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AbstracPIn resource- ow systems, e.g. production lines, This paper also shows how to pragmatically combine a top-
agents are processing resources by applying capabilities to them down approach for the design of agent-based systems with a
in a given order. Such systems pro®t from self-organization as p,,1om-yp approach for the design of inter-agent coordination.
they become easier to manage and more robust against fallures.Wh.I th t interol f the t ts i t full
This paper proposes a decentralized coordination process that e the exac _|n erplay o € two concepts 1S not fully
restores a system's functionality after a failure by propagating €laborated here, it already becomes clear that both approaches
information about the error through the system until a ®tting are not necessarily orthogonal but that it is bene®cial to
agent is found that is able to perform the required function. The combine both views.
mechanism has been designed by combining a top-down design g haner s structured as follows: in the following section,

approach for self-organizing resource- ow system and a systemic ..
modeling approach for the design of decentralized, distributed t_he ODP, as a conceptual model for self-organizing resource-

coordination mechanisms. The systematic conception of the inter- OW Systems, is discussed and a prominent application sce-
agent process is demonstrated. Evaluations of convergence as welhario, i.e. production automation, is introduced. In Section

as performance are performed by simulations. I, a programming model for self-organization is introduced.
Subsequently, the intended coordination dynamics of self-
I. INTRODUCTION organizing resource- ow systems are presented (see Section

IV) and the realization of a decentralized role allocation
A key driver in the development of autonomous and autetrategy is discussed and evaluated (Section V). Finally, we
nomic systems is the handling of complexity in large appleonclude and give prospects for future work.
cations that consist of a great number of interacting entities.
Traditional management and failure-handling approaches are!l- DESIGN OFSELF-ORGANIZING RESOURCEFLOW
no longer applicable as they do not scale well with the size SYSTEMS
of the systems and the communication required by a centraln production automation systems, resources are transported
management becomes prohibitive, even with modern highetween machines to subject these work peaces to a speci®c
speed networks. Therefore, engineers and computer scientgiguence of work steps. The sequence of machines is typically
turn to self-organization as a means to deal with large complstatic. The machines that process the resources are highly
systems and to keep up with the growth of such applicatiorspecialized and only have one particular capability, i.e. an
In this paper, we present a self-organizing process for thaividual operation, they can apply to the resources. The
class of self-organizing resource- ow systems. This class caansport of resources is ®xed as well, e.g. by a static layout of
be applied to a great variety of domains such as productioanveyor belts. This rigid structure simpli®es the management
automation and logistics and systems in it can be modelbdt has far-reaching implications, since recon®gurations are
with the Organic Design Pattern (ODP) [1]. The decentralizeabstructed. The complete system has to be halted when
process proposed here is analyzed and modeled with thternal errors make a single system component inoperable.
tools provided by the SodekoVS project [2]. Changes in th&djustments of the production process have to be carried out
con®gurations of agents propagate through the system likestopping the system and retooling machines.
a wave until the system in its entirety has restored a stableA visionary alternative are “exible, agent-based production
state. During recon®guration, parts of the system that are hiogs that enable failure tolerance. Machines can autonomously
affected by the process or have already been recon®guredracen®gure and transports of resources are carried ocag-by
still able to resume their normal work. Evaluations show thi®enomous guided vehiclé8GVs). Such a scenario is depicted
quick convergence to stable states and the recon®gurationBig. 1 where robots process a car body which is transported
only affect system partitions. between the processing stations by autonomous carts.
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this class of systemSelf-Organizing Resource-Flow Systems  [consume! Condition |/ econditon {isConsumerRole(),
. . . . isProducerRole(),
Their basic structure can be described with the ODP [3] _postondion Task-Equalty}

which de®nes the elements that constitute the system and Process| —— !
their relationship as shown in Fig. Zaskde®ne the required T
processing ofresources Processing steps are carried out by  Fig. 2. The elements of the ODP for Resource-Flow Systems.
agents The states of resources are modi®ed by applying

capabilities Agents have a set of capability available and

exchange resources, based on the shop layioputs and hold during the entire runtime of the system. Whenever the
output§. Which capability an agent applies and with whiclinvariants are violated, the system has to be recon®gured to
agents it exchanges resources is determined tojed. Roles ful®ll the invariants againRestore Invariant Approacks]).

have a precondition that describes where the resourceTl®e individual agents are able to monitor local invariants and
coming from, which state it has, and which task has to hbus implement the observation part of the O/C. The controller
performed on it. They also have a postcondition that describgart of the O/C is then responsible to calculate a new allocation
to which agent the resource has to be given and which state afdoles that restore the resource- ow and ensure that each
task it has after the agent has processed it. Most importantigent has a role that ®ts its capabilities and its input/output
the role de®nes theapabilitiesToApplyi.e., what an agent is relationship with other agents. How this calculation is done,
supposed to do with the resource. however, is not speci®ed at this point.

To ful®Il the tasks for a resource (i.e., to apply the correc
capabilities in the correct order), a resource- ow is establishe
by the allocation of roles to agents that determines how theln the research project °Selbstorganisation durch Dezentrale
resource is moved through the system and processed on Kgerdination in Verteilten Systemef°(SodekoVs) [2], a
way. This means the combination of the roles of the agents B§pgramming technique is developed that allows to equip
their pre- and postconditions respectively, is a connected chapftware systems with self-organizing features. The self-
of agents along which resources in the system are forward¥@anizing inter-agent process is described by discrete design
and processed. There is usually one such chain or resou@éments [6]. This enforces a conceptual separation of the
“ow for each task that has to be ful®lled in a system. Ead@@ent functioning and the coordination, i.e. the correlation of
agent, however, can participate in more than one resource- @@ent activities.
and thus be involved in several tasks at the same time. First, a modeling level for the description of inter-agent

The interactions between the agents to handle resourcesSgé-organization is provided. This modeling level supplements
also de®ned on the abstract system class level and carA@@nt-oriented software engineering practices with an orthog-
inherited by applications based on the ODP. They descri§al description level that concerns the dynamic properties of
amongst other things, the handover of resources and ffgent-based software systems [6]. The driving force of self-
detection of agent failures with a heartbeat mechanism. Tigganizing dynamics are distributed feedback loops among
way, both a formal analysis of the system class [3], generaliz8stem elements [7]. These result from the mutual in uences
mechanisms to deal with problems in the system class st&RONg system elements and control how uctuations in the
as deadlocks [4] as well as a generic runtime environment @{stem context are disseminated and collectively responded to.
become feasible. The systemianodeling level addresses the description of these

The ODP also contains aDbserver/Controlle(O/C). This Nnetworks of in‘uences and it has been found that the visual-
element of the system structure is the abstract extensig@tion of the mutual interdependencies of system elements
point for the self-organization or recon®guration mechanist, Useful for the anticipation of the dynamics that software
Correct system behavior is de®ned by invariants that haveS¥stems are able to exhibit [8], [6]. Using a graph-based

modeling approachSystem Dynamic®] modeling concepts

1please note that some of the terminology used in ODP has a sligh@j€ Specialized for describing Multi-agent systems (MAS).

different semantics than the same terms in agent-oriented software engineering
due to the historic roots of ODP. 2Self-Organisation by Decentralized Coordination in Distributed Systems

|. SYSTEMIC PROGRAMMING OF SELF-ORGANIZATION
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(ACBG) [10]. The nodes in this graph-based modeling level i =Nl Manipulation
represent system variables that characterize the macroscop | agent | =>..> | Agent Agent o Copraimation Level
state of a MAS. These describe the number of agents that shov. | (LA ok : Agplicaton-Level
a speci®c b(_ahawor,_e.g. play a role. In addmor_l, the curr(_anl =l o implementation
value of an interaction rate can be denoted with a speci®c ﬂ%‘ Element
node type. The links among these variables denote mutua A
in‘uences and interdependencies. In this respatiences [ System-Level |
denote additive or subtractive contributions to node values, - Coordination Layer . fostrecten
e.g. when the activity of an agent mcreases_or decrea > 3. The SodekoVS-Architecture for the embedding of decentralized
the stock of a warehousénterdependenciedescribe causal coordination in MAS [17].
relations where the activities of agents are mutually linked,
e.g. the number of hypothetical service requesters in a system
is expected to be positively linked to the number of activatior@®ordination is exempli®ed in the Sections IV and V. A
of service providers. When the number of requesters increagg®)®guration language [10] allows to map ACBGs to agent-
the number of activations increases as well and vice versabased software systems. These mappings describe the realiza-
Secondly, a programming model that allows the enactméin of in uences among agents, i.e. the coordination-related
of ACBG-based prescriptions of self-organization processteglic that controls the initiation, participation, and reaction to
[11], [10] facilitates application development. The key elemeiiteractions as well as the media that mediate interactions. The
is a distributed architecture for the enactment of decentralizégftailing of these models, as a systematic programming effort,
inter-agent processes (cf. Fig. 3) [11]. This architecture senisgiot discussed in this article but details on the con®guration
as a reference model for the integration of ACBG-based process enactments can be found in [17].
processes in MAS. It provides a conceptual framework for
®tting in different self-organization mechanisms and follows
a layered structure. The topmost layeékpplication Layey In [18], the systematic integration of decentralized coordi-
contains the realization of an agent-based application. Thation strategies in MAS has been discussed. The conception
contained agents are understood as self-contained providarthe appropriate coordination is approached by modeling the
of functionalities Application Functionality. The contained problematic, unintended behavior of applications. Based on the
agents individually control their activities and an underlyingdenti®cation of theProblematic Dynamica corresponding
Coordination Layerenables the purposeful affecting of agentSolution Dynamids derived that supplements the application
to concert the localized activities and establish collectiigehavior with additional interdependencies and inter-element
behaviors. feedbacks to correct the system behavior and alleviate unin-
The Coordination Layer describes agvent-based dis- tended effects.
tributed system{12], which allows to realize mutual inu- The Problem Dynamic of an ODP-based resource- ow
ences among system elements. These in uences correspsystems is illustrated in Fig. 4 (right). Initially, agents are
to relations in ACBG-based models of inter-agent processesnning and one or several roles are allocated to them which
thus the layer is a means to enact the described processear@ executed in order to process resources. Random errors
MAS. The establishment of inter-agent in uences, particularipake it impossible for the agent to apply one or more of
for the construction of self-organizing systems, is based @s roles. The adoption of roles that can not be applied is
two types of mechanisms [13], i.e. techniques for the infocontrolled by a "uctuating rateRF interrup) that is positively
mation exchange among agents (e.g. reviewed in [14]) amduenced by the availability of running, thus breakable,
mechanisms for the (adaptive) adjustments of agents (amaggnts and the changing number of error eveltsof). This
others classi®ed in [15]), due to the perceived informatioate describes theesource- owgRF) that are interrupted, due
(see Section VI). The Coordination Layer contains two typés the breaking of agents. These failures within individual
of functional elements for the encapsulation of these aspeagents limit the number of running agents (negative link), thus
Coordination Mediaare conceptual containers of so-relatethe problematic system behavior is dominated by a negative
interaction infrastructures. Speci®c interaction modes, e.g. fhedback loop ().
mediation by an environment [16] or Linda-like tuple spaces, If not handled, this dynamic causes the number of agents
are encapsulated and reused by a generic interfaceQbbf- that are not running to increase over time. The design of
dination Endpointsnteract on behalf of agents via these median appropriate Solution Dynamic concerns the derivation of
and are able to in uence the agent execution. These elemesgent behaviors that counteract this unintended effect. A very
are used to encapsulate and automate the coordination-relgfederal structure is given on the left hand side of Fig. 4.
activities. These activities concern the interactions vie MediAgents that have roles they can no longer apply \Akgting
i.e. the invitation and participation of interactions, as well a®r Recon®guratiarThe rate of interrupts positively in uences
the affectation of modi®cations in the agent models. the increase of this variable. The system is equipped with
The ACBG-based modeling of dynamics of inter-agers recon®guration mechanism, and for each of the waiting
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IV. SYSTEMIC MODEL OF ADAPTATION DYNAMICS
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| T T along the resource “ow till it reaches an agent that is capable
‘x\ #role L Se—medinted luences— to execute the needed capability, h&ebot 2which replies

(" waitingfor )/ # role #emvisys to the request (3). The reply is routed to the requesting Robot
Sl Dy e 1 ' )) \' as well as the Carts that are connected to the swapping robots.
1 ‘ Consequently, the Robots and Carts recon®gure their local
roles. The robots update their roles and the resource ow
is reestablished by adjusting the ports in the pre- and post-
conditions of the roles of the connected Carts to ensure that
agents a new Con®guration is determined. Thus the Syswﬁfkpieces reach the robots in the intended sequence. In the
shows a causal relation. In absence of waiting agents, B@st case, the originating and the receiving agents can just
recon®gurations take place. Occurrences of waiting ageP¢4tch their roles, thus restoring the resource- ow.
enforce subsequent recon®guratidRedon®guieto restore a N Fig. 5, Robot 2is able to provide capabilitfap. 1but
set of executable roles. The recon®gurations thus increasef#EOt 1is not able to replac&kobot 2as it is missing the
number ofRunningagents by complementing a counteractingurrently utilizedCap. 2 (3). Thus after the swagRobot 1
feedback loop (). remains in a problematic state and requests assistance (4).
This Solution Dynamic deliberately omits the concretéhis request is propagated again till it reaches a robot with
mechanism with which new role allocations are determinetie required capabilityRobot 3 and the swap proceeds as
Also the locally applied techniques to the enactment of recofbove (5). Sinc&obot lis able to replace the currently active
®gurations are abstracted. A method to express the problen§apability ofRobot 3 i.e. Cap. 3 the correct sequence of ca-
®nding a ®tting role allocation as a constraint-solving problgtabilities is ®nally reestablished (6). Here, the recon®guration
has been presented in [19] and solved with a centralizk@ic has been described for agents that only play on role at a
approach. Whenever an agent can no longer apply onefigfe and the subsequent simulations concerns this simpli®ed
its roles or whenever an agent breaks, the resource-ow Sgenario. In principle, agents can be part of several resource-
interrupted. When the interruption is detected, the syste®Wws and in that case, the agents only recon®gure for roles that
recon®gures in order to restore the “ow. During the course iBglude the broken capability and keep processing resources
the recon®guration process, a new allocation of roles to ageft®ther tasks. Consequently, the informed Carts change only
is calculated and the roles are communicated to the aget@ ports of the affected roles accordingly.
which then app|y them again_ The next section describesA detailed ACBG of the outlined reCOn®gUrati0n algorithm
an alternative recon®guration mechanisms in which new rédgeillustrated in Fig. 6. This description re®nes the previously
allocations are found in a decentralized fashion by propagatiityen Solution Dynamic (cf. Fig. 4) as it illustrates how the

the demand for local recon®gurations through the system.decentralized strategy relates to the dynamics of ODP. In
addition, it indicates the system-level effects of the decentral-

V. WAVE-LIKE DECENTRALIZED RECONFIGURATION ized recon®guration that are examined in Section V-A. When

A completely decentralized recon®guration approach agents aréMNaiting for Recon®guratiodue to error events,
based on the idea that a wave of role re-allocation runs throutjiey show two behaviors. First, they abe®cientas one or
the system in order to re-establish the resource- ow. Assumingpre roles, which are required for the processing of resources,
that each agent is capable to exhibit a set of capabilities (s&e inoperable. These roles are distinguished by the reason for
Section 1), a correct resource ow can be (re-)established bg®ciency. Agents can be rendered de®cient by error events
the appropriate swapping of roles. Failing agents adopt actafiBy BreaK or they deliberately decided to abandon a role in
roles and in return other agents help out by providing tterder to adopt another role on behalf of another ag&yt (
unactable roles. The failing agent emits a wave of reallocatio@fiang. In the former case, the agents are rendered inef®cient
by sending requests for assistance along the resource @nmd in the latter case agents assist other agents. Secondly,
Each recipient has to decide locally if it is capable and withese agents are considered toNwen-Active i.e. they have
swap roles. Generally, a single swap of roles is not enoughtte capacity to play another role. Agents can concurrently play
reestablish the full sequence of activities and transitive changewveral roles, therefore, the non-activity only denotes that the
of roles are required. agent is underutilized, i.e. is capable to exhibit another role.

The operating principle is exempli®ed in Fig. 5 for a simpl€his means that in agents that can play several roles, the
scenario that requires a transitive swap of roles. Three RobBisnning and Non-Active roles do not exclude each other, but
are connected in series (1). For each agent the set of actableagent can be associated to an active role (Running) and
capabilities are listed and the topmost capability is used still have the capacities to play additional roles (Non-Active).
the currently active role, e.qRobot 1lis currently con®gured Agents are equipped with the ability to autonomously

Fig. 4. The Problem and Solution Dynamic of the ODP.



Fig. 5. Exempli®cation of the decentralized recon®guration.
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=0 VO, e Assisting another agent introduces new de®ciencies, as the
fsoucetargeoe E'HF)*‘*S“'“‘* assisting agent is giving up one role that needs to be played
destination Role} |\ < iet by another agentOe®cient by ChangyeThus the net amount
e of Non-Active agents is unaffected. However, these changes
e e e £ __#e___Deficient may be necessary in settings where agents can not swap
ey .| [\ByChange) _ s e roles directly and transitive changes of roles are required (as
= 2 + exempli®ed in Fig. 5). When Non-Active ageiResumeto
P g ive agees
adopt a role, the number of Non-Active agents is reduced.
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Still, this requires the availability of Non-Active agents.

The changing activities of agents control the overall negative
Fig. 6. ACBG for the Solution Dynamic of the wave-like, decentralizedeedback () that increases the number of operational agents
recon®guration algorithm and reduces the number of de®cient agents. Three auxiliary
feedbacks in uence the exhibited system dynamics,().

First, agents that assist others create a reinforcing feedback
loop (), which originates from the fact that assistingagent
adds additional de®ciencies to the system. If an agsomes

- Waitir;g for Reconfiguration

change their allocationGQhange Rolg De®cient robots in-

dicate their shortcoming to other agentomfimunicate de- ¢ i b -
its activities, de®ciencies and non-active agents are removed

®ciency via a Coordination Medium (cf. Section Ill). The! eI - o
medium controls the sequential reception of the request aldfgtéad. thus instituting a balancing feedback (The ability

the ow of resources in the production line. Recipients dd9 resume is limited by the amount of Non-Active agents,
cide locally whether to change their role-allocation or not€@ding to a third balancing feedback).(

based on their individual abilities. The changing behavior is
distinguished by the receiving agent that adjusts the Iod%1
con®guration. Non-Active agerResumehe executions since  The outlined Solution Dynamic (cf. Fig. 4) denotes an inter-
these become operational. Running agents that adjust their @yent process that can be implemented with the systemic pro-
Assistthe requesting agent. These roles have different effegiamming model (see Section 1l1). Prior to the detailed design
on the agent population. All changes remove de®ciencies amii embedding of this process, the effected system behavior
the annotatiorsource.targetRole == destination.Raledicates is anticipated. One approach to estimate the dynamics of
that only those de®ciencies are removed (destination) tketf-organizing MAS is their simulation in stochastic process

Estimating the Effects of Adaptation Dynamics



algebra models [20]. It is important to note that the resultingpe assisting adjustment. De®ciency ends when another agent
stochastic models abstract from the agent implementations gmdcesses the request for a role change, communicated via the
their internal reasoning. Instead, stochastic terms are usdrhnnelreq.. This simulation model abstracts from the agents
to describe the dynamics with which speci®c behaviors dhat participate in the system. The time neededesiore the
adopted or left. The number of currently active process termesource ow(cf. Fig. 6), i.e. the adjustments of the roles of
resembles the number of agents that show speci®c behailu,directly connected agents to reestablish the correct “ow of
i.e. the variable-values of an ACBG-based process descriptioesources among machines, is part of the time delayWe

Fig. 7 illustrates the simulation model used to anticipa@ssume that the rerouting of resource transportations is always
the Solution Dynamic. The model is given in stochastic possible.
calculus [21] and simulated with th&tochastic Pi Machine  Simulations indicate that, at a high enough level of redun-
(SPIM). Details on the simulation language and graphicdhncy, the system reliably recovers due to the decentralized
notation can be found in [22]. Agents are modeled as processestching of agent roles. This process describes a structure
that communicate/interact via channels. The stochastics fofmation as the system maintains the operational system
interactions are given by annotating processes with delag@n®guration. The fraction of recovering situations is predicted
( ) and assigning interaction rates to channels [21], [22]. Ty this simulation to depend on the redundancy level in a
notationX denotes the sending of data on the channand similar way as is shown in the results section below.

X denotes the reception of data via the channel
B. Agent-based Realization

After the anticipation of the affected system behavior, this
recon®guration strategy has been integrated in a MAS by using
systemic programming model (see Section lll). The system
implementation Application Layer see Figure 3) makes use
of the freely availableJadeX agent framework. The Robots
and Carts within production lines are represented by Jadex-
agents and the exchanged workpieces are mimicked by objects
that are exchanged via FIPAgent Communication Language
(ACL) messages. A realization of ti@oordination Layer(see
Fig. 3) for this agent platform is utilized [11].

For this application scenario a tailored Medium realization
is utilized that routes request and reply messages along the
resource ow. Conceptually though, agents are aligned in
a circle thus all agents can be reached independent of the

In the simulation model, the number of agent behaviors thi@cation of the incapacitated agent. Endpoints encapsulate the
are exhibited are expressed by the number of active proces$@iC to coordinate the recon®guration process and interact
Processes communicate via two channels. The chaaggls Via the Medium. Endpoints observe the agent-operation and
used to communicate requests for a role-switch, due to #fiate the recon®guration process by sending a help request
internal error, i.e. the internal breaking of the requester. Whéran agent becomes de®cient. The help request is forwarded
roles are requested to be switched in order to assist an agé@ugh the medium. Each endpoint along the message path
these requests are send via the chanegl. Operative agents decides whether to adopt the de®cient agent's role or continues
are denoted by theinning process. Internal errors occur withforwarding the help request. If the endpoint decides to adopt
a ®xed rate, as de®ned by the delgyInoperative robots the role, a reply is sent. The reply is sent in both directions
are represented the concurrent execution of deéicient, through the medium to inform all agents which are affected
and non-active processes. De®cient processes end wher(r@Pots and connected carts) by the recon®guration process.
request for re-assignment of the affected role is processed b§@gin, each endpoint receiving the reply decides to change the
recipient. Thenon-activeprocesses becomesumeprocesses agent con®guration. The reply is sent backward through the
when they receive any request for re-allocation. The time delByedium until all affected agents are informed. If an endpoint

«« resembles the time needed to recon®gure. Afterwards, fRgeives multiple coordination messages these messages are

agent is in operation, i.e. exhibits thenning process. When gueued and processed in the order of their arrival.

running agents receive a request to switch roles, they convec-{t
to the concurrent execution of thassist and deficient )
processes. The assistance transforms back to the runninghe example system illustrated in Fig. 5 has been imple-
process, delayed by the time to recon®gure the aggit The mented and tested for measuring the handling of breaking
deficient . processes describe the search for another agent @pabilities. When the robot is rendered incapacitated by such
is able to play the role that an assisting agent possessed be@dteevent, the associated endpoint notices this and initiates

Fig. 7. Simulation Model of the Solution Dynamic in Stochasti€alculus.

Implementation Test Results

Shttp://research.microsoft.com/en-us/projects/spim/ 4http://jadex-agents.informatik.uni-hamburg.de/



an interaction via the Coordination Medium that triggers thidowever, these papers from operations research focus on
swapping of roles. The ®rst swap involves the incapacitateptimization of a shop "oor and do not take into account
agent that iDe®cient by Breakn this system con®guration,robustness and recon®guration that happens at run-time. Also,
a second swap is required that resolves a trandde®cient only partial problems are investigated, either focusing on the
by Changeagent behavior. routing of carts or the scheduling of production machines.

In addition, we examine the relation of the redundancy The work presented here concerns the run-time recon®g-
within agents with the effectiveness of the recon®gurationgation by self-organization. The maintained structure is a
The effectiveness of the recon®guration procedure is prrect sequence of agents that are perturbed by individual
“uenced by the number of alternative capabilities that arfailures that incapacitate agents. Prominent alternatives to the
available to the individual agents. This level of redundanqyocess presented here are centralized/distributed constraint
is measured by the ratio of the number ioflividual ca- solving techniques and market-based mechanisms. The correct
pabilities C;), to the absolute number of capabilities@) con®guration is described with constraints and an approach
that are required for the processing of a Workpie%)( to use centralized constraint solving to restore functionality
In the following, we assume a homogeneous setting, wheater a failure has already been published [19]. Consequently,
the robots are equipped with an equal number of redundaligtributed constraint solving techniques [26] can be used as
capabilities. The composition of these capabilities is normalyell, e.g. as studied in [27]. An example for market-based
distributed. In Fig. 8, measuring results for a simple scenanieechanisms is given in [28]. A manufacturing line is provided
with 10 different capabilities and agents are shown. Eaetith a “exible transport mechanism and work pieces and
single run processes of a ®xed number of workpieces whifeachine agents negotiate for the execution of working steps.
at two ®xed instances of time, a randomly selected agémta way, the algorithm proposed in this paper isogimistic
is incapacitated. A ®rst estimate of the effectiveness of taed minimalisticversion of a distributed constraint solver. By
recon®gurations is the number of exchanged messages é@hanging roles, the agents collectively restore the invariants
Fig. 8). The number of messages increases quickly when thfethe system. The strategy is minimalistic since the number
number of redundancies decreases. This measurement caofbequired messages and the amount of shared information is
analytically ®tted witt{c; (1 x))2+ c,.5. A complementary reduced. It is optimistic because the assisting role changed are
measurement is the number of hops that requests for assistazareéied out before the complete solution is calculated. Its main
travel before a swapping agents is found. This describes thdvantage over traditional distributed constraint solvers is the
logical distance between the swapping agents. The results fitinimal amount of calculation that is involved at the agents.
this measurement have shown the same characteristics likeThey can therefore be very small with only minimal CPU
message count and can be ®tted with the same function (botver and RAM, making them cheap and easily replaceable.
different constants). Thus the decentralized recon®guratiorHere, these design alternatives are qualitatively character-
strategy is particularly suited for production lines where thiged by a subset of criteria from [29]. Their quantitative com-
capability types are often available. parison is left for future work. A ®rst aspect is the necessary

communicationThe presented process minimizes the message
content and only the information that immediately necessary
to resolve a local failure is communicated. The number of
messages ranges from a single role swap (best case) to the
successive swapping of roles by all agents (worst case). The
dependence of this measure on structural properties is shown
in Figure 8. The communications are only carried out when
failures are present. Alternatives involve that coordination-
related messages have to be exchanged during the normal
system operation, e.g. as workpieces constantly negotiate their
Fig. 8. Measurement results. The averaged number of messages are pldtther processing [28]. Also the amount @dmputationsand

over the redundancy of capabilities. the considered/exchangéahowledgeabout the system state
is minimized. The participation in the process involves only
VI. RELATED WORK the local consideration whether an agent is capable to play a

required role. Now further information about the global system

Ant Colony Optimization has been used for decentrallses ate is processed. Centralized constraint solvers require the

control in production sy_stems._[2_3] uses the mechanls_m ﬂﬂl knowledge about the system and decentralized solvers
control autonomous vehicles, similar to our carts. The distr)-

Pequire the information from neighboring agents. In addition
bution of jobs to production machines has not been a conc 3 g gag '

there. The mor Mol roblem of scheduling iobs 1o r adaptationsare carried out concurrently to the system
ere. The more complex problem of scneculing Jobs to eration. Unaffected partitions of the production line continue
on certain machines has, e.g., been tackled in [24] and [2

“work. Finally, the accuracy of the quality of the found

5¢1; ¢y are application dependent constants. In this case, these are 10 é%utlon,_ 'e stable con®guration, varies. The process follows
12 respectively. the heuristic that role swaps of nearby agents are favored over



the swaps of (logically) distant agents. The explicitly treatmenig]
of the underlying constraint problem allows in principle to
prepare the optimization of the found solutions.
7
VII. CONCLUSIONS

In this paper, we have described a decentralized recon-
®guration process to restore valid system con®gurations
self-organizing resource- ow systems. The recon®guration al-
gorithm works by exchanging roles with neighboring agent$?
and by propagating change requests in a wave-like man
until all of them could be satis®ed. The mechanism has
been developed by combining a top-down process for the
description of resource- ow systems and a bottom-up proce{é%]
for the design of agent coordination. Its performance has been
demonstrated with a number of simulations. [12]

The most interesting feature of the decentralized proc $S)
proposed here is that recon®gurations are organized locally in
the production line, i.e. the rest of the system is not impaired
by a failure. Thus, parts of the system that are not involved intt'!
a local recon®guration can continue to run normally. The way

J. Sudeikat and W. Renz, 2Qualitative modeling of mas dynamics -
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sequences of agent coaction? Agent-Oriented Software Engineering

X. Springer, 2009, to be published.
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[m W. Renz and J. Sudeikat, 2Modeling feedback within mas: A systemic

approach to organizational dynamics,@mganised Adaptation in Multi-
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the recon®guration propagates also ensures that only a sfallG. D. M. Serugendo, M. P. Gleizes, and A. Karageorgos, “Self-

amount of agents is in a state of non-processing resources
at an instance of time. This feature will be prominent alsas]
when using the wave-like algorithm in non-linear production

situations, which is a straight-forward generalization instanc‘ﬁ7
Local heuristics taking into account exchangetsuccess rates
could be prede®ned or evolved using learning algorithms.

Future work includes a more detailed study on the combinatiﬂré]
of bottom-up design of coordination methods as proposed in

SodekoVS and of top-down design methodologies as promoted
with the ODP. This will also include a comparison of thei
respective advantages and problems that occur when both
worlds are combined. 201
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