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Abstract. Ina dynamic system, some disturbances could occur durresidual resourceto reallocate tasks during the execution of the sys-

ing the execution of agents task schedules. In this paperime
to propose a framework to solve such kind of problems by pgoli
residual resources to reallocate tasks during the execatithe sys-
tem. In our context, the initial task schedules of agentsdafned
such that during some given time windows agents could peréad-
ditional tasks with their residual resources. In this paper study
this problem of reallocation of residual resources in otdgaropose
a solution to these disturbances.

1

Over the last decades multi-agent paradigm has been uséchasa
work to solve various kinds of resource allocation and ta$iedul-
ing problems in distributed systems. In order to cope withdharac-
teristics of each problem types, different approaches baea pro-
posed in the field of multi-agent systems. One approach stnisi
considering and formalizing such problems as Distributedsfraint
Satisfaction ProblemOCSB. Another approach which forms a no-
ticeable growing field of research, known lsillti-agent Resource
Allocation(MARA), is dedicated to issues regarding allocation of re-
sources within a system of autonomous agents [2]. A mukirag
resource allocation problem is defined as a process oflulisitng a
number of resources (or tasks) among several agents. Thithdi
tion is conducted by a centralized or distributed allocapoocedure
wherein agents participate in the elaboration of the aflonaby re-
porting their preferences over the set of resources (os}dbky will
receive. In the case of a task allocation procedure, an whjet-
tive is to find a feasible allocation. Whereas a typical ofbjecof
resource allocation procedure is to find an optimal allocath the
sense of a measure of the social welfare arisen by the coedide
society of agents.

Introduction

tem. Considering an agent in need of resources, our appi®bheked
on a model and a set of methods to find corresponding avaitable
sources within the system and then use negotiation to diteran
new tasks allocation.

The paper is structured as follows. Section 2 is a detailedaur-
tation of the problem addressed by our study and goes on by pre
senting a brief state of the art. Section 3 specifies the ledasinents
of our computational model. Section 4 details how we canyappt
approach to the problem of adaptive resource managemeirans
portation network.

2 Preliminaries
2.1 Our problem

We consider a multi-agent system with an initial resourdéecation
amongst agents. This initial resource allocation is comqbint order
to accomplish an associated task schedule. Each tasks afcted-
ule have to be performed by a specific agent within a given tifne
dow during which the required resources for this task a@cated
to this agent.

In addition, we assume that the initial resource allocaisosuch
that some allocated resources are not fully used by ageatsan
agent could perform additional tasks during given time wimsl of
it's initial task schedule. So, the main idea of this workasonsider
that agents pool theiesidual resourcefn order to execute tasks for
other agents and to enable task reallocation. The main deslan
agent is to increase the value of thessidual resourcedy means
of monetary valuation and also to be able to use cheap resotwc
delegate the achievement of one or more punctual tasks.

In this paper we choose to focus on the case of task allocation OUr approach aims to cover a wide range of possible apmiicsiti

over a multi-agent system, where each agent disposes ofhawa-s
able resources to achieve tasks. In this context, somefpaltbca-
tion problems lead to solutions where the totality of th@teses are
not necessary allocated. These classes of problems inmgiéatt
that non-allocated resources (iresidual resourcgsare still avail-
able during the execution of such allocated system instarioehis
paper we propose to ud¢ARAtechniques to re-allocate tasks dur-
ing the execution of a defined schedule. Thus consideringwda
during the execution of such schedule, some tasks beconmassinp
ble to service. These tasks could be reallocated to agespesing
of residual resourcesorresponding to their achievement constraints.
We aim to propose a framework to resolve such problems byinmpol
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such as computer network, grid computing, shipping loggstirans-
portation network, supply chain, manufacturing systemarceand
rescue mission, etc...

For example, if we consider a computer network conducted by
a multi-agent system and with a defined resource allocatan,
ing the execution of the task schedule some failure may oéwr
a consequence some tasks may become unfeasible. Moreover so
resources may be allocated to agents and may not be fullylysed
them, i.eresidual resourcesOur idea is that by pooling thosesid-
ual resourcest could be possible to achieve some of the unfeasible
tasks with a new ad-hoc task allocation.

As we focus on the case of tasks reallocation during the execu
tion of a defined schedule, the main constraint of our prohitetinat
we cannot modify the initial resource allocation. We mugheause
this allocation in order to assign the execution of add#ldasks to
agents based upon their allocated resources and initlabtdedule
(i.e. without modifying the agents initial task schedule).



2.2 State of the art

A possible approach to solve resource allocation and tdsdsding
problems in distributed systems is to consider and forraadizch
problems as Distributed Constraint Satisfaction Probl&T3P
in which variables and constraints are distributed amongfiphe
agents. As described by M. Yokoo [16], resolution RESP are
mainly achieved by use of distributed algorithms. Like aitijons
for solving CSP, DCSPalgorithms can be divided into two groups :
search algorithms (i.e. backtracking and iterative imprognt) and
consistency algorithms (arc and path consisterie@)SPalgorithms
are efficient to solve large-scale resource allocationlprob within
a reasonable amount of time [16]. But as noted by Harvey ¢8hl.

source$}. But these considerations differ with ours because this ne
gotiation does not occur in the case of task reallocatiora Asatter

of fact, a task reallocation procedure is used to overcosteriance
during the execution of a plan. This procedure allocatesitfieasi-
ble tasks of an agent to other agents of the same companyidcons
ering the constraints of our problem, the outcomes of thisgdure
are interesting. Indeed, in the best case the proceduresadrtd lo-
cal rescheduling of agents plans, whereas in the worst thesals to

a more global rescheduling.

Another multi-agent system simulation framework for resetal-
location and task scheduling which is based on auction hexs -
posed by V. Godoretski et al. [7]. They produced an imple &
and experimental results to solve tR&RPTW Their study differs

DCSPalgorithms use ordering over the variable which induces anwith our problem because it focuses on the case of one slgjjppim-

order among agent authority and implies priority over reseullo-
cation between agents. Thus we ignore this approach, simadbd

purpose of our work, we do not want any authority order betwee

agents.

The remainder of this section starts with a presentatiomefroa-
jor problem where the need of task reallocation could arnsesise
of disturbance or failure during the execution of a defindtedale.
Thus, under some assumptions, it could be possible and ghigfit
to apply the pooling ofesidual resourcesn order to resolve such
kind of problem. Furthermore, to the best of our knowledgedhs
no study in the multi-agent literature which addresses toblpm
of task reallocation during the execution of a schedule aitdoart
any modification of the initial resource allocation. Therefwe give
an overview of different approaches for resource allocadiod tasks
scheduling which deal with problems that are closely relateour
(Section 2.1). We present these approaches as possibtededdn-
sights to cope with task reallocation without modifying tindial
resource allocation and task schedule of agents.

The Vehicle Routing Problem with Time Windo@®&RPTW [10]

pany and there is no consideration about dealing with disnure
during the execution of a plan.

Hoen et al. [9] studied the concept of decommitment in a large
scale logistics setting of competing transportation camgm The
action of decommitment consists in replacing a won contogcn-
other (more profitable) contract. As in our problem, theipraach
deals with a set of competitive companies and their decomermit
strategy can be seen as a process of tasks reallocationewitimdd-
ifications of agents task schedule. The decommitted tagkseatlo-
cated among the agents of the company which holds the contrac
whereas by poolingesidual resourcewe aim to reallocate tasks
among agents of all companies. In this study the objectivdesf
commitment is to increase the profit, but we consider thatrélai
decommitment strategy could be used to overcome distuelsashar-
ing the execution of multipl® RPTWsolution instances.

Sadri et al. [13] proposed an approach to solveTieporal Re-
source Reallocation Proble(ifRRBP, based on multiple stages of ne-
gotiation using dialogue moves in a society of self-inteésgents
sharing resources. The context RRPis such that agents aim to

is a major problem of interest as it can be used to model many apgaccomplish tasks that require a specific resource, havecifisgii-

plied problems. This problem has been studied widely in logpr-
ational research [14, 3] and multi-agent systems liteeaffir 7].

ration and must be done within a given time window. At stdrg t
initial distribution of resources is such that agents domestessary

The VRPTWconcerns the design of least cost routes over a fleebwn the resources required by their activities. Thus agesgstiate

of vehicles, in order to deliver goods from a central depoé teet
of geographically scattered points during given time winsfo The
VRPTWis considered astaticin the case that all relevant informa-
tions are known beforehand. Otherwise the problem is censitlas
dynamicand is referred aReal-Time VRPTWL1, 6].

In the multi-agent literature, the market based approattteisain

to exchange the possession of resources over specific tintows.
The negotiation process leads to compute a resource atincatd
schedules such that agents can perform their tasks withigitten
time constraints. P. Alexopoulos et al. [1] extended thekvadiSadri
et al. [13], by modifying the protocol and policy of the thinggoti-
ation stage in order to allow multiple resources exchangtgues.

approach adopted to solve VRPTW. A common model is based on  regard with our problem these approaches are interelséinguse

manager agent to represent the shipping company and a sgfriba
to represent trucks of the company. The task allocationga®com-
prises a sequence of successive or parallel allocationeguwes
where delivery orders are proposed to the truck agents byntre
ager agent. These allocation procedures are often basée @on-
tract Net Protocol [4, 5] or on the Vickrey auction model [Z59].
Fischer et al. [5] presented a multi-agent system simuidtame-
work where agents interactions are driven by negotiatiarigaol
leading to different task scheduling mechanisms. Theyyred an
implementation and experimental results of their apprdacsolve
the Vehicle Routing Problem with Time Windo@gRPTW. This
study focuses on a problem that is similar to ours in the sefise
resource pooling, as it proposes a peer-to-peer negatibtbveen
companies to buy and sell free loading capacities (esidual re-

2 Delivery locations must be visited only once and by exacthe oehicle
during a given time window. Each route starts and ends attte@@house.
The total load of a vehicule for a given route does not exctsechpacity.

they aim to compute a resource allocation within time winglofhe
difference between these two works and our problem is thdeuime
TRRPcontext agents exchange resources and modify their sahedul
As a matter of fact, it could be interesting for us to adaps¢heego-
tiation protocols such that agents exchange and/or del¢gsits exe-
cution within specified time windows and according to thegidual
resources

3 Computational model

We consider a multi-agent system populatedrbygentsAy, ...,

A,. In order to enable agents to perform an argumentation based
negotiation protocol (Section 3.1), we use a Belief-Debitention
model [12] inspired by Sadri et al. [13] to define the knowleslgf
agents. Thus, the knowledges of an agdntare represented by a
tup|e< BZ‘,ZL', RZ‘, OZ‘, Di, DSZ‘, Gi > with :



B; : beliefs(negotiation policy, informations about self and other
agents),

Z; : intentions(plan, task schedule of ageit

R; : allocatedresources

0; : {01, ..., Oi, } afinite set oftask offersof agents,

D; : {Di1, ..., D } afinite set otask demandsef agents,

DS; : storeof past dialogues,

G : agentgoals

In our model, the desires that an agent wishes to satisfesponds
to its task demands. The intentiofis of an agentA; represent its
task schedule. This schedule is an ordered set of tasks.t&siclis
specified by a time window and its required resources. Asi®adr
al. [13] we assume that each task needs only one resourcénaind t
all tasks requiring the same resource have disjoint timelows. In
regard with our problem, the initial resource allocatiorsigh that
each agent of the system owns all the required resourcesiaftial
task schedule. In addition, the task schedules of agentdedired
such that, during some time periods, all allocated ressuace not
needed by the agents (iresidual resources We assume that during
such time periods agents can perform additional tasksnieguhese
residual resourcesThus, agents dispose of a settask offersas a
mean to propose to other agents to execute tasks for themordcc
ing to the dynamic of the system, some disturbances occungiur
the execution of agents task schedules. In our model we defilre
turbance as a loss of one or more initially allocated resssunf an
agent. Therefore, agents incurring disturbances canréarpethe
tasks requiring such unavailable resources. To overcowte stua-
tion agents dispose of a settask demandsvhich define the set of
tasks that an agent cannot perform and could delegate toamibats.

e V. :usedinVRPTW as a constraint on freight load, orTiRRP
as the constraint on required resource type;

e P,..:toaddress problems with a market based approach or if the
addressed problem involves selfish agents;

e Loc,. : used if the addressed problem concerns situated agents
(ie. VRPTW.

In the reallocation procedure (Section 3.1), agents tryrtd fhe
besttask offercorresponding to their needs by asking other agents
about theirtask offer The reallocation procedure also involves a ne-
gotiation step. In order to perform the reallocation pragegdagents
must communicate according to the application context efat-
dressed problem. Hence, we distinguish two possible altews
over agent’s communication ability :

e the communication between agents are constrained, sucattha
given time an agent is only able to communicate with a rdstlic
number of other agents (e.g. communication can be conettain
by topological consideration);

e there is no communication constraint, agents can commignica
any other agent at any time.

In the context of our study, we assume that we are in the sezas®l
and there is no communication constraint between agents.

3.1 Task reallocation process

In the context of our problem, we consider a multi-agent esyst
which evolves over time. Agents have to perform tasks in adyn
environment, and we assume the followsygtem cycle

Agents create tgask demandor each scheduled tasks it cannot per-1. Environment dynamicsthe environment evolves according to the

form due to the loss of a resource. At start this seask demands
is empty. The content of this set evolves along the dynamihef
system.

Given an agent4;, we define each elements §0;1, ..., O;.}
and {D;, ..., D;»} as finite sets of data respectively describing
the residual resourceassociated to &ask offerand the resource
associated to gask demandof A;. Each elements o{O;, ...,
O} and{D;1, ..., Dy} are composed of the following data set
(Are, Rre, Tre, Vee, Pre, Locyc, Prefr.), where :

e A,.:the agent offering or needing resource,

e R,.:the type of the offered or needed resource,

e T..: atime interval defining a time constraint over the period
when the resource is available or needed to perform a tasgalel
tion,

e V... :the volume or amount of the offered or needed resource,

e P,.. :the price (a monetary valuation) of the offered or needed

resource,
e Loc,. : the location of the offered or needed resource,

source (Section 3.2).

Depending on the type of problem addressed, some of the abovg_

constraints are not necessarily affected, e.g. for a coenmetwork

problem theLoc.. constraint may be useless. Our brief state of the

art along task and resource reallocation problems lead tsiri
that temporal constraints are a common and crucial pointtefést

in such problems. So in our approach we consider that terhpama
straint is the only necessary constraint for the core clatssk allo-
cation problems addressed by our framework. Thus we asshahe t
the following constraints are optional and used in paréicabses :

2.

defined rules of the system dynami@isturbancesoccur at ran-

dom, i.e. some resources become unavailable to one or kevera

agents.

Perception step agents get perceptions from the environment.

These perceptions concern the current availability of thie i

tially allocated resources. Agents facing disturbancekatgtheir

knowledges in regard with their unavailable resources. isieier

of fact, these agents generate and add tesk demandso their

own set oftask demands

. Reasoning stepagents facing disturbances (i.e. agents with a non
empty set otask demandscreate a list of agents which may pro-
pose each one or more appropritask offers

4. Communication step agents facing disturbances ask the previ-

ously selected agents about thigisk offers If one or moretask
offersfulfill the needs of dask demandthe agent choice between
the different offers is based upon its preferences modedti@e
3.2). If there is no appropriatask offer the agent performs a ne-
gotiation process with agents offering less approptiat& offers

- . 5. Action step agents performs their scheduled tasks in regard with
e Pref,. : a finite set of preferences regarding the use of the re-

the availability of the required resources.

We propose to decompose the task reallocation process geamn a
; into three main steps. The first step of the reallocation ggsc
occurs during the reasoning step of agént During this step4;
computes a list of agents to query about thask offers This list
of agents is determined upon the beliefsAf about other agents.
These beliefs about other agents have been acquired darimgif
interactions with agents.

3 Vehicule Routing Problem with Time Windows
4 Temporal Resource Reallocation Problem



The second step of the reallocation process occurs duréncptim-
munication step. During this step,; queries all the previously se-
lected agents about theask offersin response, each of the selected
agents compute their current settagk offerswithout any consider-
ation of thetask demanaf agentA;. Then, all the selected agents
reply to A; by sending their current set ¢disk offers Thus A; re-
trieves from these agents a set of acceptaadk offersin regard
with its needs (i.e. the preferences 4f task demany If the set of
acceptable offers is empty, then agehtcan perform the following
actions:

e restart the reallocation process and determine a new |legerfits
according to its new beliefs about others in order to ask rgsmes
about theirtask offers

e negotiate upon time constraints, with agents offering éesept-
abletask offers

The third step of the reallocation process occurs if the $et o

acceptablaask offersis not empty. During this step the agent
chooses, with respect to the preferences dfaisk demangdthe best
offer from the set of acceptabtask offers Then A; concludes the
delegation of its task with the agent proposing the chaask offer

3.2 Agents preferences representation

In order to define how agents should make a decision over & set
acceptable solutions, we introduce a set of ad hoc prefesefref-
erences are a mean to express the satisfaction of an ageartitow
specific offer. During the second step of the reallocati@tess it is
up to the agent!;, who is missing a resource, to perform a researc
heuristic as a way to find acceptable offers. To reduce thepatan
tional cost of this heuristic, the selection of acceptalflers is only

based upon agent; satisfaction, and as a matter of fact only upon

A; preferences. As a result we define a class of preferencesispec
to thetask demanaf an agent as follows :

volved in a negotiation dialogue, we define the following cfie

class of preferences :

o T,res : preferences over the time period to execute the offered
task. Agent negotiate over the time period during which #ek t
should be executed,

e Loc,ref : agent negotiate over the location of the offeresidual
resources

4 An application for logistic networks

We consider a framework which aim to manage pooling capéaity
transportation and storage of goods/freight betweenrdfffielogis-
tic companies sharing their resources. Unexpected evemtootur

during the execution of the contracts (transportation aragfe), e.g.

truck breakdown or warehouse failure. Such unexpectedewetnst

be solved by finding new transportation or storage meansiitie
pooled resources of the framework, and by creating new piates
tion plans.

We consider a multi-agent system which represent a pooknag c
pacity framework. Each agent represent transportationtaage
mean, e.g. trucks or warehouses. The environment is descab
a spacial grid divided into small non overlapping areas.rigeare
localized by their position in a unique area of the spatial.gfime

(_i)s considered continuous.

There is no communication constraint between agents. Epmit a
can handle a specific bounded capacity (volume and weight) of
freight. During the execution of the system agents’ freitgad

hevolve. Actually agents capacity are not necessary fuliyéal, so

unused transportation and storage capacity are stillaail

To cope with unexpected events agents must be able to find new
means of transportation and/or storage within the agemitsod hus
they must communicate with each others to find agents witreeor
sponding residual capacity and elaborate new plans.

o T,y : preferences among time constraints of a set of offers. Thi55 Conclusion
preference enables agents to express how much a task @elegat

to another agent can be postponed.

e P,..5 : preferences among prices of differeask offersFor in-
stance, it determines if the agent chooses the cheapestipic
the average priced offer.

In this paper, after a presentation of the problem addrelsgenlir
study and a short state of the art, we proposed a computhtimte|
of the multi-agent system that allows agents to negotiaterdial-
location of tasks. We introduced the possible exploitabbdmesid-

e PT,..; : preference between price and time period proposalsial resources in a multi-agent system where agents disgaseno

over a set of acceptable solutions. This enable to definedafjant
chooses to focus on price constraint rather than time cinstr
vice versa.

e Locyrer . preferences over the location of differaask offersto
choose with.

shareable resources to execute a defined task scheduleeftmme
disturbances during the execution of such schedule, weopeom
reallocate tasks to agents over time periods where they edorm
additional tasks without modifying their initial schedul@uring the
reallocation process agents try to delegate to other agemesxecu-

o Coyres : preferences over a specific group of agents to work with tion of tasks they can no longer perform due to a loss of ressur

Thus, between different acceptahibsk offersan agent chooses
the offer made by an agent specified@y, ..

In regard with all the above different preferences asseditd a
task demanda major question of interest is how to deal with this
set of preferences to determine the choice of an agent betmee
or more acceptabléask offers In a future work, we will define a
procedure to aggregate this heterogeneous preferences.

During the second stage of the reallocation process, agents
change dialogues of negotiation by pairs. Both agentsqiaating
in the dialogue use a negotiation policy to formulate diabgioves.
The negotiation policy of an agent is based upon its preteene-
garding itstask demanar its task offer As needed by an agent in-

There are many lines of future research related to this wark.
major question concerns the definition of an aggregatiosqutaore
for the heterogeneous set of agents’ preferences. Anathee ithat
is not covered in this work and that we will study in the futis¢he
agents negotiation protocol and policy based on the spetéfss of
preferences proposed in Section 3.2. We will also intendfioe the
second step of the reallocation procedure. At this stepeptice-
dure, if an agent is unable to find any acceptabkk offersit can
restart the search of acceptaldesk offersor negotiate with agents
offering less acceptabtask offers The issue of this refinement is to
enable agents to determine if they either initiate a netiotigoro-
cess or restart the searchtagk offers |t is obvious that in certain
cases itis not efficient to perform a negotiation procesasTe will



have to exhibit such cases and find a mean to avoid agent tdi-nego[15]
ate in these cases. Another issue of future work is to imphtroer
computational model and propose an experimental evaluafithe
reallocation procedure and its’ computational complekiged on
the number and the size of the messages exchanged betweds age

[16]
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