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Abstract dictive organizational model. The representation is capa-
ble of capturing a wide range of multi-agent characteris-
As the scale and scope of distributed and multi-agent siigs in a single, succinct model. We demonstrate the lan-
tems grow, it becomes increasingly important to desigtiage’s capabilities and efficacy by comparing a range of
and manage the participants’ interactions. The potenfiagétrics predicted by detailed models of a distributed sen-
for bottlenecks, intractably large sets of coordinatiori-pasor network and information retrieval system to empirical
ners, and shared bounded resources can make individ@aults. These same models also describe the space of pos-
and high-level goals difficult to achieve. To address thesile organizations in those domains and several search
problems, many large systems employ an additional layeghniques are described that can be used to explore this
of structuring, known as an organizational design, thgpace, using those quantitative predictions and context-
assigns agents different roles, responsibilities andspe&pecific definitions of utility to evaluate alternatives.€Th
These additional constraints can allow agents to opertggults of such a search process can be used to select the
more efficiently within the system by limiting the option®rganizational design most appropriate for a given situa-
they must consider. Different designs applied to the sati@n.
problem will have different performance characteristics,
therefore it is important to understand the behavior of
competing candidate designs. 1 Introduction
In this article, we describe a new representation for cap-
turing such designs, and in particular we show how quaFhe notion of organizational design is used in many dif-
titative information can form the basis of a flexible, préferent fields, and generally refers to how members of a
society act and relate with one another. This is true of
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Award No. EEC-0313747. Any opinions, findings, conclusionsec- - ayist jn the environment, what domain problem solving
ommendations expressed in this material are those of thes} and o oare
do not necessarily reflect the views of the National SciermenBation. and control roles and responS|b|I|t|es they take on, and
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ities. Lacking such information, the agent would likeljtizes, summarizes, and propagates measurement data to
need to expend time and resources to reach the sameuse- the available bandwidth more efficiently. However,
erational state. distributing the role can lead to conflicts among managers
This additional structure becomes increasingly impa@bout which sensors to assign for specific tasks, and lower
tant as the system scales in number and sdope (2). Imigity assignments because no single agent necessarily
ine how difficult it would be for a large human organihas the local context to make the right decision. Simi-
zation, such as a corporation or government, to functitsily, the summarization process of a hierarchical digtrib
if individuals lacked job descriptions and long-term ped&en scheme can introduce additional latency and impre-
relationships. Agent systems face similar challenges, afigion. Because of these tradeoffs, the organization can
can derive similar benefits from an explicit organizationBe a double-edged sword, both helping and hindering the
design. system in potentially complex ways. The questions ad-
Consider the problem of designing a solution for a corfltessed in this paper revolve around finding a general way
plex, resource-bounded domain, such as a distributed fi@tdetermine the most appropriate organizational strategy
work of sensors that is used for tracking. Such systefi§§ @ given environment and set of organizational objec-
typically consist of an array of sensor nodes that are des when there are many such strategies to consider.
ployed to obtain the measurement data needed to trackmplicitin this example is the idea that different organi-
mobile targets in an environment. Assume in this cagations will affect the performance of a working system in
that each sensor is host to a local agent that is responsilifterent ways. Intuitively, changing the manner in which
for controlling the sensor. Let us further assume that thgents interact or the pattern that those interactions take
sensor nodes must collaborate in some way to be successean change how the system behaves from both global
ful. For example, multiple sensors must illuminate a taand local perspectives. The objectives of a particular de-
get simultaneously to correctly obtain its position. Givesign will depend on the desired solution characteristics,
these assumptions, a designer must determine a wagador different problems one might specify organizations
structure the agents’ behaviors so that tracking may Wwbkich aim toward scalability, reliability, speed, or effi-
accomplished. One strategy would create or delegateiency, among other things. Confounding the search for
single agent to be thmanagerof the entire sensor net-such a design is the fact that many potentially important
work. The manager would decide when, where and helaracteristics can be subtle, not readily identified as the
each sensor should take measurements, and then proggsiem is being developed, or have complex interactions.
the resulting data to estimate the targets’ positions. ThisFor example, at what point do the benefits of the dis-
layout of responsibilities constitutes a rudimentary erggemination hierarchy proposed above outweigh its costs?
nizational design. It specifies what roles agents take dme additional communication and processing resources
who they interact with, and where decision making avequired to implement it may not be readily available. Ob-
thority is located. taining them may require a monetary cost if new systems
Under some conditions, this simple solution will pemust be purchased, or a complexity cost if the new re-
form optimally, because the manager can maintain gponsibilities are spread among the existing systems. At
omniscient view of the entire network’s state and uske same time, one must reason about the dimensions of
that view to find the best assignment of sensing taskise hierarchy — how tall and wide should it be? Which
However, under real world conditions, where bandwidtmtities should be assigned the responsibilities pregent a
and computational power is limited, communication arshch node? Should the tree dimensions be kept small,
data processing takes time, and the number of sengmrgentially concentrating the burden, or be made large to
can be arbitrarily large, the weaknesses of this approaxhre evenly distribute the load? The designer will likely
quickly become apparent. A different strategy, in tHeave an intuitive grasp of what is required, which is how
form of a different organizational design, can compesxisting systems are typically developed. However, all of
sate for these more challenging conditions. For exathese features are interrelated along with the goals of the
ple, we might distribute the manager role among mulsystem, the type and frequency of tasks it will experience,
ple agents to more evenly balance the communication aardl the nature of the available resources. Intuition can
computational loads. We might also create an informiall short when such interactions allow small changes to
tion dissemination hierarchy among the agents that pritead to unexpected outcomes. These so-called phase tran-



sitions or tipping points require a deeper understand@agvill provide details describing the language itself and
and a more concrete representation to be addressed. the rationale behind its design. In Sectidn 4, we also dis-
Understanding the basis for behaviors like those deiss and evaluate modeling strategies for three domains
scribed above that occur within and between agents, dadoth demonstrate how the language can be used and
using that information to develop accurate, predictiy@ovide examples of the detailed predictions that are pos-
models of their effects are both critical to selecting agible in ODML. Sectiorl# will show how these models
appropriate design, particularly as the agent populatioan be used as part of an organizational design search
grows in scale or complexity. Although mathematicgirocess. The complexity of such a search is determined,
models for particular aspects of organizationally-driveéind several techniques described that can help cope with
agent behaviors have been created (34;122;/B2: 5; 1hjs complexity. Sectiofi]5 will summarize our conclu-
none of these works have explored the utility of a gegions and future directions.
eral modeling language capable of incorporating arbitrary
guantitative information. If we are to understand these or-
ganizational effects and develop the means by which tigy Motivation and Related Work
can be exploited or avoided through organizational de-
sign, we must have a representation capable of expressing rationale behind ODML’s design was to create an
the range of ways the design can be created and captutinganizational representation with several key features.
the quantitative characteristics each design will exhibit |t should first be able to represent a wide range of de-
Many different representations have been created to dig;mns across different domains possessing different rele-
scribe agent organizatioris (401 6! 19; 26; 7;13%; 9 11; 2dgnt metrics. Second, an individual model should be able
17;136). Most fall into one of two categories: either they define a class of designs, each with potentially different
represent a wide range of organizational characteristiositime characteristics. Finally, for each possible dgsig
abstractly, or they can capture a smaller set of charactetigt same model should be able to predict concrete values
tics concretely. The former are usually good at represeftr the metrics and characteristics deemed important by
ing what entities exist or could exist, but cannot compattee designer. Together, these features allow a particular
alternatives in a quantitative way. The latter may contaimodel to define the space of organizational possibilities
guantitative knowledge, but have difficulty relating thaind provide a means by which those possibilities can be
knowledge to specific organizational concepts, mitigatiegmpared.
their usefulness if one is hoping to understand the effectsAn example ODML structure for a distributed sensor
a particular organizational design will have. application can be seen in Figule 1. The details behind
More specifically, existing organizational representthe structure will be covered in Sectibh 3, it is sufficient
tions are either flexible and qualitative or inflexible andere to note that ODML is used to create graph-based
guantitative. In this paper we will describe a reprenodels consisting of interrelatetbdes Each node cor-
sentation, the Organizational Design Modeling Languagesponds to a particular organizational component, such
(ODML), that is both flexible and quantitative. This lanas an agent, a role. Nodes in this model inclsdasor
guage is designed to capture organizational informatisector andtrack manageramong others. Each node con-
across many different domains at different levels of atains a set ofields which use equations to describe the
straction in a single unified, predictive structure. At theharacteristics of that node. Several different types of in
same time, it is able to integrate concrete numeric infaeractions allow the fields of one node to affect those of
mation in the form of expressions and predictive equanother. Taken together, these fields and interactions pro-
tions using a range of mathematical techniques. Usidgce a “web of equations” that can be used to predict the
this representation, it is possible to create a wide ranggious characteristics of the functioning organization.
of integrated models that possess a level of quantitativeThe idea of quantitatively modeling a system is not a
detail that is not possible with existing languages. Thesew one. For example, Shen et al. 1(34) use a formal
models can then be used as part of a search processmé@lel to uncover a relationship between the environment,
evaluate and rank candidate organizational designs. the level of cooperation exhibited by the agents, and the
The following section will expand on the motivationperformance of the system as a whole. Decker and Lesser
behind ODML, and its relation to existing work. Sectio &) motivate the need for meta-level communication to



Organization

num_targets = [{3,0.25}, {4,0.5}, {5,0.25}]
num_trackers = num_targets
average_rms = forallavg(trackers.rms)<---f-----..
utility = - average_rms

variable 4/< 5\

Sector Track Manager Y
IRREEED > num_sensors =<2, 3,4, ... > Sector requested_measurement_rate = 3 ™
* * actual_measurement_rate = 0 M

rms = f(actual_measurement_rate)

constants

Sector Manager Sensor Sensor
comm_load = a.comm_load a.sensors_controlled += 1
a.comm_load += f(num_sensors) requested_MR =0
> > possible_MR =1 /1000 (- ___ L

s " actual_MR = min(RMR, PMR) =
Agent SM-TM Relation e« | SM-TM S-TM Relation S-TM
SenSOrSicontrO”ed =0 directory_de|ay = f(sm_comm_|oad) s.BRMR +=tm.RMR
sensors_controlled < 1<€-[ """, tm.AMR -= f(directory_delay) < -- - - - AMR = f(s.AMR)
communication_load =0 .---->tm.AMR += AMR

constraint modifiers

Figure 1. An example ODML structure capturing organizagidnteractions present in a distributed sensor network
design. Rectangles represent ODML nodes, and the emberpegssions those nodes'’ fields. Solid edges represent
has-a relationships, while dashed edges show relationétiiped by nonlocal modifiers. The light gray labels with
dotted edges give the type names for the reader, and aremof plze actual structure.

guide dynamic organizational adaptation when conditioims several cases the underlying techniques they employ
are uncertain. So and Durfee (38) created a quantitathave been incorporated successfully into ODML models,
model of a tree-based organization, to predict how varidihey do not address the same class of problems as that
types of hierarchies will behave under difference circurmepresentable in ODML.

stances. Sen and Durfeel(32) have created a model pre-

dicting the effects of various meeting scheduling heuris-More closely related to ODML's intent is the large set
tics, so that agents may dynamically adapt their behavifrexisting organizational representations that have been
to correctly trade off local needs versus those of the largépatedl(4C;16; 19; 26! 7: 23:135;19: 11] 21} 1.7; 36). Table
organization. Malone, et all_(22), Gnanasambandamilgontrasts the features supported by these different sys-
al. (12) and Schmitt and Roedig [31) have all used tedBms. As mentioned in the previous section, none of these
niques from queuing or network theory to model orgarﬁXiSt in the flexible-but-quantitative space that ODML oc-
zational aspects of distributed or agent systems. In e&¢ipies. For example, OMNLI(9) an@i{ oI1SE" (17) can

of these works, a quantitative model was used to descr#®ch capture a greater variety of explicit organizational
and predict particular organizationally-affected chegac concepts than ODML, but do so in a largely qualitative
istics in much the same way that ODML is used. Howvay. For example, they have concrete notions of norms,
ever, none of them do so in a manner that permits the lifkatologies and plans, but no way to directly relate the
ing of all relevant characteristics into a single, domaifrganizational decisions that define those features to the
independent model that is amenable to search. Thereféi¢dlitative effects they have on performance. The MaSE

while these approaches are individually quite useful, afstem designed by Matson and DeLozch (23) does dy-
namically compute the quantitative utility of an organiza-
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Table 1: A comparison of the characteristics and capadslibf several different organizational representations.

tion, but does so using only a single approximate quédcation fumsensorsn Sector). This design choice pro-
ity statistic. The previous section provided an intuitiomides for a variety of ways to model tasks and keeps the
of how many different interacting features affect the utiDDML language itself simple. Conversely, it also makes
ity of an organizational design. Conversely, both SADDthis knowledge somewhat less explicit, and prevents the
(3%) and MIT’s Process Handboak (21) can incorporasnguage from offering much guidance on how to rep-
arbitrary quantitative information, but neither coupleist resent such information. This is a tradeoff that we have
information with the organizational structure in a way thamade consciously throughout the design of ODML, which
enables one to deduce how the characteristics of onewas-will return to in Sectiofi3]1.

pect of the design affect another. The representation creEach of the representations mentioned above has its
ated by Simsl(36) does incorporate quantitative informstrengths and ODML's goal is not to supplant these works,
tion into a structured organizational model, but we beliew@t to demonstrate another approach that makes different
ODML's more flexible design can model more situationgadeoffs. As will be shown in Sectidd 3, ODML does
at different levels of abstraction. For example, althougo by incorporating a concrete but flexible set of primi-
one can model individual agents and roles in ODML, thives that can model a range of organizational constructs
representation does not require that such elements exiking with the quantitative characteristics that différen

By modeling these concepts only abstractly or not at ade them.

one can potentially create models of much larger systems

without the associated high combinatorics. At the same

time, this flexibility can make the design search itsef Quantitative Organizationa|

more difficult.
Models

A feature lacking in ODML but supported in all the

contrasting systems is the ability to explicitly representAs shown in Figurd]l, ODML is used to create graph-
task structure. Task structures are generally used to dased models, consisting of a set of nodes that represent
termine the responsibilities of the various componentsanganizational components and edges that represent inter-
the system, which ultimately affects the viability of alactions between those components. ODML models ex-
ternative organizational designs. ODML captures suigt in two distinct forms that share a common represen-
requirements and the effects they have on organizattational definition. The first acts astamplate that ex-
performance within the structure itself. For exampleresses a range of organizational possibilities by explic-
the structure shown in Figufg 1 has both externally dély encoding the organizational decisions that must be
fined task responsibilitiesagmtargetsin the Organiza- made. The second is an organizatioingtance created

tion level) and organizational decisions that affect tdsk &rom the template by making specific choices for those



decisions. Vi"e N.I,AN" e A(...

Formally, an ODML template specificati@his defined .
as follows: H The set of node types that this node hdsaa-arela-

tion with. If we assume that = {a, b}, an instance
of the node will possess some number of instances
0 = {A,H,CKMV} of botha andb. It is through this type of relation-
N = {No,Ni,...,Np} (1) §hip that the primary organizational.decomposition.
N = {L6,p1,H,CK MV} is formed. Each has-a has a magnitude that speci-
! P fies the number of instances connected by the rela-
Examples of how these features are used in practice are fionship. The magnitude may be defined as a simple
given later in the section. The bulk of the ODML tem-  number or in terms of a constant or variable symbol
plate specification is made up of the $¢tof nodes, each defined elsewhere.
of which corresponds to a particular physical or logical N.H = {(symboltype magnitude, .. .]
_ent|ty that might exist in the (_)rgamzatlon. For example, magnitudes Z+ U {s|3¢(s,c) € N.CUN.V}
in the sensor network scenario there would be nodes cor-
responding to sectors, managers, relationships, agemts@nA set of constantshat represent quantified character-
the environment, among other things. Each nhdeon- istics associated with the node. Constants may be
tains a number of elements, defined below: defined with numeric constants (e.g., 42), or mathe-

matical expressions (e.g - Y).
t The node’'stype This is an identifier that must be P (e.gy)

unique within the set of template nodes that make ~ N-C = {{symbolexpressiop...}

up the organization. K A set of constraints Also defined with expressions,

N.t = (symbo} an organization is considered valid if all of its con-
YNNMeA, Nt=MteN=M straints are satisfied.
¢ The node’s instanckmit. This specifies the maximum N.K = {(symbolop,expressiop... }

number of instances of the node type permittedina ope {<,>,<,>,=,#}

valid organizational instance. " i
M A set of modifiersthat can affect (e.g., mathemati-
N.L € Zt U{oo}

cally change) a value contained by a node. Multi-

p An ordered list ofparametersthat must be passed to  Ple modifiers may affect the same value. Modifiers
the node’s template when an instance of the node is model flows and interactions by allowing the char-
might pass to an object constructor. Each parameter those of another.

is specified with a type and local name. N.M = {(symbolop,expressiop ...}
N.p = [(symboltype,...] ope {+,—,x,+}

| The set of node types that this node hassaarelation v A set ofvariables representing decisions that must be
with using conventional object-oriented inheritance  made when the node is instantiated. Each variable is
semantics. If we assume that a node's {a,b}, associated with a range of values it can take on. For

an instance of the node will also be an instanca of example, a node might have a varialéhat could
andb, possessing the characteristics of all three node  take any one value in the Set7,y?, 1.

types (e.g., i has a constant then the related node
will have the sama& unless it locally overridesiit). Is-
a relationships cannot be cyclic, i.&,cannot have
itself as a decedent.

N.V = {(symbo]{expression..}),...}

symbol refers to a user-defined string, similar to a
variable name in a conventional programming language.
N.I ={(typs,...} These typically describe or refer to a particular character
Vi e N.L,AN € AN .t =i ANt #£ NtA istic. We will use dot notation to indicate characteristics



of particular objectstypeis the type name of some de
fined node, s@N € A such thatN.t =type expression
is an arbitrary algebraic expression, possibly referancin
constants, symbols and function calls. ODML supports
the use of floating point values, lists of floating point val-
ues, and discrete probabilistic distributions.

getvalue(symbol ¥
r «— null
if (sis of the forms;.sy)
n — N.getvalue(s)
r — n.getvalue(sy)
else if(3 c € C| c.symbol= s)

C,K,M,V are collectively known as a noddiglds and r — N.evaluate(c.expressio
the quantitative state of a field asuslue For clarity, the elseif(3he H | hsymbol=9)r — h
names of nodes and fields are represented in italics. For g|ge if(3v e V| v.symbol= s)
example, FigurEl1l shows that theganizationnode has a r — N.evaluatev.expressio
constantaveragermsthat is defined in terms of thens elseif(3pe p| p.symbol=s)r —p
fields of thetrackers(i.e., the expected root-mean-squared  g|se foralli < |
triangulation error of each tracker). Note that the use of r — i.getvalue(s)
the term “constant” may initially be misleading. While if (r # null) break
the expression definingveragerms is fixed, the value forall me M
for averagerms produced by that equation may change if (msymbol= )
through the application of modifiers, or due to changes r — r m.op Nevaluatgm.expressio
in fields or values that the expression is dependent on (in gy n ¢ N
this case, in thems fields of the track managers). The forall me n.M
top-level organization nod@ also contains the elements if (m.symbolis of the forms,.s,)
H,C,K,M,V, providing a location for the designer to em- Ast=N)A(=9
bed additional global information and constraints. r < r m.op nevaluatgm.expressio

Through modifiers or the assimilation of nonlocal val-  yeturn r
ues, the characteristics of one node may affect or be af-
fected by those of another. ODML models are generalyaluategexpression e
constructed by designing individual nodes, and linking  forall s e { non—function symbols referenced ey}
them through nonlocal dependencies or modifiers. The Vs — N.getvalue(s)
resulting web of equations allows one to model important substitute all occurrences st e with vs
concepts such as information flow, control flow, and the [ ._ mathematical result
effects of interactions. By propagating data through these r(eturn r
expressions, the model can correctly predict the charac-
teristics of both individual nodes and the organization
a whole. N
The manner in which field’s values are determined is
defined by the pseudocode in Figlile 2 that outlines the
getvalue function for computing the value of a sym-
bol. Note that some aspects gétvalues behavior, could be an instance is a description of what Where

such as the manipulation of list and distribution-bas@demplate like that shown in Figuik 3a might specify that
data, have been omitted for clarity. This function shovsSectormanagemole can be assigned to a singigent
how various sources of information, non-local data a¥ distributed across multiplegentnodes, a correspond-
node interrelationships all interact to describe the féR9 instance would indicate thatanagerl is distributed
tures of a particular node. It is through the executidfrossagent5 andagent7, and so on. Once instantiated,
of this function on a particular symbol that predictiond'€ expressions defined by the fields, the data passed in
are made of the design’s performance. For examptllgr’ough parameters, and the interactions caused by rela-
organizationget valugaveragerms) would return a pre- tionships can all be l_Js_ed to predict values for an individ-
diction of theorganizatiors averagerms ual node’s characteristics.

ODML instances are quite similar to templates. The The formal definition of an instance is nearly identical
difference is that where a template is a description of whatthat given in Equatiofl1, so we do not repeat it here.

Elsgure 2: Pseudocode for the getlue function of a node
used to quantify the characteristics of instance nodes.



The differences principally relate to the replacement 3t1 Representational Flexibility
node types in the template with instances of those nodes
in the organizational instance. Thus, the @gis the set The flexibility of the ODML representation, its ability to
of node instances, whose individual types no longer ne@ddel a wide range of concepts and functionality, is de-
be unique. So, where there might be just a simggaager rived from the nature of the language itself. Nearly all ex-
type in the template, there can be an arbitrary numberigiing organizational representations are structuredrato
managerinstances in the instance. Both is{d.l) and a well-defined set of required or permissible structures.
has-a N.H) relationships no longer reference node typdspr example, they will have concrete and explicit notions
but particular node instances #i{. Finally, the setpis of an agent, a role, norms or goals. These concepts can
filled with appropriate values from each node’s parerte represented in ODML, but this representation is ac-
and the variable sat for each node is replaced by a sineomplished using only the primitive notions of node, re-
gle item from that variable’s range. Because a commt@tionship and quantitative characteristics outlinedvato
syntax is shared between the two forms, for the remathey have no pre-defined semantics. For example, a node
der of this document we indicate where necessary whiefth the user-defined typmanager having a has-a rela-
is being considered. tionship with another node of tymgentcould embody a
. . ... role-agent relationship. A sequence of has-a relatiosship
The process of finding an appropriate organization 'Getween nodes could indicate a hierarchy. Although the

vo:ves_ ar(;und fKSt fmd'ﬂg the Sﬁt U.al'd mS?ngeSBIandShE;h-level semantics for these nodes may be implicit, the
selecting from that set the one that is most desirable. ncrete characteristics and design ramifications ate stil
tion[ will describe the search process used to traverse 1%

. ) o . ctly and quantitatively captured by the nodes’ fields.
space of instances. A valid design instance is one where y a ycap y

the number of instances of a node type does not excgﬁﬁ)ne might go fgrth(_er tol argue tha‘;\, bect?use nheadrly
the type’s limit¢ and all the constraints in each node’s s concrete, organizational concepts have been shed to

K are satisfied. More formally, the validity of a particulamaXimize_ flexibility, ODN_”‘ may not properly be called
organizational instance is defined as: an organizational modeling language at all. For exam-

ple, a formalism consisting of quantitative relationships

a general graph-based structure and constraints can be
used to model many domains outside of organizational
design. We contend that although the nomenclature used
Ois valid iff YN € 0.A(,N is valid by ODML may not explicitly be organizational, that the

N is valid iff $yeoamionil < NLAVKE NK, (2) Spiritin which it was designed is decidedly so. The fea-
tures provided by ODML were chosen specifically to ad-

k dress the automated organizational design problem, where
N.evaluat¢k.expressiop) = true structural decisions have quantitative ramifications, and
one must be able to both enumerate and rank the space
of such possibilities. We believe it is precisely the con-

The “desirability” of instanceo can be quantified by ventional nomenclature used by other approaches, and
defining autility characteristic in the organization. Thighe assumptions that generally underlie it, that forces de-
can then be computed using the existing machinery #igners down paths that may not be appropriate for the
calling O.getvalugutility). Becauseutility is defined Problem they face. Although having such built-in con-
like any other field, it may be defined as an arbitrary corR€Pts can be beneficial, their existence, particularlyayth
bination of the characteristics of other components of tBEe required, means that any model created with such a
organization. Therefore, the utility value may vary déanguage must abide by the assumptions associated with
pending on the choices made to bind variables, the no#fé@se concepts. These assumptions can be sufficiently
used to satisfy is-a or has-a relations, and the quanma@pnstraining or inflexible that the representation is no
interactions encoded in equations and modifiers. Orlegger usable, or that the accuracy of the resulting model
such a value has been computed for all candidate orfgCoOmpromised.
nizational designs, they may be ranked and the best se-or example, a proposed organization may be large
lected. enough that one would not want to have an explicit no-

(N.getvalugk.symbo) k.op



tion each individual agent, because to do so would tempt to infer these situations. Given that such require-
sult in a model so large as to be computationally uments might be modeled in different ways by different
wieldy. In another case, the agent characteristics sa@signers (or omitted altogether as above), the applicabil
ported by the language may be insufficient or inappropity of concept-specific techniques such as this is limited.

ate to capture the nature of the domain in question. Secgecause of this, and because the search space created
tion[3:2 shows that important organizational character'@ an ODML template can be quite large, solving the
tics are frequently domain-specific, and therefore unfikedearch problem is difficult. Sectidd 4 returns to this is-

to be present in a language that limits the representagll, discussing the complexity of the search, and describe

features to some predefined set. Because ODML makg§eral techniques that have been employed to make the
no such assumptions, the first designer could choosesgyrch process tractable and efficient.

omit an explicit representation of each agent, creating a

more abstract but correspondingly more scalable model.

The second designer has the freedom to incorporate those

characteristics they deem appropriate, including theese t8.2  Example Organizational Models

are specific to their domain. So, although typical orga-

nizational constructs are largely absent from ODML, win important benefit from ODML's approach is the abil-

feel that the benefits that such a representation offers #yg¢o model the domain-specific characteristics of a vari-
worth exploring the tradeoff. ety of organizational styles. This section briefly descibe

The drawback to having a language lacking in hig|l;|hree such models, the fir_st for a di_stributeo_l sensor net-
level concepts is that it can make both the model desﬂdﬁ'rk' the second for an dlstrlpyted information retrieval
and search processes more difficult. For example, in I&¥Stém and the last for a coalition. For each of these do-
guages that explicitly support agents and roles it is ugudf@ins we W|Il_descr|pe the high level objectives and t_he
clear how a system employing those concepts shouldfgatures and mteractl_ons we have found to be most im-
modeled. In ODML, the designer is given the ability tgortant, and then outIme_how those concep'Fs are captured
capture those concepts in whatever manner is approprife©PML models. The first two models, being based on
but in doing so it does place additional demands on tHENiNg systems, will also be evaluated against those sys-
designer. In general, "things” such as agents, resourt@/®s. We have also included the actual ODML model rep-
and objects should be defined as either nodes or, if thesenting the information retrieval system in Apperidix A.
ner details of those things are not needed or not relevant[he models presented in this section are included first
as simple fields. Less tangible features such as roles asdoncrete examples of the language being used, to pro-
groups may also be modeled as nodes, while membershite some insight into how various characteristics may be
or organizational relationships can be defined with hasptured. They are also a demonstration of the types of
a relations. Interactions, communication or dependdaatures that can be accurately modeled, and the expres-
cies are generally defined as modifiers. State and knogilteness of the language in general. They are notintended
edge are typically represented as constant fields, while theshow the limits of what is possible, but to show that
functional or practical limits are defined as constraintsomplex, realistic interactions can be captured within the
Like system design, however, these are not hard-and-@BIML framework.

rules, and the exact mapping from system to model is arhe sensor network model has been described previ-
product of the needs and creativity of the designer. Sefsly in [15), so only a summary is given here. More
tion[3:2 will provide some concrete examples of how retetail is given for the information retrieval model, while
alistic systems have been modeled. the coalition description discusses how a different types

From a search perspective, higher-level languages cdrcoalitions might be modeled at a high level. Addi-
also embed into the design search process the idea tlmatal information for these models can be found.in (13),
(for example) roles must be bound to agents or that tasisich also contains descriptions of ODML models that
exist that must be scheduled, and create heuristicshawe been created for several other organizational charac-
strategies specifically designed to address those needsamstics and paradigms not covered by this article, includ
lationships (e.g.,(36; 30; R4; 3)). Because ODML laclsg teams, federations, marketplaces, and characteristic
such structural landmarks, its search process can onlyth&t are affected by location or the passage of time.



3.2.1 Distributed Sensor Network the model, including the physical and task environment,
agent interactions, single and multiple role assignments,
The distributed sensor network (DSN) application d@ynamic role assignment, heterogeneity, geographic het-
scribed in this section is a more complex version of thatogeneity, potential conflicts, and both hard and soft con-
presented in Sectidi 1, although it retains the same objegaints. Each was successfully modeled, suggesting that
tive to track targets that move through an environmentiiie relatively modest set of primitives offered by ODML
was designed prior to the existence of ODML, makingi§ capable of representing a wide range of complex and
an ideal platform to gauge ODML's ability to accuratelyelevant organizational factors. Although ODML lacks a
depict the characteristics of a real-world system. The syigre general notion of time, we have been able to incor-
tem employs an explicit organizational design that is corporate the notion of a bounded temporal window into this
posed of several different elements. This begins by divighodel. This allows one to inspect organizational charac-
ing the environment into a series of logisaictors which teristics at different points in time, so that performance
are intended to explicitly limit the interactions needed bgredictions can depend on features that may change over
tween sensors. There are also three types of responsiliite (e.g., the movement pattern of targets). This is im-
ities, orroles that agents may take osector manager portant because organizations may respond differently to
track manageandsensor Each role specifies behaviorsgifferent sequences of events. In the DSN domain, for ex-
responsibilities and interactions that must be enacteddwiple, you might require a different organizational design
the agent it is assigned to. Agents can take on multiglepending on whether the targets are consistently diffuse
roles. or periodically concentrated. Additional details deserib

Some aspects of this design are static, such as the panti-this can be found in_(13).
tioning and sector manager assignment, and defined as th®ur previous work analyzed the effects that this organi-
sensors are deployed in the environment. Other aspegiion had on performance across a range of melri¢s (15).
are dynamic, such as the track manager assignment an¢hose tests, the number of agents in each sector was
sensor selection, requiring the agents to self-organizeviiried to demonstrate how changing the organization can
response to new events. This blend of styles takes adviaave far-reaching consequences. Because the total num-
tage of characteristics of the environment that are invasier of agents remained constant, varying the number of
ant, without giving up the ability to react appropriatelggents per sector altered the number of sector managers.
as conditions change. The DSN architecture, comprisimpis in turn affected the number of roles each agent took
roughly 40,000 lines of Java code and described in dg, the number of relationships they formed, the load
tail in (20), has been demonstrated in both simulation ain¢urred by those responsibilities and the overall perfor-
real-world experiments. mance of the system.

An abbreviated view of the ODML model for this do- To gauge the representational efficacy of ODML, we
main that includes field expression information is showrave used the model described in the previous section
in Figurell, and a complete structural view of the templatie create organizational instances that match those prior
and instance models is shown in Figlile 3. Space ptest runs. Characteristics defined in the ODML model
cludes showing the complete textual specification, whielake predictions for the same metrics that were origi-
is roughly 300 lines long (it can be found In{13)). Verticesally tested, allowing us to calculate values that can be
in the graph, such asensorandtrack manager directly compared against the empirical results. These predictions
map to the organizational components described abowere obtained using thget value function described in
Note that nodes can represent both tangible (agen} Figure[2. This exercise both demonstrates how ODML
and intangible (e.gsecto) entities. Edges in the graphcan be used as a predictive tool for different operating
represent the interaction between those components. ¢émttexts, and evaluates how well a specific model was
example, the solid edge frosectormanagerto agent able to capture real-world behaviors.
models the role-agent relationship. The dashed edge fronthe comparative results are shown in Figiire 4. Note
stm.relation shows how a modifier is used to pass th@at the behavioral details behind these results are be-
demand for measurements from treck managerto the yond the scope of this document (they can be found in
sensor (1%)). In this context, we are exploring only the accu-

A range of characteristics have been incorporated imtaxy of the ODML model’s predictions (i.e., the ability of
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organization

env.num_sectors env.num_targets

track_manager

ector_managers

[environment]  [sector|

1 num_sensors

sector_manager| |sensor| num_agents  |Sm_tm_relation | |s_tm_relati0n

|robust—agent| |normal—agent|

(@)

Figure 3: Example ODML (a) template and (b) instance stmestéor the sensor network organization. As previously,
edges with solid heads are has-a relationships, whileWwetieaded edges represent is-a relationships. Grey edges ar
modifiers.

a parameterized web of equations to correctly predict ther assumption that all sensors were equally used. In the
performance of a class of domain-specific organizationg)nning system, sensors in the center of the environment
Solid lines represent the values predicted by the ODMire used more than those at the edges, and will have dif-
model, while dashed are those obtained through the pierent communication profiles because of it. The model
vious empirical testing. Figuld 4a shows communicatias described here does not capture these geographic dif-
totals by type. FigurEl4b shows the communication diferences, and will therefore generally have a lower esti-
parity, which measures how well or poorly the commumated deviation. However, as shown linl(13) it is possi-
nication load is distributed in the population. Figlife 4ale to model the movement patterns of targets within the
shows the average root-mean-squared (RMS) error of @BML model, and use that more detailed knowledge to
tracking tasks. Although there are some points of diffgpredict load imbalances caused by geographic location if
ence, in most cases the model does a good job predicting additional accuracy is needed. This is a good example
performance. One difference can be seen in Fifflire 4bthe type of tradeoff that ODML permits the designer to
where the predicted standard deviation underestimatesrtiake between the simplicity of the model and the level of
actual performance in most cases. This is a byproductdgftail present in the model's subsequent predictions. We
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Figure 4: ODML DSN model predictions versus empirical olsagons for a) Message totals by type, b) Messaging
disparity and c) RMS error. Predicted lines are solid, eiogliare dashed.
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Figure 5: Comparison of the ODML DSN model’s role-specifiegictions.

will revisit this ability in the context of search in Sectiorpeer information retrieval (IR) system is composed of a
Z23. number of interconnected databases, controlled by a set
To evaluate how this model captures finer-grained da-entities (agents, in this case). Queries are first redeive
tails, we compared the communication profiles of indpy individual members of the network. An appropriate set
vidual roles, as seen in Figufg 5. In addition to conef information sources must then be discovered that can
munication totals, these graphs also include role courfigddress the query, after which the query is routed and pro-
indicating how many agents took on the specified roleessed to produce a response for the user. The informa-
‘A represents thesensorrole, ‘M’ is the sectormanagey tion necessary for responding to a particular query may be
while ‘T’ is the trackmanager ‘AM’ describes agents distributed across the network, which can cause an undi-
acting as both sensors and sector managers. Predictieated retrieval process to be time consuming, costly, or

at this more detailed level are also accurate. Many of tineffective, particularly when the number of sources is
differences that do exist can be attributed to geograpldege.

variances in a small sample size. For example, the 36—Z
and 18-size scenarios had only one or two sector m
agers. Their individual geographic locations can affe 5
performance, and these variations are not reflected in g}l
predicted values.

hang and Lesser (42) propose that a hierarchical or-
nization can be used to address this problem. Their
lution organizes information sources into a set of hi-
Srchies, allowing queries to quickly propagate to data
sources, and results be routed back to a single agentin the
network. At the top level of each hierarchy isreediator
3.2.2 Information Retrieval Each mediator is responsible for providing a concise and
accurate description, known as a collection signature, of
As a second example, we will describe a model of a pe#re data available in the information sources presentin the
to-peer information retrieval system. A general peer-thierarchy below it. An information source may be an in-
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it models is large or extremely diverse. This can cause
data sources to be overlooked, potentially reducing the re-
sponse quality. If the data sources are distributed across
many different mediators it may require a more extensive
search and query process to obtain a high quality result.
\@ Whenever a hierarchy is used, there also exists a tension
between the width and height of the structure. Because
each agentis a bounded resource, very wide structures can
lead to bottlenecks, as particular individuals with high in
degree may become overwhelmed by the number of inter-
actions. Very tall structures can be slow or unresponsive,

Mediator_L

5} 5 as the long path length from root to leaf increases latency.
1) User to mediator query 9) Database to manager response
2) Mediator to mediator search 10) [Aggregator aggregates]
3) Mediator to mediator response  11) Aggregator to manager response
4) [Mediator selects mediators] 12) [Mediator aggregates] . . .
5) Mediator to mediator query send 13) Mediator to mediator response An organlzatlonal model for this system was created
6) Manager to aggregator query 14) [Mediator aggregates] using ODML. The structural designs of the IR template
7) Manager to database query 15) Mediator to user response - ; .
8) [Database processes] and instance models are shown in Figllre 7. The under-

lying textual specification for the template can be found
Figure 6: The control and communication sequence #i-Appendix{A, and we will describe some of the details
volved in handling a query in the information retrieval oof this model more thoroughly below. Like the sensor
ganization. network model above, this model uses notions of roles, a
task environment and performance constraints. However,
other, more domain-specific phenomena that must be cap-
dividualdatabaseor anaggregatomwhich manages othertured are significantly different, and drive the shape of the
sources. Mediators are responsible for handling the useganization in different directions. These include pre-
queries, by first using the signatures of other mediatorsdieting the quality of the result that will be returned for a
compare data sources, then routing the query to those meer query and determining how load distribution affects
diators that seem appropriate, and finally collecting atite system’s response time.
delivering the resulting data.
The sequence of messages and actions performed by
the organization handling a query is summarized in Fig-
ure[@. In that example, Mediator receives the user queryThe system’s response quality, defined in the model as
and searches all three nearby mediators. The searchggponsaecall, measures what proportion of the relevant
sponse (3) from Mediatak indicates it has no relevantin-information was returned to the user. This value depends
formation, so only Mediator and Mediaté are selected on what mediators are used to service the query, which
to handle the query. can be determined by estimating the query load at each
This organizational design provides several advantagesdiator. The query load incurred by a mediator, and by
The use of collection signatures to model the contents aigation any sources beneath it, will be dependent on the
number of individual sources can dramatically reduce theamber of queries that mediator is asked to service. This
number of agents that must be searched and queried. VAiee depends on a number of factors, including the me-
use of hierarchies introduces parallelism into the quediator’s perceived value, the average number of queries
distribution process. These same hierarchies also digiving in the system, the number and value of compet-
tribute the communication and processing load. ing mediators, and how many mediators are searched for
At the same time, if the structures are poorly designadd used to answer the query. To estimate this, we must
they can lead to inefficiencies. A single collection signéirst determine the relative rank orderingin terms of in-
ture, which must be bounded by size to be efficiently usddrmation content of the mediator in question and the
can become unacceptably imprecise if the set of sourcesnber of mediatorB, that share that ranking.
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content_organization

Figure 7: a) An ODML template structure for the informati@trieval domain. b) A small organizational instance
produced from that template.

the system. Equatioh$ Bl 4, did 5 all exist in thedia-
tor node of the ODML model. They can be found in the
rank, rank ties andquery probability constants, respec-
tively, of themediatordefinition in Appendi?.

In this particular domain, some subset of the available
R = oabsm—k) 4) Mmediators will be searched and ranked based on their col-
lection signatures. Using these ranks, a subset of those
searched will actually be selected to service the query.
This is a common strategy employed by agent and team-
Satsed systems (39;116;141), so it is worth discussing the
€quation in greater detail.

1+ ( z omaxm prs—k.prs,0)
ke 0.mediators

_Oabs(m. prs—k. prs)) (3)

3
|

ke O0.mediators

prsis theperceivedresponsssizeof the respective medi-
ator. The summation term will equate to 1 when the com
peting size is higher, and 0 when lower. Thus, the h|ghe
ranked mediator will be 1, followed by 2, and so forth.
Mediators with the same value will have the same rank-First, assume that all mediators may be initially

ing. Because this rank ordering is used to select whiefarched with equal probability, and that selection from
mediators will be used to service a query, it is possible #5et of equally-ranked mediators is done uniformly. The

use this to compute the probabili®(m) that mediatom probability that mediatom is searched, which depends
will be selected. on the total number searched and the total number of me-

diators, IS‘M‘ The nested summations count the total
4 1min(sR ) number of sets of remaining mediators that both could be
(m) = ( ( ) (Rr _ 1)searched and would resultinreceiving the query. A ra-
||V|| ‘M‘ ) Z; % j /tio of this total to the number of possible mediator combi-
|M| m R+1 q-i nations from the searcﬁ'v” 1 provides the final desired
( i ) min (17 JTl)) (S)probability. The summations iterate over the various ways
in which the mediator search set might be composed. On
Where|M| is the total number of mediators,is the each loop, a value is selected for the numbef higher
number of mediators that will be searched and compamasiked mediators angdof equally ranked mediators that
(searchsetsizg, andq is the number of mediators thawill existin the set, the remainder being made up of lower
will be given the query querysetsizg. Equation [b) ranked mediators. There a(@r ) equal valued media-
models the search process and subsequent mediatotas-competing for the avaﬂabie query slots, and the final
lection that will take place when a query is received bnatio calculates the fraction of those that might contain
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The second characteristic that we will describe, the re-
sponse time of the IR system, is the amount of time that
elapses between a user query and the system’s response.
This characteristic is clearly important from an evaluatio
standpoint, as it captures an easily observable phenomena
that is important to the end user. Like the probabilistic
guery model, the response time is intimately tied to the
structure of the organization. Several characteristiesaf
this value. For example, each communication eventincurs
some message transit latency. The query processing by
the databases, and the aggregation performed by both the
s aggregator and mediator will take some variable amount
g’o\” of time. Because queries are reflected to all subordinates,
1&  the latter two entities must also wait for slowest of their

information sources before they can themselves respond.
Finally, because multiple queries can exist simultangousl
Figure 8: A comparison of the predicted and empirici the network, additional delays at individual agents can
response recall values as the search and query sizesparéhcurred when a query must wait in a queue for ex-
varied. isting processing to complete. The ODML model draws
upon existing techniques from probability theory, queuing
theory and order statistics to capture these aspects of the
These equations are used to determine thedjnafyrate system. In particular, the model predicts an entire proba-
for a particular mediator, and itguery probability which  bility density function for the response time at each level
is used elsewhere in the model. in the organization, not just a single mean statistic. As
To test this formulation, a set of simulation trials wer¥ill P& shown below, this detailed represented is needed

performed, and the observed response recall Compall%ﬁorrectly predict thg performance of managers that are
to the predicted value for each scenario. The envirdffPendenton subordinates that act as queuing systems.
ment (described in more detail ih_(13)) consisted of six

mediators and nine databases, and each trial consistefine rate at which an individual mediator will receive
of 100 queries from a simulated user to a random miéser queries it itarrival_rate. Responses will be returned
diator in the organization. The first mediator had fol#ack at this same rate, on average. More concretely, the
of the databases below it, the second had three and @Kisting model assumes that queries have a Poisson arrival
third had two. The remaining three mediators with n@dstribution and mean ratarrival rate. After the query
appropriate data sources served as distractions. p&he Makes its way down through any aggregators, the leaf
ceivedresponsesizefor each mediator was proportionaflatabases will receive the query, also at eatéval rate.

to the number of databases it had access to. In the Bfch database hasarvicerate, defining how quickly it

als, both the number of mediators that were searched &0 process queries. At any given time there may be pre-
searchsetsize and the number of mediators that wergiously received queries already being processed or wait-
queried,query_setsizeranged from1to6. A graph Com_ing at the database. We assume FIFO processing, so the
paring the values predicted by the ODML model and ti#nount of time any new query must wait will depend in
empirical results are shown in Figue 8. As expecteRrt on these existing queries.

when the search size is small, the recall suffers, because

it is less likely a good information source will be found. Queuing theoryl(18;_29) can be used to analyze how
The query.setsizehas a similar but lesser effect. Thidong the wait will be, by modeling a database service as a
shows that the predictions were quite accurate in md&tM/1 queue with Poisson task arrival rate and service
cases, with an average of 0.9% error over all cases. Expate. The pdffy(x,A) and cdfFy(x,A) of the M/M/1
iments not shown here with other designs produced simiteue’s waiting time distribution are given below, where
lar results. x> 0 andA = servicerate— arrival rate.

Response Recall

6 5

w

4 3
(Predicteq )

1

6 s
Search size (Obs4 32y
erved)
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d_range/d_step

fm(A) = Ae™ (6) fo(x) = Z; fs(i) fi (x—i)d_step (10)
(X’)\) = 1- eﬁ)\x’ (7) d ranlc;/d step
o o R =5 fRk-idstep (1)
The model maintains this information as a discrete list i=
of sampled points, which are calculated dynamically from drange

the two underlying functions. wherexp =nand (0 < n < Fog,). drangerepresents
The mediator waits for responses from all its informatthe upper bound on the S"?‘mp'ed points, WU!BHepIS the
s&réde length between points. For the mediafgnvould

tion sources before progressing, so its expected servi he agareqate information source odf aiven in Equation
time will be dependent on the maximum service time g 9greg parg q

those below it. This value can be found by computing t while f; andF would be the pdf and cdf of the waiting

. . . time for the locaM/M/1 queuing process.
maximum order statistic (the expected maximum value . T
( P jiNote that EquatiorfdB=11 are recursive, in that they rely

of those source service times. The model makes a SImF‘pon both the pdf and cdf distributions of the sources be-

fying assumption that the source service time distribuio th diator. Th i K i
are independent, but does not assume they are identic?é(Y. € mediator. € equations make no assumptions
out the form of those distributions, so they can be used

The model generates the pfify and cdff, distributions a

of this independent, not-identically distributed (inidjrn Zﬁtgrﬁﬂfa'l.fﬁﬂ%ﬁ?fi‘;'; ;‘;”;g o :r;Zﬁf df;iasb‘;‘:fngr
der statisti ing the following functions (4] 28): . - )
order statistic using the following functioris (41 28) assumption also allows Equatidds 8 did 9 to be used to

compute the pdf and cdf distributions for the aggregator it-
N N self. The definition terminates in the exponential response
fm() = “—lﬁ(x)} Z(E) 8) distribution exhibited by the databases. By incorporating
i— 5 \Fi(x) the cumulative overhead incurred by the message tran-
n sit times of the query and result propagation process the
_rlFl(X)a (9) model can now compute the expectevicetime of the
= mediator, allowing prediction of thesponsgime distri-
bution of the organization as a whole.
wheref; andF; represent the pdf and cdf of tit sample,  The model’s predictions are shown in Figlile 9. Each
respectively (i.e., the service time distribution of tile scenario measures the response time performance of a
source). different IR organizational design, by submitting 1000
The mediator itself is not simply a pass-through, b@tieries to it in a Poisson fashion. The organizational de-
must process and aggregate the resulting data as we@n of each scenario is depicted on the left, along with
introducing additional latency. Thus, the mediator cdRe predicted (solid) and empirical (dashed) response time
also be viewed and modeled asMiM/1 queue. The distribution data on the right. These performance graphs
service rate of the mediator depends on the numbersgpw the ODML model does a good job of predicting
responses it receives, which depends on the numbethsf response time distribution of the different organiza-
information sources below it. The mediator's pdf anonal designs. Additional trials were performed for or-
cdf can also be produced using Equatibhs 6[@nd 7, wanizations with three agents [1 Mediator, 0 Aggrega-

servicerate = responseservicerate/numsources and {ors, 2 Databases], five agents [1M,0A,4D], 10 agents
a Poisson rate of = arrival rate — servicerate. [1M,2A,7D], and 14 agents [1M,3A,10D], with similar

The model determines the total service time by combifgsults. The coefficient of determinati®f (= 1— %)
ing these two activities, modeled as the sum of the tim&as calculated for each scenario, which estimates how
exhibited by these two random variables. The total senuch of the observed behavior can be explained by the
vice time pdffc and cdfFc can then be determined bymodel [8). R? was greater than 0.8 for all tested scenar-
finding the convolution of the corresponding distributioios, where a value of 0.7 or above is considered good for
functions, which has the general form: this statistic.
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Figure 9: A comparison of the predicted and observed regptime distributions in organizations with (a,b) fifteen
[1M,6A,8D], and (c,d) twenty-eight [LM,7A,20D] agents. (a,c), node M is a mediator, A are aggregators, and D
are databases.

3.2.3 Coalitions tion was modeled in the DSN organization. Each agent
would have anum coalitionscharacteristic, which would
The general form of a coalition is quite simple — it is simbe initialized to zero and incremented through the use
ply a grouping of entities that have banded together ¢6 a modifier as they are added to a coalition. Each
serve some common purpose. Unlike the previous teigent could also specify maxcoalitions along with a
examples, hierarchical relationships generally do not esenstraintnumcoalitions< maxcoalitions By setting
ist within the groups. An example ODML template isnaxcoalitionsto one, the disjoint constraint will be up-
seen in Figurg_Zl0a, which shows that both the numberld. Some researchers have demonstrated the utility of
of coalitions, and the number and type of participants ialaxing or removing the disjoint constraint (33). This
each coalition can vary. A sample coalition instance prcan be modeled by settingaxcoalitionsto some value
duced from this template is shown in Figlrd 10b. Notgeater than one.

that although the organizational instance is structured aghere are three key characteristics associated with
a tree, the organization itself is not hierarchical. As witfpalitions that must also be represented: the strength of
the previous two examples, tiveganizationnode is used the resulting group, the costs associated with formation
as a convenient place to encode global information ab@lg maintenance, and the manner in which rewards (if
the organization. The individuabalition groups act as any) are apportioned to the participants. These can take
independent peers. many forms, so it is worth exploring how a range of pos-
In their purest form, coalitions are disjoint, so thaibilities might be modeled. The strength of the coalition,
entities may be a member of only one coalition at far example, is in some cases simply the number of par-
time. This constraint can be represented in ODMicipants, or some valuation of the total “mass” of the par-
in the same way that the one-sensor-per-agent coriiipants. A bargaining collective or union are examples
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Figure 10: An ODML coalition a) template and b) example ins&a

of this, and can be modeled with a simple summation $trength of the participants, one could create a profile of
thecoalition node: the total communication behavior, and bound it against
the available bandwidth in the environment. There may
also be fixed costs associated with coalition formation,
such as the time needed needed to elect a leader or dis-
Consider a somewhat more complex situation, whegeminate goal or participant information.
participants can have different types of skills and diffare  In a self-interested situation, it is not only the strength
levels of proficiency in those skills. Furthermore, assurdéthe coalition as a whole that is of interest, but also the
the goal requires some minimal combined skill set, apgrceived benefit that individual members will observe.
there are upper bounds beyond which further capabilityis is frequently described as the “reward” the agent will
adds no additional strength. For example, assume egegeive. If there is a fixed amount of reward available, the
member agent has constasksll_a andskill_b, which are manner in which the reward will be distributed is a key
assigned their respective numeric levels of proficiendgctor that can determine if an entity will choose to join
The coalition gets no strength if the total proficiency levéie coalition. A simple approach is to divide the reward
of ais less than 0 or if the total level dfis less than 6, into equal portions among the participants. Intiember
and gets no additional benefitafis greater than 1 op node, this would be defined as:
greater than 10. The coalition’s strength can then be mod-
eled using sigmoid functions as:

strength= forallsum(m, memberan.mass

reward = c.reward/c.numpembers

In this casec is a reference to the paremalition. A
, ) slightly more complex approach would divide the reward
skill.b = forallsum(m membersm.skill_b) according to the proportional benefit the member brings
strengtha = 1/(1+¢€"—((skill_.a—0.5)/0.1) to the coalition (i.e., itstrength:

strengthb = 1/(1+¢"—((skill_.b—8)/0.5)

strength = strengtha strengthb reward = c.rewardx strength/c.strength

skill.La = forallsumm memberan.skill_a)

This would encourage the inclusion of valuable mem-

If the set of member nodes was limited, through igers, particularly if costs grow proportionally with coali
node instance limit or a constraint-based mechanism, thiem size.
a purely strength-driven assignment of the members to
coalitions would use these definitions to make the cog-3 Organizational Utility
textually appropriate trade-offs.

Modeling coalition cost can be quite similar to modFfhe features contained in these models provide some in-
eling strength. For example, instead of aggregating thight into the space of possible characteristics that can
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be relevant when deciding upon an appropriate organiz@aDSN model in Figur€ll is defined with a distribution,
tional design. A search process for the best organizatiohatause we do not know priori how many targets will
design must be able to reason about the relative advantexgjst in the environment. ODML provides a Monte-Carlo
or disadvantage each of these characteristics has relagvauation technique when the utility value depends on
to the environment and larger objectives. This is typicalbuch uncertain information and that information cannot
accomplished by summarizing those features into a singke mathematically evaluated directly. In this case, util-
numeric utility value, which can then be used to compaitg is determined through a series of repeated sampling
and rank competing designs along a common scale. and evaluation trials, the results of which are combined to
The utility of a design can be considered to be an orgzroduce a suitably representative value.
nizational characteristic like any other. As such, it can beUltility in the IR domain is defined in terms of the de-
embedded in the ODML model as a constant field callgiyn’s expected response recall and response time. In this
utility, and defined using whatever expression is most @@se, recall is more important than response time, so a
propriate. This allows it to be based on many diffemultiplicative factor is applied to the recall value, after
ent, potentially interacting and domain-specific chanactavhich the response time is subtracted out:
istics, which is consistent with the complexity that exists
in determining the utility of a design in the real world.

In the simple coalition model, for exampletility The normalization terms cause this formulation to gen-

might be defined as the sum of the strengths of the &rally favor quality over speed, and instances with equal
dividual coalitions minus the sum of the costs, or in termgcall will be differentiated by their response time.

of the number of tasks that can be completed with the skillas with the DSN formulation, the IR utility also de-

sets that are represented with a similar cost penalty. In f#hds (recursively) on many different characteristics of
self-interested case, the global utility might also be &funthe design as well as the environment the organization is
tion of the individuals’ utilities, or hard constraints ddu expected to operate in. For example, one would expect
be added to each agent to ensure that all participants hg¢eperformance of a particular IR design to depend on
some minimal utility. the rate at which queries arrive in the system. For ex-

As another example, Figuk® 1 shows thiity in the ample, a design that is sufficiently robust to handle high
DSN domainis defined as negataneeragerms thus util-  query rates may be less efficient when the rate is low.
ity increases as the expected RMS decreases. This metrgigure[T1 demonstrates that this behavior is manifested
is appropriate for this domain because it captures whatrigthe IR ODML model, by showing the predicted utility
arguably the mostimportant measure of quality of a trackr several different designs with a range of query rates.
ing system, which is the error of its track estimates. Aghis figure shows all eighteen possible organizations that
described earliegveragermsis defined directly or indi- are possible in a six database environment with a maxi-
rectly in terms of nearly all other characteristics of thi;jlum height of three and a minimum of two subordinates
organization. By association, the utility then depends @er node. Optimal utilities for each rate are shown in bold.
how large the sectors are, how well the tracking load @rganizations have zero utility at a given query rate when
distributed, how roles are assigned, and a host of otlies query arrival rate exceeds the organization’s service
features. rate, resulting in an infinite length queue.

Sometimes the features that performance is dependenh this case, the single-level, single-mediator organiza-
on are not all precisely known at the time the model is créen number 1 is predicted to be optimal when the query
ated. This is generally occurs when features are beyoatk is 0.5 or less (i.e., less than one query every other
the control of the designer, because they are part of gerond). This is intuitive, because the slow query rate
environment. It also can occur when the model is beiagoids queuing delays, causing the response time to be
used to predict the performance of an open organizatidominated by the height of the organization.
and the participants are not known a priori. ODML sup- As the query rate increases, first organization 8, then
ports the use of probabilistic distributions in these casesimber 9 and finally number 11 become optimal, as the
which allow the designer to encode a range of possililighly-connected mediator in organization 1 becomes an
ities, along with the relative chance that each possibilitycreasing bottleneck. The benefit the multi-mediator de-
has of occurring. For example, tinemtargetsconstant signs offer is increased ability to handle high work loads.

utility = responseecall « 1000— responsgime/10
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Organization 01 025 05 1 2 3 4 5 & 7 performance. From the perspective of this paper, they

show that the ODML model was able to capture the un-
derlying interactions between the various elements of the
715|714 | 711|704 |681(621| 0 [ O [ 0 | O organizational design and the environment.

The ability to distill a set of organizational decisions
down to a single utility value is a key component in any
715| 7141712706 | 6911664 1598 | 0 | 0 | 0 automated organizational design process, because it per-
713 712 | 700 | 702 | 679 l621 | 0 | o | o | o mits one to directly compare competing designs. Section
A will show how this capability is leveraged as part of a
larger search process for the most appropriate organiza-
711 | 710 | 708 | 704 | 693 | 677 | 651 | 597 | 465 | 0 tional design.

1. 725 (723|719 (710 | 672 (544 | 0O 0 0 0

2.

3. 716 | 715|712 | 707 [ 691 | 664 [ 598 | O 0 0

710|709 | 706 | 701 [ 687 | 662 [ 599 | O 0 0

712711 [ 709 | 705 | 695 | 680 [ 657 | 612 | 482 | O

UL S

3.4 Model Fidelity Versus Complexity

9. 705 (704 [ 702 | 699 | 690 | 677 [ 657 | 619 | 517 | O

10, 710 | 700 | 707 | 702 | 689 665 | 604 | o | o | o Based on our experiences, first designing and then eval-
uating the DSN and IR models against their real coun-
AR terparts, we believe that ODML does a good job of sat-
12, }P\@ 374 | 374 | 374 | 374 | 373 | 373 | 372 | 372 | 371 | 370 isfying our initial objective of providing a flexible-but-
guantitative toolkit for organizational design. The DSN,
IR and coalition systems are substantially different, gsin
14, §5\R 374|374 | 374 | 374 | 373 | 373 | 372 | 371 | 371 | 370 different organizational styles with different objective
jf\R a7a | 374 | 37 | 573 | 373 | 373 | 372 | 371 | 371 | 570 and different sets of relevant characteristics. As demon-
' strated by the results presented in this section, ODML is
16. ;ﬁ{g 373 | 373|373 | 873 | 373 | 372 | 372 | 371 | 871 | 370 effective at capturing these quantitative charactesstit
lowing one to quickly determine the utility of each design.
This is in contrast to the majority of the related systems
18 R R K |252| 252 | 252 | 252 251 | 251 | 251 | 251 | 251 | 251 described in Sectidd 2, where it is not possible to explic-
itly tie organizational decisions to metrics such as track-

Figure 11: The utility predicted for the range of possibl89 error, response recall or a coalition’s contribution to
six-database organizations when the query rate (queHHBtY-_ - _
per second) is varied. Mediators and aggregators aré\ significant drawback to the approach we propose is

shown as hollow circles, while the solid databases foife complexity of the modeling process itself. The DSN
the leaves. and IR models were created and incrementally refined,

adding new features as the mechanics of the correspond-

ing systems were better understood. In some domains, so-
Where no single-mediator organization can handle mgykisticated techniques may be needed to accurately cap-
than six queries per second, all eight multi-mediator detre relevant phenomena. We believe, however, that if
signs can obtain utility with at least seven queries per sgtich sophistication is needed, it is needed regardless of
ond. This is because the smaller search size reducesdhe’'s choice of modeling language. The complexity is
query rate any individual mediator sees. The aggregateharacteristic of the domain in question, and tools that
demand on the system is lower, which reduces the growdlbk the ability to express this complexity can only ap-
rate of individual agents’ queues, which allows the systgsroximate the behavior of the system. This can ultimately
as a whole to tolerate higher query rates (albeit with lowaffect the quality of the decisions that are made based on
recall). those tools.

These results show the spectrum of tradeoffs that can b©ne way to cope with design complexity is to recog-
made in this particular design. In a broader sense they adére common elements that different organizations, par-
demonstrate why explicit organizational design is useftiularly among organizations intended to operate in the
by providing a concrete example of how design impadsnilar environments or make use of the same resources.

379 (379 (379 | 378 | 378 | 378 | 377 | 376 | 375 | 374

13, L\ | 379|379 | 378 | 378 | 378 | 377 | 376 | 375 | 373 | 371

17. &@ 373 (373|373 (373|373 (372|372 371|371 (370
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For example, both the DSN and IR domains had agerasjomain is well-understood and has recognizably domi-
roles, and an environment. It is possible to reuse and nant interactions, then capturing those features will gen-
cycle these elements, thereby taking advantage existarglly be sufficient. The level of needed complexity also
work and simplifying the modeling process. This reuse depends on the context in which the system will be de-
enabled through the use of generic designs, whose cqioyed. If computational resources are abundant, for ex-
ponents can be incorporated with is-a relationships asahple, it may not be necessary to model agent computa-
specialized as needed. tional load.

Recall that the is-a relationship allows object-oriented Consider FiguréA3, which shows a range of model-
style inheritance relationships to be defined in an ODMug strategies, from more abstract to more detailed. The
model. In both the distributed sensor network and infd®SN model presented in Sectibn312.1 exists at the far left
mation retrieval models this capability was used to def this figure. Additional modifications presented |inl(13)
fine characteristics shared by multiple entities insideagld notions of space and time, representing points further
common base node. These characteristics could thertdthe right. In model from Sectidn-3:2.1, we chose to ig-
imparted on those entities through the is-a relationshimre the fact that, for example, sensors on the edge of the
which reduced the size of the model and the time requiratka will likely be used less than their counterparts in the
to create it. The ability to express inheritance relatiofpterior. Instead, usage is captured with an approxima-
ships in ODML can also allow the time, effort and extion that is uniform over all sensors. The additional detail
pertise needed to create organizational components toleeded to capture geographic differences might be war-
exploited in new circumstances. This is accomplished tgnted if one of the organizational decisions that needed to
first creating a domain-independent set of nodes, captoe-made included where to deploy “robust” versus “nor-
ing characteristics that exist regardless of context or apal” sensors.
plication, and then use inheritance to incorporate thosaVhen interactions are more complex or bounds are
nodes in different models across different domains.  tight, one can determine if additional details are needed

For example, in the DSN environment there was &y comparing predictions produced by organizational in-
agentnode. The notion of an agent is quite general, astAnces against known phenomena, simulation results, or
likely to be used in most models of agent systems. Instegu€n intuition. Like any mathematical model or simula-
of creating such a node anew in every model, one cotilen, ODML templates should be vetted through analysis
create ageneric-agenjust once, that had common ator empirical comparison to determine their accuracy. As
tributes such asommunicatiodoad, computationaload mentioned above, however, we believe that model com-
or cost Generic, related variants suchrabust-generic- plexity is ultimately driven by the application domain.
agent and normal-generic-agentould also be createdThe ability to choose the level of detail that is most ap-
that possessed more specialized characteristics and ¢apriate sets ODML apart from most existing organiza-
straints. An example of this is captured by the strutional design frameworks. We will return to this concept
ture fragment shown in FiguFEl12. The remainder of thiat SectiorTZ.Z1.
structure shows how those generic nodes can be used in a
domain-specific manner. In this case, #ygent normal-
agentandrobust-agenhodes from the DSN domain (see} Designing Organizations
Figure[3a) have been added. By simply adding an is-a
relationship from, for exampleyormal-agento normal- Recall that ODML representations are divided into two
generic-agentthe domain-specific agent node inherits adlistinct classestemplatesandinstances A template en-
the information present in the generic agent node. Da@mpasses the range of all possible organizations that are
which is relevant to the new domain can then be reusesibe considered, while an instance is a singular, particula
and that which is not can be overridden. organization derived from a template. The key difference

Another facet of the same complexity problem is knovis that a template depicts the organizational choices that
ing when a model is complex enough that additional rezust be made, while in an instance those choices have
finements are not necessary. Ideally, one would avdigen decided.
modeling minutia that may not needed to produce a sat-The process of designing an organization consists of
isfactory answer to the organizational design problem.déarching theorganizational spacealefined by the tem-
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Figure 12: Reusing common agent models in new domains.

Uniform sensor/target placement
Sensors/ targets given varied geographic locations
Targets given varied temporal locations
Calculate varied sensor usage

Calculate varied target RMS errors
Calculate varied communication load

More \4 + _ More
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Figure 13: A range of modeling possibilities, each with eliént levels of abstraction.

plate and selecting an appropriate instance. This orgalationship, such asensorhas withagent and assume
nization space is defined by decision points that existtimat bothnormalagentandrobustagenthave aris-arela-

the template. These decision points are manifested in tilanship withagent Further assume that we are part way
ways: with variables and with has-a relationships. through organizational construction, and that two agents

For example, the sensor network example explored tﬁ;l andap) have already been created and assigned to one

effects of changing the size of a sector. In the model @° each. In this case there are four ways to asse

- o : . s0r's agent A new instance of eitharormalagentor ro-
numsensors/ariable exists in theectornode. This vari- .
. . bustagentcan be created, or it can be attachedtor a,.
able can take on one of several discrete numeric valugs, - . .
L ) . ach will have different tradeoffs, and in some cases the
as shown in FigurEl1. This controls the size of the h

as- . . . . ;
. . . ° Neecision may affect previously made decisions in other
a relationshipsectorhas withsensor As shown earlier,

each of these choices results in an organization with d?fqrts of the organizational structure

ferent characteristics. In the IR domain, a similar has-aA similar relationship exists in the IR model. In that

size variable calletbpic_mediatorsexists that determinesmodel, bothaggregatorand databaseare possible in-

how many mediators will exist in the organization. It castances oource Themediatorsourcehas-a relationship

be assigned different values, which will also result in otherefore represents a decision point, because two differ-

ganizations that have different forms. ent types of source may be used to satisfy the relationship.

- . In this case, mediators with the same number of sources

The second type of decision point revolves around how . .

has-a relationships are satisfied. The magnitude or S be further differentiated by the types of sources they

of a has-a relationships can be controlled with a variabl§12g¢-

as above. The nodes that may be attached with a has4m both of these cases, the quantitative effects of lo-

relationship represent a more complicated space, becarsdalecisions can have significant and complex non-local

the relationship may be satisfied by a range of ngges impact. For example, as a result of the has-a assign-

and there may also be a number of existing instancesnoént abovea; might have to divide its time between two

each type that are suitable. Consider a typical role-agesies. This could negatively affect the quality produced
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by the initial role by dividing scarce resources, as wadbtential for complex interactions among these charac-
as the performance of any other entities that dependteristics. This provides a second motivation, as design
that role. Hard constraints elsewhere in the structure tiduition can fall short when these details become simul-
were previously satisfied may become invalid, and saétneously critical in importance and difficult to discern.
constraints may degrade. It is equally possible that @le potential for a large or incomplete space of possible
those values improve as a result of the decision, or tlksigns is the third motivating factor. For example, the
some local values degrade while higher achieving globaitial by-hand enumeration of possible designs for the
utility. In general, the interdependencies between nodefatively simple six-database experiments in Fidurte 11
and fields mean that values may be both nonlinear azaime up with 16 alternatives. It was only after the more
non-monotonic as the structure changes. methodical and computational search techniques were ap-
Given the two types of organizational decisions thatied to the model that the remaining two designs were
must be made, one must next determine how best to &gvealed (numbers 9 and 12), one of which was shown to
plore the space of alternatives when searching for an &g-optimal under some conditions.
propriate organizational design. One approach is to sim-
ply generate full organizations and test them in turn. Thj . .
is a valid approach, but there may be a great many s£h1 Design Complexity
organizations to consider. A more incremental strategythough superficially straightforward, the combinatsric
is preferable, because backtracking from partially formeglthe search space conspire to complicate the search pro-
organizations prunes higher in the search tree, and ¢@ds. For example, implicit in the role-agent example
therefore be vastly more efficient than doing so only adhove is the fact that if a new agent is created, the next
ter a complete structure has been formed. Howevgile-agent relationship will have five choices instead of
because the organizational structure changes continugdlyr. An entire space of role-agent relationships will also
during such an incremental search and construction pggist for each new choice sfensorsper.sector making
cess, making correct predictions for nonlinear and nofe search progressively more difficult as the structure is
monotonic values can be difficult. This makes it Corrﬁcrementa”y produced_ In fact, the prob|em of fmdmg
spondingly difficult to predict the characteristics of thgyen a valid organization, not necessarily the more desir-
completed organization, so deciding when it is appropgible optimal or most appropriate one, is shown below to
ate to backtrack is a challenging problem. be NEXP-Complete. This is consistent with complexity
In either case, the search progresses by determiningrésults presented in related work by Nair and Tambe (24),
validity of each considered design, and using the calauho analyzed the complexity of the role assignment and
lated utility value from Sectioli-313 to compare and ranéxecution problem. We will refer to the process of deter-
it against competing designs. The valid design with theining if a satisfying instance exists in the space defined
greatest utility is considered optimal. Itis during thisilev by an ODML template as ODML-SAT. Determining the
uation and ranking phase that the web of equations is usethplexity of this problem will help determine how large
most. Other representations typically perform their evake search space is likely to be, and how hard it is to find
uation using a fixed set of characteristics limited by thmlutions in that space.
language, through simulations or model-specific heuristicin these proofs, we will assume that the ODML struc-
analyses, or through more qualitative or logical compare in question does not contain recursive relationships.
isons. ODML is differentiated by the fact that one can erstructures that contain unbounded recursion have an in-
bed arbitrary mathematical expressions within the modghite search space, and therefore the ODML-SAT prob-
and use those to produce fast, precise predictions of whain would be undecidable in the general case. ODML
ever characteristics are deemed relevant to evaluating @liées also allow a form dfoundedecursion, where a par-
sign utility. ticular node may be revisited only a specified number of
The necessity for such a systematic approach to desligmes along any root to leaf has-a path in a valid organi-
is derived from at least three parts. The first, as showational instance. In this case, the non-recursive set is a
in Section[3.B, is that the particular organization that srict and simpler subset of such bounded recursive tem-
employed can have a significant effect on a range of iplate instances. Bounded recursive templates can be con-
portant runtime characteristics. Sectlonl 3.2 showed therted to non-recursive equivalents by unrolling the recur
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sion, adding in placeholder nodes as needed to represent
the individual recursion levels.

Sei=S (k)mier k (")m
o i; I i=o \!

: . K\ 0 K\ k
Lemma 4.1. Given any non-recursive ODML template = ((O)m +oet (k)m )+
containing n nodes, each with has-a relationships of size
m, the maximum-sized instance derivable from that tem- (k mt4 ...+ (k mk+1>
plate will have §= 3 (T)m entities. 0 K

_(k)m°+ Vo () )
0 1 0

child structure of the organization formed by the has-a
relationship. Specifically, we wish to know what arrange- ke (k+ 1 mi
ment of nodes formed by has-a relationships will produce i
the largest possible organization, i.e., the one with the
most distinct entities in it. Assume the total number of
allowed nodes for any given type is unbounded. het
be input size, which is the number of node types in
ODML template,{Nj,...,Ny}. We will assume without
loss of generality that each nobtiewill have a single has- Lemma 4.2. ODML-SAT is in NEXP.
a relationship for each node typg, n > j > i (to avoid )
recursion) and that each such relationship is of size Proof. Assume we have an arbitrary ODML structude
Because of this, there will be children created by eachcontainingn node definitions, each of which has some
relationship. number of has-a relations of size less than or equal.to
By Lemma[Z1l the largest organization derivable from a

If n= 0, the organization consists of only the emptyon-recursive ODML structur® will contain O(m") en-
root organization. Ifn = 1, there is only one arrangedities. Because the number of decisions that must be made
ment, which by our assumption will contain+ 1 en- to create an organization is proportional to the number of
tities, which is maximum. Assume that there is an agecisions embedded in each template node and the num-
rangement ofn = k nodes that will produce an orgaber of entities in the final organization, the number of
nization with a maximum number of entiti€%, where decisions is als@®(m"). Therefore, if a satisfying orga-
S =75, (‘f)m' The maximum sized, non-recursive omization exists, we can nondeterministically guess a cor-
ganization withk + 1 node types will add a has-a relaresponding decision sequence in exponential time. The
tionship of sizem from all existing nodeq{N; ...N¢} to instance itself may then be generated from this decision
the new node\k, ;1. Any fewer added relationships willsequence in exponential time.
lead to a smaller organization instance, and any more reThe validation step involves visiting each entity in the
lationships, or any relationships of size greater than organizational instance, and verifying that its constsain
violate our base assumptions. This will result in a neare satisfied. At worst, a constraint may be based on all
instance which has all the entities from the previous madata possessed by all other nodes in the structure, which
imum sized instance, plua new entities ofNy 1 for each will require O(m™) time to gather. Therefore, all entities
of those previous entities. The size of this new organizaay be validated irO(n?") = O(m") time. Because a
tion will be S, 1: satisfying solution to an arbitrary ODML structure may

k+1 k+1
Proof. In this proof we will be considering the parent- ( K mk ( mktt
1

BecauseSq1 = YK¢ (“T1)m matches the original

%’?emise, the result follows by induction. O
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N=3 o|1]0 Eachrow also has\ — 1 horizontalrelationnodes, corre-
T={0,1} —» |1]0]1 sponding to the\ — 1 pairs of tiles in the row. Theerti-
C fE [[8:]] ’ [[: 8]] ; ol1lo cal_relation nodes contained by eacblumnare used for

similar purposescolumnitself lacks has-a relationships

with tile, instead referencing those contained by rihe

Figure 14: A sample TILING problem and consistent s;odes directly.

lution. The numeric values embedded in these nodes are used

to ensure the consistency of the mapping. Etlehhas

atypefield corresponding to the type of the original tile.

PBachrelation has fieldst1t andt2t, corresponding to the

two tile types specified by the corresponding original rela-

. tion inH orV. The compatibility restrictions are modeled

To demonstrate that ODML-SAT is NEXP-Hard, we " S .

, X . using constraints in each of these nodes. Batdtion

will reduce from the TILING problem, as defined in . . ) .
contains a pair of constraints, specifying that the types of

25; 11). i i - .
(25; ). A TILING prob_lem_ con§|sts_ of a set of tIIethetwoule nodes it corresponds to must matthandt2t,
typesT = {to,...,t%}, a grid sizeN in binary, and a set

of horizontal and vertical compatibility relatio$,V C resp_ectlvely. The ongn CO”d'“O’? of_the .T”‘ING prob-
T xT. AnN x N tiling is & mappingf : {0,...,N — 1} x lem is represented with a constraint fieldirganization
{0,...,N—1} — T. f is consistent only if 1Y (0,0) =tg which stat-es. that the tile 40,0) must have typ.@O'

(the origin (0,0) has tileto) and 2) Yy (f(x,y), f (X + _If the original TI.LINCIE proble_m had a consistent map-
Ly)) € H (all horizontal pairs are compatible) and 3 ing, then there will exist a valid organization. C&I0)

Vg F(%Y), F(x,y + 1)) € V (all vertical pairs are com- n the_o_rganizatio_n will contain.0. Each c_ell_(x,y) in
patible). The TILING decision problem is to determin pe original mapping can be used asa chmc&lfno_de
givenT,N,H.V, if a consistent tiling exists. An exampl or the corresponding row columny in the organization.

TILING problem and consistent solution can be seen | ch horizontal or vertical compatibility relation relied
FigureTh upon in the original mapping may be selected to satisfy

the correspondingelation has-a relationship in eachw
Lemma 4.3. TILING < ODML-SAT andcolumn All constraints in this organization will be
satisfied, and therefore it will be valid.

Proof. Any TILING problem with inputsT,N,H,V can [If & valid organization can be found within the con-
be reduced to ODML-SAT in the following way. Firststructed model, then a consistent mapping will exist in the
construct an ODML model containing the TILING probcorresponding TILING problem. The origin cell will con-
lem inputs. The template for such a model, along witBinto. Each choice ofile for row x columny can be used
an example solution, can be seen in Fidure 15. For ederspecify the contents of grid cefk,y) in the mapping.
tile t, € T there will be a correspondingn node that Eachhorizontalrelation andverticalrelation represents
has an is-a relation with the abstract ndide. Simi- @ valid selection from the appropriate compatibility lists
larly, each compatibility relatiotn € H andv € V will for each horizontal and vertical pairings in the grid.
be represented by a node having an is-a relationship witfBecause an appropriate ODML-SAT problem can be
horizontalrelation and vertical_relation, respectively. created in polynomial time from the TILING inputs that
Theorganizationconsists oN rows of N tiles that make contains a valid organization when a consistent mapping
up the mapping. The size of this corresponding templa¥ists, and does not contain a valid organization when no
grows linearly with the number of the TILING inputs, andnapping exists, TILINGS ODML-SAT.
thus can be constructed in polynomial time. U

The organizations derived from this template incorpo-
rate the elements of candidate mappings in the origifdieorem 4.4. ODML-SAT is NEXP-Complete
TILING problem. The high levebrganizationcontains
the N row nodes ofN tiles that make up th&l x N grid. Proof. By Lemmas[ZP anf4.3, and because TILING
Becausdile itself is abstract, each has-a relation must i itself NEXP-Completel(25), ODML-SAT is NEXP-
satisfied by one of then nodes present in the templateComplete. u

be nondeterministically discovered and validated in ex
nential time, it is in the NEXP complexity class. O
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organization

| horizontal_relation | |vertical_relation

h 01 h_10 v_oj%\

Figure 15: (top) An example ODML template used to reduce dN@& problem. (bottom) A valid organizational
instance created from that template.

4.2 Searching for Organizations trend of a constrained value, and bounding the search if

. . it can be determined that the constraint is unsatisfiable
These complexity results suggest that an optimal but cc;ﬁ%l

bi iy feasibl h techni h ks 1sed on that trend. For example, if a value is already too
inatorially feasible search technique that works for g{j,, 4 its trend indicates it will only increase as a result
search spaces is unlikely to exist. However, there m

be alaorithmi hni h " i el B¥later decisions, no further search needs to be performed
e algorithmic techniques that work for certain ¢ asses‘,%ng that branch of the decision tree.

problems, or offer benefits to all problems without a for- ] ) )

mal reduction in complexity. The strategies presented inFO" €xample, in the DSN domain a single agent can-
this section fall into this category. We will assume th&©t control more than one sensor. Eagenthas asen-
they are used as part of an initially exhaustive search§Scontrolledvalue, which is initially zero and later in-
the organizational space. The base assumption is thaCgimented using a modifier when it is bound teen-
organizational possibilities will be explored, and tha tr$° The one sensor per agent restriction is modeled by
techniques will eliminate, avoid or more efficiently find hard constraint in thagentnode, which specifies that
some of these possibilities. To be correct, a valid canggnsorscontrolled< 1, as shown in Figurl 1. Because
date with optimal utility (if one exists) must be present if€nsorscontrolledis only affected by theensomodifier,

the subset of those possibilities that remain after apglyits @0 only increase monotonically. Therefore, if the con-
the algorithmic technique. Additional search techniqué§@intis ever violated it will remain unsatisfied regasdle
not described here can be found inl(13), including hdd What subsequent decisions are made.

to avoid redundant search, the use of general mathematBecause a valid organizational instance cannot contain
cal solvers, the use of cached values and the inclusioruofatisfied constraints, if a constraint has become unsat-
homogeneity in the model to shrink the search space. isfied during the course of an organizational search it may
be reasonable to halt the search and backtrack from that
point. Two issues complicate this process. The first is
that constraints may be initially unsatisfied and only be-
One way of avoiding unnecessary branches in the seacoime satisfied through the course of the decision making
tree is to exploit the existence of hard constraints in tpeocess. The second is that, because values may change
model. This is accomplished by determining the numemnon-monotonically, a constraint that is currently satifie

4.2.1 Exploiting Hard Constraints
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or unsatisfied can change its state repeatedly during g]_%atisfiable(constraint)

instantiation process. A strategy that blindly backtracks (c.satisfiedyeturn true

when an unsatisfied constraint is observed is incorrect, ty— find_trend(c.LHS)

since valid organizations may potentially be missed in ei- te— find_trend(c.RHS)

ther case. _ if (ty = unknownv te= unknowi return true
Because a constrained value may change as a result of (ty = constant\ te= constan} return false

decisions made elsewhere in the model, for example when ¢ (ty = increasing/

a new modifier is instantiated or a choice is made for a (te = constant te= decreasiny) return false

variable the value is dependent on, one cannot determine (ty = decreasing\

the trend of a characteristic myopically. However, it is (te = constant te= increasing) return false

possible to make this determination through a wider in- oty true

spection of the relationships defined in the organizational

template. In particular, by evaluating the equations tﬁﬂ{d_trend(expressiore)

model the constraint and the modifiers that have the po- p _ e.dependencies

tential to affect its value, it is possible to estimate how 1 _ e modifiers

future decisions might affect the constraint’s satistaeti t — constant
Because this technique relies on features that can be de- ¢, (feDUM)
rived directly from the underlying model, it is domain- t; — find_trend (f)
independent. i 2

f of

The algorithm used to determine satisfiability is out-
lined in Figure[Ib. The process starts by determining
what fields the characteristic is dependent on by enumer-
ating the fields referenced by the characteristic's expres-
sion. For example, ik = a+ 2b, its set of fieldsD will
be {a,b}. The bounds and trend of each symbol’s value
must first be estimated to determine the treng. of

A symbol that has no dependents or incoming modi-
fiersis considered constant (fixed). The range of the value
may be determined immediately by evaluating its expres-
sion, and its trend will be to remaitonstant Symbols
which are not fixed reference other symbols that musigure 16: Pseudocode for the constraint satisfiability and
themselves be analyzed. This analysis process is théfend estimation procedures.
fore recursive.

Having determined the bounds and trend of a particular
symbol, one must also determine how it affects the valtiee trend of the modifier’s expression, and next determine
of the expression that references it. This can be donelgw the modifier can affect the constant’s value. This is
taking the partial derivative of the expression with respgeerformed in a manner similar to the analysis of the ex-
to the symbol in question. If both the derivative and tHeression’s dependent fields. The only difference is that
dependent symbol's trend are monotonic, then we mw partial derivative is calculated from a combined ex-
infer the behavior of the target’s value with respect to thakession that includes the potential cumulative effects of
symbol. If either is not monotonic then the target’s treriie modifier.
is considered unknown, which indicates the technique isif the effect of each dependent field and modifier is
not applicable. known and predictable and their aggregate effect is co-

Recall that modifier fields elsewhere in the organizherent, the overall trend of the expression’s value may be
tion can also affect a constant’s value. By searching testimated. For example, if all individual trends are in-
organizational template, it is possible to find any and altemental, the overall trend will bacreasing If all the
modifiersM that have the capacity of affecting a particunteractions decrease the value of the expressiondiis
lar constant. For each modifier one must first determineasing If some symbols have the capacity to decrease

if (ds.dependencies { f} A d¢is linear)

ti« O d¢(i.e., wrtf andt;, increasing
decreasingr constany

elsets < unknown

if (ty = increasingv t;= decreasiny
if (t =constantt « t;
else if(t; #t) t — unknown

else if(t; # constantt « t;

return t
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w7000 - not completed a single trial after three days of computa-

e O T— 0 tion. These results are consistent with the discussion and
2 g | e motivation presented above.
£ = The utility and significance of the benefit imparted by
% this technique depends on the model itself. In models
§ o | lacking constraints, or only containing constraints over
200 H non-monotonic characteristics, no performance improve-
mz | ‘ I I ments will be realized. In models possessing constraints
sipsecsum S sonso® over monotonic characteristics, the amount of improve-

ment will depend on how large the search space is, and
how much of that space can be avoided by the technique.

Figure 17: A comparison of the search time diffefy, e sensor.4 scenario, for example, the search space

ences with and W'thOUt the constraint estimation alg%'as relatively small so only modest gains were observed.
rithm across three different models. The space of the sensor-9 scenario was much larger be-
cause of the increased number of role assignments to

while others increase, the trend is considareknown  be made. Additionally, theensorscontrolledconstraint

In this way the trends of both the constraint's target ag@uld be checked early in the decision tree, as a violation
its expression may be determined. One can use this S detectable Immedlately after the ConﬂiCting sensor
formation to determine if the constraint is unsatisfiabl@!€ assignment was made. Applying the trend estimation
or potentially satisfiable. lis_satisfiablefunction returns technique early allowed very little work to be wasted, re-
false, then no organizational decisions exist that have §8ting in the dramatic savings in search time. Therefore,
ability to satisfy the constraint and the search should ba@though the performance gains are difficult to character-
track. A response of true implies either that such decisid€ in the general case, this shows that careful structuring
do exist, or conflicting trends make it impossible to dete?f the model can allow the designer to take advantage of
mine satisfiability using this particular analysis techreiq the technique.

The potential benefit of using this technique has been
demonstrated through a series of experiments, the results
of which are shown in FigurEl7. Three different modt-2.2 Equivalence Classes

els were contrasted in a pair of trials, one that bound the dtechni il di loits the id ;
search using the constraint trend estimate, and one that 4i§ Sécond technique we will discuss exploits the idea o

not. The two DSN models contain a constrained mongduivalence classes to reduce the search space. To do this,
tonic trend insensorscontrolled as described above. TheV® ml;JSt fo_rr?_aléze the \I/lafrlous ways that a has-ha relation
subset-sum model was included as an example becaudey de satls :e - Recal rom Sectign 3 mﬁgztt_ N Eet
contains a constrained non-monotonic trend. The seaPif10de templates present in an ODML modet,is the

process is deterministic, and the timing differences fBfP€ of has-a relatioh, andN.| is the set of is-a relations

identical trials on the same dedicated processor were ng%.?sessed by.nocNa Thepr, the set of node tempIaFes
ich can satisfy type either directly or because of in-

ligible, so only a single trial was performed for each tesf/ ! )
The subset-sum tests show how search performangé'tance’ can be defined as:

does not improve when using the technique in that do-

main, because its constrained value was non-monotonic.

The two other scenarios (sensor-4 and sensor-9) were per- N = |J N[(Nt=t)V (Jienii € Af)  (12)

formed using the DSN model, one with four sensors and Nexl

one with nine. The technique is seen to be quite beneficial

in that domain, as the time elapsed in the “without” trials Let A be the set of nodes that have previously been in-

quickly exploded while the “with” remained low. A thirdstantiated during the search and currently exist. Thgn

DSN scenario involving 18 sensors was also tested (bl domain of choices available to has-a relatiat this

is not shown), where the trials using constraint estimatiparticular point in the instantiation process, can be repre

finished after 2000 ms on average, and those without temthted as the set:

28



Although this segregation does not affect the combina-

, torics of the decision process in general, it can still have

Dh = U {a\JufacAat=Nit} (13) 4 significant impact on the running time of the search.
NEAGL Consider an extreme but common example from the DSN

al,, represents a newly created instancélofThe size model. Assume that 9agentshav_e been created so _far
: g the search process, all of which have been assigned

of Dy, grows with both the number of related templaté distinet | A de has b

and with the number of instances that have been crea{é)d. Its :an szn_tsorro teﬁ nelwt_se;sorn(: be ast._ f_ezn
Since this latter set necessarily grows as part of the p cated, and fiagenthas-a reiatiom must be satistied.
cess of instantiation, the domain of has-a relationshi thout using equivalence classes, there will be at. least
will tend to grow correspondingly, causing the decisio 0 alternatives to evaluate By. Next, let the equiv-

process to become more challenging as the instantiat fRnce relation=s; be defined to be true when tisen-
process progresses sorscontrolled value of both nodes are equal and false

If there arek such decisions which must be made t(())therW|se. Because all existing agents fall into a single

construct the organization, then the total number of Coﬁ,‘quwalence class, the quotient $aj/ =s; will contain

plete paths in the corresponding decision tree is on t‘ﬁ%ly two possibilities, thereby avoiding 98 redundant al-

order ofnk. However, many of these paths may be tﬁgrnatives that would otherwise have been examined.
same, or at least functionally equivalent. Consider the! Practice, the equivalence function for a particular de-
case where one is deciding upon an agent to serve &4SiPn is created using a setdiscriminatorsthat are as-
sector manager. There may be five previously instantiaffiated with the has-a relationship. Implicit in the way
agents, along with the option of creating a new agent, FQLS information is specified is the idea that different elgm
sulting in six elements in the decision’s domain. Furth&lon processes may have different equivalence functions,
assume that four of those agents are simply sensor coince the set of relevan_t characteristics may change in glif-
trollers, while the fifth is both a manager of a differerferent contexts, even if they share the same underlying
sector and a sensor controller. Note that choosing any §i@nain. For example, when searching for an appropri-
of the four sensor controllers will produce the same org®® agentto fulfill the sensorrole, one might discrimi-
nization, because they are functionally equivalent with réate based on the agersensorscontrolledfield. When
spect to this particular decision. By segregating this ag&garching for aragentfor the track managerrole, the
pool into a set of equivalent classes and choosing a dis@@ent's currencommunicatiorload may be paramount.
guished representative from each pool, the domain canfiseh discriminator set consists of a list of arbitrary ex-
cut in half to just three options. pressions similar to those described earlier. During in-
More formally, one may define thequivalence class stantiation, the search process calculates the value bf eac
[a] of a particular elemena € Dy, using an appropriateOf these expressions for each member of the candidate

equivalence relatiog=) over the set of elements B, S€t, which are then combined to produce a “fingerprint”
for the instance. The equivalence functienis defined

[a] = {o € Dpla = a} as equality over these fingerprints; instances which have
. . . ] the same fingerprint will fall within the same equivalence
This function may be used to derive thygiotient set 555, As above, a single member of each set may be
(Dn/ =) of the domain, consisting of all possible equivajseq to represent the entire class for has-a satisfactien pu
lence classes as created by the function. poses, thereby reducing the domain of the decision and
D/ == {Vaco, [} the consequent complexity of the search.

The potential benefits of using this technique are shown
Whenh must be satisfied, the quotient &t/ = can be in Figure[I8, which compares the number of organiza-
used in place oDy, choosing a single member of eactional alternatives (both valid and invalid) that are con-
class to act as the representative of that class when esalered with and without equivalence classes across four
uating alternatives. Because the quotient set is at mosD&N design problems. The “with” model has tken-
large as the original set, this provides the opportunity $or role create equivalence classesagentnodes using
reduce the search space, without a corresponding redtie-sensorscontrolledcharacteristic, as described above.
tion in utility. The search process is deterministic, so only one trial was
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for the decision points encoded in the organizational tem-
With equivalence classes Bl Without equivalence classes | plate. These decision points form the backbone of a cor-
T

10000000 —

1000000 —

100000 | responding decision tree, while a series of choices that
10000 form a particular organizational instance is a path from
1000 root to leaf through that tree. The search space can be
1007 cleanly partitioned at each vertex, where the decided path
7 [ I to that vertex is shared and the child choices may be di-
sensor3  sentors  sensor-9  sensor-12 vided as needed. Assuming that the individuals perform-
Mode! ing the search can be provided relatively equal portions
of that space without excessive communication overhead,
Figure 18: A comparison of the number of alternativdébe total search time can be significantly reduced by per-
that are considered with and without equivalence clas$esning multiple searches in parallel.
across four differently sized sensor networks. The modelsThe challenge in this design is dividing the search space
allowed designs with 3, 6, 9 and 12 total sensors, respggch that processing nodes are evenly loaded and no re-
tively. dundant work is performed. There are at least two ways
to create such a division. The direct approach is to analyze
) the space and divide it intoroughly equal-sized parts for
performed for each data point. The log-scale graph shoygn, available processors. If done correctly, this can max-
a dramatic decrease in the space of alternatives as the gjgse parallelism while minimizing inter-processor com-
of the organization grows, which correspondingly reducggnication. The difficulty in this approach is that it re-
the required time to search that space. The same optigigfes one to characterize the entire search space before a
organization was found in both trials for each model. Agyision is made, and it assumes that a series of equal di-
described above, this improvement occurs because m@Ryons can be devised from such a characterization. Be-
pf the candidate agents can be identified as redundant ggdse parts of the organizational space may only become
ignored. apparent as a result of other choices, efficiently creating
The significance of these results, and more generalych a characterization for an ODML template in the gen-
the amount of benefit that one can expect from using thig| case is not a simple process. A further complication
technique, depends on both the model and the designgfies in a mixed processor environment, where an “equal
choice of discriminators. In particular, if the space of-cagjvision” may have to take into account the capability of
didate decisions is small or highly varied, then the numbg target in addition to the size or complexity of the par-
of equivalence classes may not be much smaller, and th@fgned space that is provided.

may not be much observed benefit. Conversely, IargerBecause of these complications, we have employed an

Number of Alternatives

zational template, and 2) the names of their agent “neigh-
4.2.3 Parallel Search bors”, some subset of the agents. The search begins

when a single agent is told to begin searching. When-
A different approach to the search problem is to decomver an agent has no organizational space to search, it se-
pose the space and distribute it among a group of pruentially asks each of its neighbors for more work (i.e.,
cessors. This distribution is facilitated by the naturalgnother part of the organizational space). If the recipient
decomposable organizational space. Recall that the desuch a message has extra work, it partitions its local
sign process can be thought of as a series of choices mslce and gives the new fragment to the requester. The
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tions[£ 21 and 4212 is that it works on all models and

Original Partition A Partition B . e
: requires no modifications to a model to be used. The

103 ) ( 123 ) drawback is that it clearly requires additional physical re
T ” sources, and the amount of achievable speedup is lower.
+ + For example, a roughly linear improvement was observed
103 > < 1paa > with the distributed approach, while the search techniques
= o described earlier produced results that were orders of
v magnitude better in some cases. These techniques are not
mutually exclusive, and in practice the earlier search-tech
nigues are used without modification by the individual

participants in the distributed search to further improve
performance.

4.2.4 Model Abstraction

) S _ Improving the techniques used by the search process is
Flgurg 19: The pgrhhonmg of a local search tree. Stnkg-ot the only way that the efficiency of automated design
outs indicate visited choices, bolded are the currefiy pe improved. A different approach is to use abstrac-
choice, while a question mark indicates additional Ui, tg reduce elements of the structure to the simplest
known choices remain. form that still produces the desired level of accuracy. Un-

necessary or optional details may be removed or captured

. . . . v%/ith a probabilistic representation to eliminate branches
requester then stops its querying and begins searching Pﬁwe template which would otherwise add to the deci-

new space. This continues until the search is completea. S o
sion process, resulting in a smaller organizational space

The performance of the distributed search using dify,y 3 more tractable search problem. This strategy is used
ferent numbers of processing agents is shown _'n_F'g_l'EBedesign human organizations, such in supply chain op-
[20. These were produced from a series of optimizatighy,ation techniques that reason about entire companies,
searches on a template with an organizational space Qi the aggregate characteristics of those companies, not
taining approximately 12 million alternative designs.  ,4ividuals within those companies.

Figure[ZDa shows the amount of speedup that was obThe apility to represent organizational elements at an
tained, where an observed valueroindicates the trial gpjtrary level of abstraction in ODML is significant fea-
completed infth the time of the centralized solutionyyre that is absent from most other existing representa-
Both the observed and ideal performance profiles §gns, which typically require a complete structure down
shown. If the underlying processors used by the agef§she agent level. Because the model itself is changed
were uniform, the ideal speedup would be linear, achigyith this technique, it can potentially lead to an unde-
ing an times improvement if. In these experiments thegjraple oss of expressivity, but with care an appropriate
processor pool was not uniform, and therefore the idegJmpromise can usually be found. Critical details omit-
is weighted based on the measured performance of egel from the model may also be restored to a subset of
CPU. abstract candidates that have been found to be promising.

As can be seen, the distributed algorithm performs wellAn example of this approach is to truncate the model at
with respect to the ideal for this number of agents, frogbme point higher than the level actually used by the run-
which one can infer that the distribution process is efﬁﬁng system. For example, one could choose to model
cient and agents are spending the majority of their tind@ly the most pertinent aspects of an agent’s decision
searching the organizational space. The number of Mgfaking process. A more concrete example of this tech-
sages required to achieve these results is shown in Figeitfue is to not model down to the level of assigning roles
[Z0b, which indicates a roughly linear increase in messagindividual entities or agents, as shown in Fidie 21. Or-
ing as the number of processing agents increases.  ganizations derived from a truncated template will specify

The benefit that this approach offers over those in Sedaat roles exist, and where they are located in the orga-
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Figure 20: Characteristics of the distributed search udiffigrent numbers of processors. The speedup factor isshow
in (@), and the number of messages required in (b).

individual agent nodes. For example, it is more difficult
o to validate an individual agent’'s communication or work
- loads. Generic agent nodes can be retained to compen-

[environment] ‘mgdiator‘ sate for this loss of detail, but one will not be able to pre-
dict how the combined effects of multiple roles affect the
num_sources agent or its performance within the organization.
v The further implication of using this technique arises
from the fact that the resulting organizational instandé wi

no longer completely specify how it should be applied to
a set of resources and agents. Decisions that were previ-
|aggregator] [database] ously made during the design process must now be made

by an auxiliary process or at runtime. In the example
Figure 21: An information retrieval template derivedbove, roles must be assigned to specific agents before
from Figure[Ta that incorporates abstraction by elimindbe system can function. A second process must take the

ing the assignment of roles to distinct agents. agent population and map them to the nodes proscribed
by the selected organizational instance, which is itself a

search process (37). Although this late binding requires

nizational structure, but leave them otherwise unbouragiditional analysis after the design phase, our beliegis th
A separate, more detailed role-agent search could tliealso fosters increased context-sensitivity by prowidin
be performed on a subset of the discovered structuresadramework to support dynamic allocation. For exam-
a role assignment algorithm used to find an approprigtie, assume that theediatorrole has not been bound to
binding (301241 B). a particular agent at design time. At runtime, when the

This technique is analogous to those presented by D@ffual number and types of databases are known (as op-
fee in [10), which reduced complexity by using team-levepsed to the statistical averages used in the models), the
abstraction to leave specific agent assignments unbo@f@nizational design can be inspected to determine what
during coordination. If agents were heterogeneous or pegsources that role requires and what burdens it will place
mitted to take on multiple roles, this can reduce the sea®h the agent it is assigned to. That entity model, coupled
space exponentially. Even if agents were homogeneoly#h the new information obtained at runtime can be used
in a fully hierarchical structure this can cut the size ¢@ Select an appropriate agent to fill that role.
instances in half, which simplifies analysis and reducesThe exact amount of search space reduction that is ob-
memory consumption. The precision lost in this instanserved using these techniques is dependent on the partic-
stems from the details that were previously stored withiar manner in which the template changes are carried

num_sources
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Template| Decisions Valid Organizations Utility This demonstrates that number of possible assignments

Baseline|6,210,780,885 12341 692.86 of agents to roles can be quite large even for small or-

Abstract| 59,940 12 692.86 ganizations, so avoiding this process results in a tremen-
dous reduction in search space. The optimal organization

Table 2: Search results from two small-scale IRtempIatf%l.'Ind by the baseline template is shown in Fiduge 22. In

o : L Is case the optimal organization found in both searches
Utility is given for the optimal found organization. .
was the same, because there was no limit on the number

of agents and no cost associated with each agent. In gen-
eral one cannot assume that the optimal organization will

be retained in the modified model, and care must be taken
) as 58 to ensure that the space of possibilities is not adversely

affected.

database .
5 Conclusions
As was shown in Sectiolil 2, many different organiza-
tional representation languages have been created by re-
Figure 22: The optimal organization found by the baseligéarchers in the past. The ODML language defined in
template for the small-scale scenario. Section[B takes a fundamentally different approach to

solving this problem by offering a simple but quantita-
tively rich framework in which organizational character-

out. Some approaches will clearly be better than othéstics can be modeled. Unlike previous representations,
in terms of space complexity and achievable utility, art@DML eschews predefined structures and assumptions in
these must be weighed against the value of informatifavor of a general mathematical syntax. We believe this
lost through the modeling changes. approach leads to an increased diversity of representable

To demonstrate the effectiveness of this technique, taituations as well as an increased level of predictive Hetai
small-scale variants of the IR template were evaluaté@cking this information, those earlier efforts may be able
The design allowed up to five databases, up to two metti-describe the range of possible organizations, but they
ators, and the aggregators could have two, three or fewe generally not able to directly and computationally de-
sources. The number of agents was unbounded. Theehow or why one design is better than another in a
source node types are the same hierarchies discussegivien context.
Sectior 3.2, with a single level height restriction in the Section[ showed that ODML can be used to cap-
small scenario, and a three-level restriction in the largge many different organizational features across differ
(i.e., up to two aggregators with a database leaf). Tbat domains. These include a complete model of a real-
baseline template is shown in Figillle 7a. The second teswrld distributed sensor network architecture, whose pre-
plate employs abstraction, by not assigning a particuliictions were validated against the existing system it de-
agent to each role as shown in figlitd 21. Alternativebtrioes. Modeled characteristics include aggregate level
one could also view this model as creating a new agdaatures such as average RMS tracking error and commu-
for eachrole. nication disparity, as well as individual entity elements

The test results are given in Talfle 2, which shows tkach as communication load, role frequency and sensor
number of decisions made during the entire search, theage. A second complete model was generated for a
number of valid organizations that were found, and thiistributed information retrieval network, which was ver-
utility of the optimal found structure. These show a dré@ied through empirical comparison to a simulation envi-
matically smaller search space when abstraction is usedment that implements the concepts. This model incor-
which reduced the number of valid organizations that hadrates techniques from probability theory and queuing
to be evaluated by several orders of magnitude. The tieeory to predict the results of search and the probability
duction in decisions that were made was even greatinsity function of the organization’s response time. A

33



simpler model of a coalition was also discussed, showialy themselves, and the complexity of the resulting arti-
how organizations lacking any semblance of a hierarcfact. Both the DSN and IR models required a fair amount
may be represented, and providing some further insigbfsdomain and modeling expertise to create. Techniques
into rewards, costs and self-interested agents. were explored, revised and sometimes abandoned during
The result of these modeling efforts is to demonstréaigs process, but ultimately a useful, working artifact was
that it is possible to create quantitative organizationgiioduced. We contend that the majority of this complex-
models in ODML that accurately predict large and smaly is a product of the domains themselves; ODML just
scale performance. Such models can be used to find @nevides a means to express it. Existing organizational
evaluate candidate organizations or identify design wedkameworks generally lack the ability to represent such
nesses. More generally, they show that the flexible ag@ncepts, or they are specialized to capture a subset of
guantitative approach ODML employs can be an effectid@main-independent characteristics.
way to capture the behaviors of a realistic organization inSearching through the organizational space created by
a concrete and detailed way. these models is also difficult, particularly as the num-
In addition to their predictive qualities, the models tenier of decisions increases. This underscores the need
plates also describe the range of possible organizatioiapevelop good heuristics that can navigate the search
instances, using a pair of relatively simple decision typ&pace of common-case organizational designs. A benefit
This allows an ODML model to characterize the spa&é our approach is that it enables an efficient inner loop
of design alternatives, which can then be systematicaigy this search, by using the embedded web of equations
searched to enact the automated organizational dedigyfuickly evaluate candidate designs. Evaluating a par-
process. Sectiofl 4 proved the complexity of this précular ODML instance is orders of magnitude faster than
cess, which lead to the exploration of several approactiggning the trials needed to analyze a working system in
that have been employed to cope with that complexi§imulation or with a prototype. This ability means that
Techniques that exploited hard constraints and notionga®re designs can be searched in less time, which can cor-
equivalence used particular model features to achieve $ggpondingly increase the quality of the final result. I suf
nificant reductions in search time. A distributed approaéhiently accurate modeling techniques are notknown, itis
to the search that works with all models exhibited less iralso possible to exploit the strengths of both approaches,
pressive, but still worthwhile improvements. These aly using simulation trials to analyze a set of solutions pre-
currently unified in a single implementation that attempyéously culled by a model-based approach.
to use each technique where applicable, and is conser-
:/r?rt:)\{le where they are not. Fmally, we also showed thgfll Future Directions
gh changes to the model itself one can vary the levé
of abstraction and detail, directly affecting the size & thrhere are a number of areas where this work may be ex-
organizational space. Because these approaches mak@R@ed. Possibly the most ambitious would be its appli-
domain-specific assumptions, they demonstrate that itigtion to dynamic reorganization. Although the models
possible to create effective algorithms that address tﬂ'@scribed in Sectiom_z incorporate notions of Change,
general design problem. the resulting design is still static in the sense that that th
Although none of these techniques remove the fundaderlying principles that produced it are not reevaluated
mental complexity issues that arise as the general praipthe face of a changing environment, any static organi-
lem scales (notice that, for example, the trends in Figutestion is vulnerable to contextual changes that can render
[I3 that use the equivalence technique are still expongrinefficient or ineffective. We believe the search space
tial, but at a slower rate), they do allow classes of proprovided by the ODML model can be used to facilitate the
lems that would otherwise be intractable to be solveadaptation or reorganization of the running system. The
Of course, this is not an exhaustive study of such gesxisting model can first be reused as the basis for a model-
eral approaches, and we believe that in many casebaged diagnosis process that monitors for and evaluates
suitably crafted domain-specific approach can yield agperational faults, by comparing predicted charactessti
ditional benefits. to those that are observedi(14). Appropriate search strate-
A notable drawback to the detailed approach taken gies must then be developed to find organizational appro-
ODML is the level of effort needed to build the modpriate solutions in a timely manner. We feel ODML’s abil-
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ity to represent not just the space of adaptive solutiorts, iReferences
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A Information Retrieval ODML Model

This appendix contains the complete ODML listing for theommhation retrieval domain model described in Section
B22. The raw textual model given below contains additistraicture not shown in Figufd 7a. The key differences
include separating out theserandothermediatorroles, as well as the addition ofale node. These changes are for
modeling convenience only, and do not affect the earlienudision.

As with most ODML models, this one is structured with thrganizationcharacteristics defined first, followed by
a series of node definitions for the other entities in the wigion. Theenvironmenhode specifies a set of scenario
constants, and contains the two variables that decide zkeo$ithe search and query sets of the mediator. Ude
node is similarly used to store scenario information, irs tbése to define the rate at which queries will enter the
system.

The mediatorrole follows theuser, and begins by specifying theggentit will be bound to, and the number and
type of sourceentities that will exist below it. The mediatorank andquery probability are computed next, which
determine how likely it is the mediator will be selected t@apr a query. From this theork load can be deduced,
which is used to determine the probability distributionsa#éed in Sectioh’3:2.2. The service and response times are
computed last.

The othermediatornode is used to represent the mediators in the system thaitdmmpete with thenediator
but are still a distraction because they must be searchexigdilne first part of the query handling phase. They are
nearly identical to the normahediator except that they have remurceselow them.

The aggregatorand databasenodes are similar to mediators, except they do have haveatiiéng and query
probability computations. The locglueryrate of each is determined from the manager above it. This is used t
determine the work load and response times of the entity.

Theagentandregular_agentnodes contain a small number of default characteristicerdih, managemandsources
nodes do as well, although they serve a dual purpose in liefame the structural decision problems by providing
base types that the other entities may inherit.

The code for the model follows below.

<?xml version="1.0" encoding="UTF-8"?>
<organization name="content_organization">
<l-- Create the root level participants -->
<has-a name="env">environment(this)</has-a>
<has-a name="users" size="num_users">user(env, this)</ has-a>
<has-a name="mediators" size="num_topic_mediators">me diator(env, this)</has-a>
<has-a name="other_mediators" size="num_other_mediato rs">other_mediator(env, this)</has-a>

<l-- Some scenario values -->

<variable name="num_topic_mediators">1,2,3,4</variab le>
<constant name="num_users">1</constant>

<constant name="num_other_mediators">3</constant>

<constant name="total_mediators">num_topic_mediators

<l-- Gross organizational characteristics -->
<constant name="response_time">max(mediators.respons
<constant name="response_recall">forallsum(mediators
<constraint name="response_recall" op="&gt;=">0.70</c
<constant name="utility">response_recall

<l-- Data to log -->

<log name="organization_dot" file="organization-shape
>

<log name="utility">utility</log>

<log name="other_mediators">num_other_mediators</log

<log name="response_recall">response_recall</log>

<log name="response_time">response_time</log>

<l-- Environment -->
<node type="environment">
<param>organization:org</param>

+ num_other_mediators</constant>

e_time)</constant>
.recall_portion) / env.topic_size</constant>
onstraint>

* 10 - response_time / 100</constant>

.dot" append="false">todot(this, "true", "false")</log
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<constant name="topic_size">700</constant> <l-- Total a mount of topic data -->

<constant name="topic_query_rate">forallsum(org.user s.topic_query_rate)</constant>
<constant name="nontopic_query_rate">forallsum(org.u sers.nontopic_query_rate)</constant>
<constant name="message_latency">20</constant> <l-- Ti me to send a message -->
<constant name="query_service_rate">25/25</constant> <l-- Service rate to interpret query -->
<constant name="process_service_rate">1/200</constan t> <!-- Service rate to perform query -->
<constant name="response_service_rate">1/50</constan t> <l-- Service rate to interpret response -->
<variable name="search_size">1,2,3,4,5,6</variable> < I-- How far searches propogate -->
<variable name="query_size">1,2,3,4,5,6</variable> <! -- How far queries propogate -->
<constraint hame="search_size" op="&It;=">org.total_m ediators</constraint>
<constraint name="query_size" op="&It;=">org.num_topi c_mediators</constraint>
<constant name="search_set_size">search_size</consta nt>
<constant name="query_set_size">query_size</constant >
<constant name="search_probability">search_set_size / org.total_mediators</constant>
<constant name="mediator_query_rate">topic_query_rat e * search_probability

* min(1, query_set_size / org.num_topic_mediators)</cons tant>

<log name="topic_query_rate">topic_query_rate</log>

<log name="topic_size">topic_size</log>

<log name="query_set_size">query_set_size</log>

<log name="search_set_size">search_set_size</log>
</node>

<I-- Users -->

<node type="user">
<param>environment:env, organization:org</param>
<has-a name="agent">agent</has-a>

<constant name="query_limit">10000</constant>

<constant name="topic_query_rate">2/1000</constant>
<constant name="nontopic_query_rate">0/1000</constan >
</node>

<l-- Top Level Topic Mediators -->

<node type="mediator">
<param>environment:env, organization:org</param>
<is-a>manager</is-a>
<has-a name="agent">agent</has-a>

<has-a name="sources" size="num_sources">source(this, env)</has-a>

<variable name="num_sources">1,2,3,4,5,6,7,8</variab le>

<constant name="search_set_size">env.search_set_size </constant>

<constant name="query_set_size">env.query_set_size</ constant>

<l-- Determine the mediators rank, based on its percieved re call -->

<constant name="rank">1 + forallsum(forall(s, org.media tors.perceived_response_size,
0"max(perceived_response_size - s, 0) - 0 abs(perceived_ response_size - s)))</constant>

<constant name="rank_ties">forallsum(forall(r, org.me diators.rank,

0"abs(r - rank)))</constant>

<l-- Determine the probability the mediator will be queried ->
<constant name="query_probability">(search_set_size / org.total_mediators) *
(1 / choose(org.total_mediators - 1, search_set_size - 1)) *

forallsum(forrange(r, 0, query_set_size,
forallsum(forrange(g, 0, min(search_set_size, rank_tie s),
choose(org.total_mediators - rank - rank_ties + 1, search_ set_size - r - g - 1)
* choose(rank - 1, r)
* choose(rank_ties - 1, g)
* min(1l, (query_set_size - r) / (g + 1))

)
))</constant>
<constant name="data_size">forallsum(sources.data_si ze)</constant>
<constant name="topic_size">forallsum(sources.topic_ size)</constant>
<constant name="topic_percentage">topic_size / data_si ze</constant>
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<constant name="actual_response_size">topic_size</co nstant>
<constant name="perceived_response_size">topic_size< /constant>
<constant name="recall_portion">query_probability * actual_response_size</constant>

<l-- Determine the work load the mediator will see -->

<constant name="query_rate">query_probability * env.topic_query_rate
+ (1 - topic_percentage) * env.nontopic_query_rate</constant>

<constant name="response_rate">0</constant>

<constant name="arrival_rate">query_rate</constant>

<constant name="service_rate">env.response_service_r ate / num_sources</constant>
<constant name="effective_service_rate">arrival_rate / agent.work_load</constant>
<constant name="poisson_rate">effective_service_rate - arrival_rate</constant>
<constraint name="arrival_rate" op="&It;=">effective_ service_rate</constraint>
<modifier name="agent.work_load" op="+">arrival_rate / service_rate</modifier>
<constant name="local_pdf_list">forrange(x, 0, (dist_r ange / dist_step),
poisson_rate * e°(- poisson_rate * (x) = dist_step) / * Exp pdf f(x) */
)</constant>
<constant name="local_cdf_list">forrange(x, 0, (dist_r ange / dist_step),
1 - e°(- poisson_rate * (x+1) =+ dist_step) / * Exp cdf F(x)  */
)</constant>
<constant name="source_pdf_list">forrange(x, 0, (dist_ range / dist_step),
forallprod(forall(s, sources, listitem(s.cdf_list, X))
* forallsum(forall(s, sources, listitem(s.pdf_list, x) / | istitem(s.cdf_list, x)))
)</constant>
<constant name="source_cdf_list">forrange(x, 0, (dist_ range / dist_step),
forallprod(forall(s, sources, listitem(s.cdf_list, x))
)</constant>
<constant name="pdf_list">forrange(x, 0, (dist_range / d ist_step),
forallsum(forrange(i, 0, x+1,
listitem(source_pdf_list, i) * listitem(local_pdf_list, x - i) * dist_step
)
)</constant>
<constant name="cdf_list">forrange(x, 0, (dist_range / d ist_step),
forallsum(forrange(i, 0, x+1,
listitem(source_pdf_list, i) * listitem(local_cdf_list, x - i) * dist_step
)</constant>
<log name="pdf" file="pdf.dat">forrange(x, 0, (dist_ran ge / dist_step),
[(x =* dist_step) + overhead_time, listitem(pdf_list, x)]
)</log>
<l-- Determine service and response times -->
<constant name="service_time">forallsum(forrange(x, 1 , (dist_range / dist_step),
(x * dist_step) * (listitem(pdf_list, x) * dist_step)
))</constant>

<constant name="overhead_time">

env.message_latency / * Query down from user  */

+ env.message_latency / * Search to mediators */

+ env.message_latency / * Search reply from mediators */

+ env.message_latency / * Query to mediators */

+ env.message_latency / * Query down to sources */

+ max(sources.overhead_time) / * Subordinate overhead */

+ env.message_latency * Response from mediators */

+ env.message_latency / * Response up to user  */
</constant>
<constant name="response_time">overhead_time + service _time</constant>

<log name="topic_size">topic_size</log>

<log name="rank">rank</log>

<log name="query_probability">query_probability</log >
<log name="response_time">response_time</log>

<log name="poisson_rate">poisson_rate</log>

<log name="query_rate">query_rate</log>

<log name="service_rate">service_rate</log>

<log name="response_rate">response_rate</log>

<log name="service_time">service_time</log>
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</node>

<l-- Non-Topic Mediators -->

<node type="other_mediator">
<param>environment:env, organization:org</param>
<is-a>manager</is-a>

<has-a name="agent" discriminator="work_load">agent</

<constant name="sources">list()</constant>
<constant name="num_sources">0</constant>

<constant name="search_set_size">env.search_set_size
<constant name="query_set_size">env.query_set_size</

<constant name="query_rate">query_probability
+ (1 - topic_percentage)
<constant name="response_rate">0</constant>
<constant name="overhead_time">
env.message_latency +
env.message_latency
</constant>
<constant name=
<constant name="service_rate">1</constant>
<constraint name="query_rate" op="&It;=">service_rate

<constant name="rank">1 + forallsum(forall(s, org.media
0"max(perceived_response_size - s, 0) - 0"abs(perceived_

<constant name="rank_ties">forallsum(forall(r, org.me
0"abs(r - rank)))</constant>

response_time">overhead_time</consta

has-a>

</constant>
constant>

* env.topic_query_rate
* env.nontopic_query_rate</constant>

/ * Query down =*/
/* Response up */

nt>
</constraint>
tors.perceived_response_size,

response_size - s)))</constant>
diators.rank,

<constant name="query_probability">(search_set_size / org.total_mediators) *
(1 / choose(org.total_mediators - 1, search_set_size - 1)) *
forallsum(forrange(r, 0, query_set_size,

forallsum(forrange(g, 0, min(search_set_size, rank_tie S),

choose(org.total_mediators - rank - rank_ties + 1, search_

* choose(rank - 1, r)
* choose(rank_ties - 1, g)

* min(1, (query_set_size - r) / (g + 1))

)

))</constant>
<constant name="
<constant name:
<constant name=

data_size">forallsum(sources.data_si
opic_size">forallsum(sources.topic_

<constant name="actual_response_size">topic_size</co

<constant name="perceived_response_size">topic_size<
<constant name="recall_portion">query_probability

<log name="topic_size">topic_size</log>

<log name="rank">rank</log>

<log name="query_probability">query_probability</log
</node>

<l-- Mid-Level Aggregation Nodes -->

<node type="aggregator" recurse="5">
<param>manager:manager,environment:env</param>
<is-a>source(manager,env)</is-a>
<is-a>manager</is-a>

<has-a name="agent" discriminator="work_load">agent</
<has-a name="sources" size="num_sources">source(this,

<variable name="num_sources">2,3,4</variable>

<constant name="query_rate">manager.query_rate</cons

<constant name="response_rate">0</constant>

<l-- Determine the work load the aggregator will see -->

<constant name="arrival_rate">query_rate</constant>
<constant name="service_rate">env.response_service_r
<constant name="effective_service_rate">arrival_rate
<constant name="poisson_rate">effective_service_rate
<constraint name="arrival_rate" op="&It;=">effective_
<modifier name="agent.work_load" op="+">arrival_rate /

opic_percentage">topic_size / data_si

set_size - r - g - 1)

ze)</constant>
size)</constant>
ze</constant>

nstant>
/constant>
* actual_response_size</constant>

has-a>
env)</has-a>

tant>

ate / num_sources</constant>
/ agent.work_load</constant>
- arrival_rate</constant>
service_rate</constraint>
service_rate</modifier>
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<constant name="local_pdf_list">forrange(x, 0, (dist_r ange / dist_step),

poisson_rate * €"(- poisson_rate * (x) * dist_step) / * Exp pdf f(x) */
)</constant>
<constant name="local_cdf_list">forrange(x, 0, (dist_r ange / dist_step),

1 - e°(- poisson_rate * (x+1) * dist_step) / * Exp cdf F(x) =/
)</constant>
<constant name="source_pdf_list">forrange(x, 0, (dist_ range / dist_step),

forallprod(forall(s, sources, listitem(s.cdf_list, x))

* forallsum(forall(s, sources, listitem(s.pdf_list, x) / | istitem(s.cdf_list, x)))
)</constant>
<constant name="source_cdf_list">forrange(x, 0, (dist_ range / dist_step),

forallprod(forall(s, sources, listitem(s.cdf_list, X))
)</constant>
<constant name="pdf_list">forrange(x, 0, (dist_range / d ist_step),

forallsum(forrange(i, 0, x+1,

listitem(source_pdf_list, i) * listitem(local_pdf_list, x - i) * dist_step

)</constant>
<constant name="cdf_list">forrange(x, 0, (dist_range / d ist_step),

forallsum(forrange(i, 0, x+1,

listitem(source_pdf_list, i) * listitem(local_cdf_list, x - i) * dist_step

)</constant>

<l-- Determine the service and response times -->

<constant name="service_time">forallsum(forrange(x, 1 , (dist_range / dist_step),
(x * dist_step) * (listitem(pdf_list, x) * dist_step)
))</constant>

<constant name="overhead_time">

env.message_latency /* Query down to sources */
+ max(sources.overhead_time) / * Subordinate overhead */
+ env.message_latency / * Response up to manager =/

</constant>

<constant name="response_time">overhead_time + service _time</constant>

<constant name="data_size">forallsum(sources.data_si ze)</constant>

<constant name="topic_size">forallsum(sources.topic_ size)</constant>

<modifier name="manager.response_rate" op="+">respons e_rate / num_sources</modifier>

<log name="data_size">data_size</log>

<log name="topic_size">topic_size</log>

<log name="response_time">response_time</log>
<log name="poisson_rate">poisson_rate</log>
<log name="service_time">service_time</log>

</node>

<l-- Leaf Source Nodes -->

<node type="database">
<param>manager:manager,environment.env</param>
<is-a>source(manager,env)</is-a>
<has-a name="agent" discriminator="work_load">agent</ has-a>

<l-- Determine the work load the aggregator will see -->
<constant name="query_rate">manager.query_rate</cons tant>

<constant name="arrival_rate">query_rate</constant>

<constant name="service_rate">env.process_service_ra te</constant>
<constant name="effective_service_rate">arrival_rate / agent.work_load</constant>
<constant name="poisson_rate">effective_service_rate - arrival_rate</constant>
<constraint name="arrival_rate" op="&It;=">effective_ service_rate</constraint>
<modifier name="agent.work_load" op="+">arrival_rate / service_rate</modifier>
<constant name="local_pdf_list">forrange(x, 0, (dist_r ange / dist_step),
poisson_rate * e°(- poisson_rate * (x) = dist_step) / * Exp pdf f(x) */
)</constant>
<constant name="local_cdf_list">forrange(x, 0, (dist_r ange / dist_step),
1 - e°(- poisson_rate * (x+1) =+ dist_step) / * Exp cdf F(x) */
)</constant>
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<constant name="pdf_list">local_pdf_list</constant>
<constant name="cdf_list">local_cdf _list</constant>

<constant name="service_time">forallsum(forrange(x, 1 , (dist_range / dist_step),
(x * dist_step) *  listitem(pdf_list, x) * dist_step
))</constant>

<constant name="overhead_time">

env.message_latency /* Response up to manager
</constant>
<constant name="response_time">overhead_time + service _time</constant>

<constant name="data_size">100</constant>
<constant name="topic_percentage">0.8</constant>
<constant name="topic_size">data_size * topic_percentage</constant>

<modifier name="manager.response_rate" op="+">query_r ate</modifier>

<log name="data_size">data_size</log>

<log name="topic_size">topic_size</log>

<log name="response_time">response_time</log>

<log name="poisson_rate">poisson_rate</log>
</node>

<I-- Agents -->
<node type="agent" abstract="true">
<constant name="work_load">0</constant>
</node>
<node type="regular_agent’ name="agent" size="50">
<is-a>agent</is-a>
</node>

<l-- Types -->

<node type="manager" abstract="true">
<is-a>role<fis-a>
<constant name="response_time">0</constant>
<constant name="query_rate">0</constant>

</node>

<node type="source" abstract="true">
<is-a>role</is-a>
<param>manager:manager,environment.env</param>
<constant name="response_time">0</constant>
<constant name="topic_size">0</constant>
<constant name="data_size">0</constant>

</node>

<node type="role" abstract="true">
<constant name="e">2.71828183</constant>
<constant name="dist_step">10</constant>
<constant name="dist_range">4000</constant>
</node>

</organization>
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