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ABSTRACT
This research describes a formal method for transforming
abstract qualities into concrete specification in the form of
policies within a multiagent system design methodology.

Categories and Subject Descriptors
D.2.1 [Software Engineering]: Requirements/Specifications—
Methodologies; F.3.1 [Logics and Meanings of Programs]:
Specifying and Verifying and Reasoning about Programs—
Specification techniques; I.2.11 [Artificial Intelligence]:
Distributed Artificial Intelligence—Multiagent systems

General Terms
Design, Perfomance, Reliability, Theory.

Keywords
Agent Oriented Software Engineering, Multiagent Systems,
O-MaSE, Policy, Law, guidance.

1. INTRODUCTION
Organization-based multiagent systems engineering has

been proposed as a way to design complex adaptable sys-
tems [1]. Agents interact and can be given goals depending
on their individual capabilities. The system designer is faced
with the task of designing a system to not only meet func-
tional requirements, but also non-functional requirements.
We view these non-functional requirements as abstract qual-
ities of the system. The system designer requires tools to
help them generate specifications and evaluate design de-
cisions early in the design process. The approach we are
taking is to first generate a set of system traces (possible
execution paths) using the models generated at design time.
Second, we analyze the system traces using additional infor-
mation provided by the system designer. Third, we generate
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a set of policies that will guide the system toward certain
abstract qualities.

2. QUALITY METRICS
ISO 9126 [2] defines a set of qualities for the evaluation

of software. This document breaks down software qualities
into six general areas: functionality, reliability, usability, ef-
ficiency, maintainability, and portability. These characteris-
tics are broad and may apply in different ways to different
types of systems. In our research, we identified a group of
metrics that evaluate multiagent system traces in order to
illustrate our concepts. Each metric is formally defined and
may be measured precisely over the current system design.

2.1 System Traces
The set of system traces form a tree. We use this structure

to determine what choices to make at each decision point in
order to maximize (or minimize) some metric. The choice
may be what role or what agent to use to achieve a goal,
or even what goal to pursue (in the case of OR goals). The
divergence in the traces may also happen due to changes in
goal parameters, which are normally beyond the control of
the system. Thus, the metrics and policies generated may
need to take into account some aspect of the goal parameter.

We used Bogor [3] to generate the system traces using the
models defined by the the Organization Model for Adaptive
Computational Systems (OMACS) [1] meta-model. Bogor is
an extensible, state of the art model checker. The traces con-
sist of a sequence of agent goal assignment achievements. We
generate only traces in which the top-level goal is achieved
(system success).

2.2 Efficiency
We are using a trace-length based definition of efficiency.

The shorter the trace the more efficient is the top-level goal
achievement. Our strategy here is to make assignments such
that we minimize the total expected trace length. This min-
imization will be dynamic in that it will take into consid-
eration the current trace progress. Thus, we consider goal
achievements the system has made when determining short-
est trace length to pursue. We then convert this logic stati-
cally into a set of policies that when enforced will exhibit the
same behavior as a minimization algorithm, given current
system goal achievements. Given the initial system state, we
prefer to make assignments to achieve the overall shortest
path. Thus, we will generate directing policies proscribing
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assignments (they may still have multiple options).
Expected trace length is defined in Formula 1.

ExpLength(ξ) =

nX

i=1

1

1 − pfi

(1)

ξ represents a single trace, while pfi is the probability of fail-
ure for the assignment achievement i within that trace. An
assignment achievement is the accomplishment of a goal that
was assigned to an agent. Thus, an assignment achievement
failure is a failure of the agent to complete its assignment.
The assignment achievement failure probability is defined in
terms of capability failure given the assignment. The prob-
ability of failure for the agent goal assignment achievement
(pfi) is the maximum of the probability of failure for all the
capabilities required for the role in the assignment:

pfi = max
cx∈capreq(Asi)

Pf(cx, Asi) (2)

It is evident here that some traces will have an infinite ex-
pected length (when the failure probability is 100%).

The failure probabilities may be represented as a matrix.
For a given capability, only certain portions of the assign-
ment may be relevant to the probability of failure. In these
cases, the matrix may be collapsed to a more compact rep-
resentation.

2.3 Quality of Product
Quality of achieved goals falls under the ISO software

quality of Functionality. Here we define quality as a measure
of the quality of goal achievement. Quality of goal achieve-
ment may depend on the Role, Agent, and Goal Instance
(including parameters). In our analysis, we limit ourselves
to these influences although goal achievement quality may
also depend on such things as environment, history of the
system, and current assignments.

Certain roles may obtain a better result when achieving
certain goals, likewise certain agents may play certain roles
better than other agents. These properties can be known
at design time. Usually this intuition is known by the im-
plementers and they may manually design an agent goal
assignment algorithm to favor these assignments.

For our analysis and experiments, we mapped assignments
to scores. The higher the score, the higher the quality of
product. The scores can be specified over the entire assign-
ment, or just portions. For example, role R1 may achieve
goal G1 better than role R2 when the parameter of G1 is of
class x. A designer could also specify agents who produce
higher quality products and thus may be part of the score
determination.

To analyze an entire trace, we score the trace by comput-
ing the average quality of product. We realize some products
may be more important than others. Without loss of gener-
ality, however, we use a simple average as given in Formula 3
(the analysis could potentially include a more-important re-
lationship between products). Let ξi be the ith agent goal
assignment in trace ξ of length n.

Qual(ξ) =
nX

i=1

score(ξi)

n
(3)

2.4 Reliability
Sometimes failure should be avoided at all costs, thus,

even if there is a probabilistically shorter trace, it could be

the case that we choose the longer trace because we want
to minimize the chance of any failure. Formally, we want to
minimize goal assignment failures. We do this by minimizing
the probability of capability failure. Our strategy here is to
pick the minimal failure trace given the current completed
goals in the system.

We can use the capability failure matrix defined for Effi-
ciency. The score we are trying to minimize is defined as:

Fail(ξ) =
nX

i=1

pfi (4)

Where pfi is defined as in the Efficiency metric (the proba-
bility of failure of assignment i within trace ξ).

It is important here to see the distinction between Relia-
bility and Efficiency. Efficiency is concerned with minimiz-
ing the expected trace length, while Reliability is concerned
with minimizing the total number of failures. Thus, if we
are pursuing Efficiency, we may choose a path in which there
may be some failures, even through there is a path with no
failures, because the expected trace length is shorter in the
path with failures. Reliability will always choose the path
with less expected failures, even if the path is longer than
another.

3. CONCLUSIONS
We have provided a framework for stating, measuring, and

evaluating abstract quality requirements against potential
multiagent system designs. We do this by generating poli-
cies that can be used either as a formal specification, or
dynamically within a given multiagent system to guide the
system toward the maximization (or minimization) of the
abstract quality constraints. These policies are generated
offline, using model checking and automated trace analysis.

These policies can be seen to guide the system toward the
abstract qualities as defined in the metrics. Our experiments
showed significant performance, quality, and reliability in-
creases over a system using the same models, but without
the automated policy generation.

4. ACKNOWLEDGMENTS
This research was performed as part of grants provided

by the Air Force Office of Scientific Research (FA9550-06-1-
0058) and the National Science Foundation (IIS-0347545).

5. REFERENCES
[1] S. A. DeLoach, W. Oyenan, and E. T. Matson. A

capabilities based theory of artificial organizations.
Journal of Autonomous Agents and Multiagent
Systems, 2007.

[2] ISO. ISO/IEC: 9126 Information technology-Software
Product Evaluation-Quality characteristics and
guidelines for their use. International Organization for
Standardisation (ISO), 1991.

[3] Robby, M. B. Dwyer, and J. Hatcliff. Bogor: An
extensible and highly-modular model checking
framework. In Proceedings of the Fourth Joint Meeting
of the European Software Engineering Conference and
ACM SIGSOFT Symposium on the Foundations of
Software Engineering (ESEC/FSE), pages 267–276,
2003.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 36
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 36
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 36
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings with Distiller 7.0 or equivalent to create PDF documents suitable for IEEE Xplore. Created 29 November 2005. ****Preliminary version. NOT FOR GENERAL RELEASE***)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


