage-State of the
entities. Both these mappings are not satisfry but it is the best we ha thus &r.

As of writing, we hae been unable to procure a complete FOMEmg| e. The FOM we possess does not list
interactions well. The fe interactions that are siva are shavn as afectinginternal attributes, not the attriltes that
are in the FOM. The mapping between internal atteib to FOM attribtes is not obious and missing in mgrcases.

We believe we can do more justice to thagl e ADG once we are in possession of a more complete FOM.
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The most interesting node in the ab@raph is the one labelled TAONG. This represents the position of the
Eagl e unit. Clearly this node is &cted by the disaggyate-level locations, which in turn arefatted by the shape
of the aggrgate and the disaggrate-level velocities. LAT,LONG is also dected by the pre-chosen path of the unit,
namely R-SEG. The dashed awofrom the units welocity (SEDIR) to LAT,LONG indicates that modelling
dependengis captured by the path PR - Velocityy — Locatiory —~ LAT,LONG. R-SEG represents where the
unit wishes to be, while the Locatigs represent where the unit actually is. The policies to resaiv conflict
between these twcould be, depending on the situation, one of: ignore R-SEG, force Lggatmmonform to R-
SEG, andeerage out Locatiggs and R-SEG.

5 Cost of MRE o
et ~

It is important to compare the cost of maintaining consigterith é =]
the cost of simulation of arious techniques of managing multi- g
resolution simulations. ¥ consider Full Aggeation (FA), Full 2
Disaggrgation (FD) and the MRE approach (MRE)A fand FD S
represent tw ends of a spectrum of solutions, whereas the MRE %*
approach represents a middle grounat. &alysis purposes we use a o
simplified notion of a multi-resolution simulation. The simplifications L levels
merely malk it easier to &kct a comparison between tharious

techniques. Figuré shavs an entity in such a simulation. The
assumptions of this simplified multi-resolution simulation are:

» There are. levels of resolution, kel 0 being the lavest (most FIGURE 6. Simple MRE
aggreate) and leel L-1 being the highest (most disaggaiée).

» There areN higherresolution sub-entities pend@r-resolution entityi.e., an entity at a resolutiorvid of i
comprises of actly N entities that are at resolutiorvéi+1. This is true for all =0to L-2.

» All entities at a particular resolutionviel are @&actly identical in composition, i.e., théhave the same
number of sub-entities (as stated earlier), and alse bamilar attrilites. Note that these entities may
perform diferent tasks in the simulationytbfor analysis purposes, thare similar in composition.

» All entities at all leels hae eactly a attributes. All the attribtes of an entity at a particulavé are
modified by gery interaction at that vel.

* There arexactly k types of interactions at eaclvéd of resolution.

Therefore, Lot N
Total number of entities possibleyvgh a lov-resolution entity= W(N, L) = z N = N_T
Total number of interaction typeskk iZo -

5.1 Consistenc y Cost

Consisteng Cost is comprised of a Static Consistef@onst (SCC) and a Dynamic Consister@@ost (DCC).
SCC is incurred during the design phase and is a one-time cost reflecting the amdont ifgeired to design a
consistent entityDCC is incurred foreery interaction at run-time, and reflects the number of operations required to
maintain consisterycin the face of interactions.
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51.1 Full Ag gregation
In FA, an entity is simulated at tred" level of resolution until a =
higherresolution interaction occurs. At that point, the entity i
disaggregated to the appropriate viel and simulated. In order to
maintain consisterycthe designer of the simulation has to roll back th .
effects of the interaction to attrites at all laver levels of resolution. '
e

r)

("

o
e

Therefore, each interactionfafts O(a) attribute types (not attriltes,
but types of attribtes). Assuming all interactions \eaindependent

Interaction at
r level
effects (i.e., the combination of thefesfts of ag set of interactions is / E
the same as thefe€t of the combination of the same interactions), j\d JZ;

SCG = OKL x La) = OKL?a)
This is the cost of designing a function for reflectinfpats of each
interaction type on each atmite type. Hovever, if we assume the FIGURE 7. DCC for FA
pairs of concurrent interactions could be dependent,

SCGa = OK2L? x La) = OK2L3a)
In general, if sets af concurrent interactions could be dependent,

SCGp = OK'L" x La) = OK"L"q)

Assume an interaction at th¥ level (0 <r < L) arrives at an entityThe entity must disaggate to leel r,
reflect the dects of this interaction at thisvel and aggrgate back to leel 0. In order to disaggoate to leelr from
the current leel O, the costs incurred are @(N, r)). The cost of agggation is presumably of the same order as the
cost of disaggmgation. Thus,

DCCgy (shavn in red in Figurer) = OM(N, r))
If we assume that the entity does not step throwghydevel betweerD andr during disaggmgation/aggrgation,
then DCC is astly reduced. Heever, SCC is then astly increased because mapping functions must be found for
each leel so that the entity can “jump” the hierayciihis optimization not only violates the strict hierarchical nature
of the simulation entitybut also may lead to increased inconsisyeitis is because tharous leels are reachable
from one another only throughvid 0. Thus, thg may be inconsistent with each othler general, & could cause
inconsistenyg because of this tendgnto revert back to leel 0, wherein there is a loss of information with respect to
higher levels.

5.1.2 Full Disa ggregation

In FD, all entities are wlays simulated at theL(-l)th level of
resolution. Thus, therexists only one leel of resolution, namely the
highest. Clearly consisteng has to be maintained only within one
level, a taskdr easier than maintaining consistgacross manlevels .
of resolution. Therefore, making = 1, each interaction fdcts Of) /@

attribute types. Assuming all interactions are mutually independent,
SCGep = Ok x a) = O(a) AW/

However, if we assume that pairs of concurrent interactions could be : .

dependent, < - i\o (j\c_ Interatlr&:tion at
SCGp = 02 x a) = O(2a) o (L-1)™ level

In general, if sets af concurrent interactions could be dependent,
SCG-p = OK" x La) = O(K"a) FIGURE 8. DCC for FD

The run-time consistegosts for FD are alsovo All interactions occur at thd-;(-l)th level, wherel = 1. Therefore,
DCCqp (shawn in red in Figure8) = Of)
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5.1.3 The MRE Appr oach

In MRE, an entity is simulated consistently at alvels of
resolution. The relationships betweemwdcesolution attriites and
their corresponding high-resolution attribs are well-defined. These g
relationships — accumulat and distribtive dependencies — are o .
essentially the same acrossels. In other wrds, the dependencies __ '

i

between leel k and level k+1 attributes are much the same as the®
dependencies betweenvéd k-1 and leel k attrioutes. The —
relationships between atttites at arious leels are determined £
without knavledge of the xpected interactions on these atitis.
Therefore, during the design, each interactidiecéds Of) attribute
types. The décts are reflected to other attribs by virtue of the pre-
set dependencies. Assuming all interactions are mutually indeper FIGURE 9. DCC for MRE

SCQ\/IRE = O(kl_ X a) = O(kl_a)
If pairs of concurrent interactions could be dependent,

SCQ\/IRE = O(kzl_z X a) = O(|<2L2a)
In general, if sets af concurrent interactions could be dependent,

SCQ\/IRE = O(knl_n X a) = O(knL”a)
The run-time costs for MRE are computed as fadloAssume an interaction at tHB level (O<r <L). The entity
must reflect the &dcts of this interaction atvel =r, all levels>r and all leels<r. In order to reflect the interactions
to higher resolution iels, the cost incurred is &®& W(N, L-r)). The cost incurred in reflecting thdeadts to laver
resolution leels is merely G@). Thus,

DCCyre (shavn in red in Figurd®) = Ofa + a x W(N, L-r))

Interaction at
rth level

i 4

O(ax W

5.2 Simulation Cost .

<

Simulation Cost (SC) is the cost 6?£
simulating the entities during a run of the
simulation. SC may include costs of ANZA N NS
processing, memory and communication. ! ' S "
For the purposes of this discussion we will X o
not distinguish between theseorAA, the /{;}\ P R .
entity is simulated in the aggmae unless NN - g | . .
there is a need to be disagmated. After : : X
disaggreation A effectively becomes FD. & c& E‘/_E & & — & C&
Therefore, before disaggation, ©

SCGea = 0@) FIGURE 10. (Left to Right) SC f or FA, FD and MRE
In the case of FD, the entity iswalys '
simulated at theL1)" level. Therefore,

SGep = Olax N- 1)
Lastly, SC for MRE lies between SC foARand FD, because in theowst case, the entity mayveato be simulated
entirely at the disagggate level, but in the best case, simulation at the agape lezel may be enough. If there are
concurrent interactions at allvigls of resolution for an entityand all the sub-entities at allvéds need to be
instantiated,

SGure = Ofax W(N, L))
However, if there are interactions only at/éd 0,

SCGure = 0@)
Figure10 shavs SC for A, FD and MRE (from left to right) in red.

10
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5.3 Discussion TABLE 1: Cost Comparison
Tablel compares thearious costs for th
different schemgs considered. Based on hi§Cheme\COSt SCC bcc SC
table, Figurell shevs a rough diagram of FA O(k"L"a) O(W(N, r)) O(a)
expected simulation and consistgncosts for MRE O('L"a) | Oa+aW(N,L-r))| between
FA, FD and MRE.
FD O(k"a) 0(@) O(@aN-?

Consisteng costs decrease with schemes
that run more in the disaggage. Havever, simulation costs increasek
A scheme running mostly in the aggate has lav simulation costs, it
high consistenccosts because aggetion tends to cause information
loss. The MRE scheme lies between thegeemes of multi-resolution
schemes. In otherards, SC for MRE isxpected to be leer than FD,
but higher than &, whereas DCC for MRE isxpected to be higher
than FD, lnt lower than RA.

It is worthwhile to note that in a pathological case RQfgg may |
be slightly more than DC&, though thg will be of the same order F:A < MRE > FD
This is because the consistgrgained by the MRE scheme is actually
better than the consistgngained by the bestAscheme. K causes FIGURE 11. Cost Dia gram
information to be lost when itverts back to kel 0. This is &oided in
the MRE scheme. L#wise, in another wrst case, Sarg may be slightly more than $g, though of the same
order However, this is also justifiable in the light of MRE being able to process interactions aeddl Mhereas FD
is unable to accept interactions ay dvel except the most disaggrate.

Note the nature of(N, L). W is polynomial inN, but exponential inL. Since the xponential function gnes
faster than the polynomial one, it is recommended that for simulations wittideflebject hierarcy effort should
be directed twards making the resolution tree as broad and shaléopossible.

The efects of relaxing the introductory assumptions fell€learly changing. has the most dramaticfeft in
changes to simulation and consisterosts. Changinl has less dramaticfetts. If N is different for entities at
different levels of resolution, the functio®’ becomes someéhat involved, lut its basic nature does not change If
changes with the Vel of resolution, then the total number of types of interactions bedgffes-...+k _; instead of
kL. Likewise, we could further complicate the calculation®iving the number of attrilies,a, by asserting that the
attribute count at dférent levels of resolution is diérent. None of these modifications to the initial set of
assumptions change the order of the costy;terely mak the equations more intricate.

6 Guideline Issues

We identify a number of issues to bepred using our franveork tovards establishing guidelines for multi-
resolution simulations. These issual into two broad catgories: consistelycmaintenance issues and cost reduction
issues. The former are directly ledk to the use of Attrilte DependerncGraphs for designing MREs. The latter are
more general because yhare not linled to ag specific methodologyRratheyary scheme with characteristics similar
to ours is lilely to exhibit the cost characteristics we outline. The issues outlined in xthéxtesections are pertinent
to the formulation of multi-resolution design guidelines.

6.1 Consistenc y Maintenance Issues

Multi-resolution simulations must pay heed to the Fundamental Glismy if thg are to ensure consistgnc
The Attribute DependencGraphs outlined earlier encode the consistanaintenance problem and solutions to it.
The important contrilitions of the graph theory are:
» Imposing semantics on the nodes and edges identifies the components that could be modified concurrently
« Indicates the order in which the attritbs must be modified per interaction respecting the dependencies
between the attrildes.
» Semantics of the ans ensure that theversible mapping functions problem is addressed.
» Accommodates aery heterogeneous set of nodes, wherein some nodes may be entities, others sets of

11
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entities, some others attutes and yet others attutes of attribites.
» By assigning fractional weights to the edges, a solution obtained can Wwe shaubsume traditional
notions of disagggation.
* Reduces the original problem of concurrent dissimilar interactions at multygks len the MRE to the
easier problem of multiple similar concurrent interactions at the same node.
Issues that must be addressed with the graph theory are:
» Edge-weighting algorithms: BVexpect to leerage df existing algorithms used for partial disaggaéon,
because of the similarity between theteoncepts.
» Multiple concurrent interactions at a node: There doesxistt@ne general solution to this problem because
ary solution choice satisfying the requirements of one noai@dvail for another Since a multiplicity of
choices gists, designers must choose from a set of potential solutions or general solution characteristics.
The choice of solutions for a node may be made statically or dynamically
For a gven application, the designer of the MRE must choose appropriate functions for each node to account for
concurrent interactions on that attrib, where appropriateness is defined by the semantics of thattaXrible in
the MRE. The MRE can then be made to ehia a consistent manner in threcé of concurrent interactions at
multiple levels of resolution. The graph emphasizes the relationships between theesttdhd also depicts the
manner in which the &fcts of an interaction ripple through the MRE. The quality of the consystainiered by a
solution denved from the graph theory does not depend on the application-specific functions at each node. Rather
those functions &kct merely the semantics of the MRE, not its consigte@onsisteng is captured in the graph
itself, and if fractional weights are introduced, thenwa &mple rules (e.g., sum of the fractional weights on the
distributive edges of an attuibe must sum to 1) are enough to ensure that the MRE remains consistent.

6.2 Cost Reduction Issues

Simulation-specific features can help reduce costs. As illustrated dandiad and shale resolution hierarchies
are better than deep hierarchies. Interactions with independectsdfielp reduce static design costs. One of the
initial assumptions is thatrery interaction décts alla attributes of the entity (and thence to othesels). This need
not be true for a real simulationygically, interactions in real simulationsowld afect only a subset o, thus
bringing davn costs furtherThe MRE approach may be thought of as an agapfyproach that swings between the
extremes of A and FD depending on the state of the simulation.

7 Proposed W ork

Over the last ten months, weveadereloped a general framverk for designing multi-resolution simulations,
consisting of tw important components: the Multiple Resolution Entity and the AtgiDependencGraph. This
framawork helps capture the essential issues in consisteamtenance in a multi-resolution simulation. In doing so,
it helps identify potential solutions as well. The primary obyectof the continuing ark proposed here is to
formulate guidelines for resolving multi-resolution representation issues. These guidelines will benefit designers and
developers of n& and lgacgy systems to be used in HLA federations that span multigkdsleof resolution. @
achieve this objectie, we will further deelop the frameork described here and apply it to reafid simulations/
federations. The ADGs represent the foundation of our frame and we beliee that solutions to the representation
issue will emanate from ADGs. Issues with the ADG that represent guchmalenges are: (i) semantics of nodes
and edges, (ii) multiple edges incident on nodes, (iii) grapkmsal, and (i) weighting edges. Whelieze we hae a
good understanding of (i) and, to sormxeet (ii); we intend toxglore algorithms for (iii) and ).

The costs imolved in designing a multi-resolution simulation are also of crucial interest. On the one hand, a
simulation that achiees consistenpcat a prohibitie cost may not be desirable. On the other handwecdst
simulation that compromises consistgiig of little value. W expect the costs of implementing MREs based on the
Attribute Dependenc Graphs will be wvershadwed by the benefits of the resulting imyped consistenc In
addition, we belige our approach may be able to aghithe right balance between simulation and consigtersts.

Environmental &ctors present unique challenges to the simulation commiitife the lilk of simulations
address issuesvialved with simulating entities such as tanks, platoons and companies, most simulations treat the
ervironment unsatisfctorily. The MRE model is not restricted to just tanks, platoons or companiesldo
ervironmental &ctors such as terrain and atmosphere.h&e had preliminary thoughts on the issue of designing
terrain as an MRE. Wwould like to compare this design witRigting schemes and measure the costsved.

12
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8

The following are the major milestones for the proposedkw

* Apply our framework to existing simulations: This would be done by studyingisting FOMs anddracting
information from them leading to the design of ADG-based MREs for the entitmsed.

» Complete cost analysis: Our current wrk represents a rough cut at characterizing the costs of congistenc
maintenance in multi-resolution simulationse Would like to perform this study on all importantigting
schemes and compare them with ours. Our analysis could be supported by simulation.

» Explore optimizations to MRE design: We hare a notion of a core attrike set maintained at all times that
might be sufcient for consistenc This and other optimizationsowld be geared teards reducing
simulation cost without compromising consistgnc

» Sudy effect of relaxing Fundamental Observations, particularly FO-4: Compatible time-steps are an
important issue in our theariowever, we realize that for the short term it may be unrealisticxpeet
simulation designers to be able to coergadg simulations into running at compatible time-steps. Thus, we
would like to study the &kct of relaxing this assumption (and maybe others) in order to educate designers
about the gpectations themay entertain about simulations that do not conform to FO-4.

* Educate simulation community about multi-resolution problems andfeaf guidelines taards solutions:
Multi-resolution issues are manifest in ngaaisting simulations because the community igédy unavare
of the implication of the Fundamental Obs#ions. The long-term goal of ouiovk is to educate designers
about the FOs, depict the costs afigus approacheswards multi-resolution simulations and suggest
guidelines on where costs might be cut without compromising consistenc

Cost Estimate

Item Cost
Labor 42,500
Travel 4,000
Materials & Supplies 2,000
Technical Services 4,000
In-state tuition 5,047
University of Mrginia overhead 27,047
Total 84,595
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