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Abstract:

Resource allocation is a core and important function of every workflow management system. Resource allocation consists of two
main parts namely; matchmaking and brokering that in normal cases are combined as a single functional unit. However in an
integrated mobile environment, where the resources such as mobile workforces are combinations of human workers and mobile
devices, matchmaking and brokering can no longer be coupled. In such environments, the accuracy of resource allocation is
expected to become quite low due to frequent disconnection, mobility of resources and human factors. In addition, resource
allocation must be fair towards human resources. An accurate and fair resource allocation in mobile environments, on the other
hand can not be attained without using an independent brokerage system. To guaranty the accuracy and fairness, the desired mobile
workforce brokerage system (MWBS) must act based on real-time environmental information as well as the history of the system
when an allocation is required. In this paper an architectural model for a fair and accurate multi-agent MWBS is proposed based on

CBR-BDI agent architecture and Active Shared-Data Space coordination model.

1. Introduction
The increasing power of mobile devices and the flexibility
that they exhibit are two convincing reasons that attract

organizations to employ them to carry out their work activities.

Mobile devices, in addition, empower the mobile workforces
of an organization by equipping them with huge capacities of
data processing and communication, which in turn increases
the productivity of the organizations via using out-of-office
workplaces [1]. However, as the number of mobile workforces
of the contemporary organizations is rapidly increasing, the
reliable and accurate workforce management systems
(MWM) are of high demand.

One of the most important application domains for the
MWM systems, undoubtedly, is Mobile workflow [2]; the
application of wireless data communications in workflow
management systems (WfMS) which ensures the reliable
execution of the work activities in mobile environments.
However, reliability and accuracy in WfMS depends on
resource allocation that is the process of allocating right
resources to work activities at the right time [3]. Resource
allocation consists of two main activities; finding a class of
suitable resources (matchmaking) and selecting an available
and ready resource from the chosen class to allocate the actual
task to it (brokering) [4] which is the main focus of this paper.
Due to complexity of mobile environments matchmaking and
brokering must be separated in such environments [5].

A reliable mobile workforce brokerage system (MWBS)
must achieve two objectives; accuracy in presence of frequent
disconnection and uncertainty of the mobile environments,
and fairness in presence of human resources (mobile workers).
On the other hand, a MWBS , as a complex software, in order
to be able to respond to the changes of a dynamic, distributed
and heterogeneous environments, must be capable of
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autonomous  actions, intentional communications, or
deliberatively cooperative behaviours [6, 7]. In addition, when
a problem domain has a distributed and dynamic nature, the
components of the system are geographically distributed and
the topology of the system is dynamic, using multi-agent
technology becomes inevitable [8, chapter2]. Hence, a
multi-agent architecture capable of cooperative problem
solving is a suitable model based on which the desired MWBS
can be designed and implemented.

This paper is structured into six sections. In section 2, a
fast review of the previous and related works is demonstrated.
In section 3 MWBS is defined and its basic characteristics are
addressed. In section 4, first the agents who acts in MWBS are
identified, secondly suitable agent architecture for each agent
type is selected [9, 10] and thirdly an appropriate coordination
model is chosen to establish communication, coordination and
interaction between agents [11]. Section 5 proposes an
architectural model for the desired MWBS. Finally, section 6
concludes the paper.

2. Previous works

Since MWM is a part of the workflow management
systems, we start exploring the previous works from adoptive
WIFMS. According to Sycara [12] the most important
advantage that workflow enactment by a multi-agent system
can provide is cooperative problem solving which is the act of
a set of autonomous intelligent agents who work together to
achieve a common goal [13]. Based on this idea, several
multi-agent based WfMSs have been proposed, among them
JBees [15, 14] possesses almost all of the above mentioned
desired characteristics to manage workflows in distributed,
heterogeneous and rapid changing environments.

JBees consists of five categories of agents and their
relationships. These five categories are Management Agent,
Storage Agent, Process Instance Agent, Resource Agent and
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Resource Broker Agent. Since tasks in a multi-agent system
must be performed by autonomous agents, in JBees model for
each resource there is an agent called resource agent, which is
an interface between users and that particular resource and it is
responsible for handling the communications between the
resource and its external world. In addition, JBees includes a
specific agent called resource broker, which works as a middle
agent between resource agents and process agent. Resource
brokers receives request for a specific class of resources and
then communicate to the appropriate resource agents of the
requested type in order to allocate the best available resource
to the requested task. JBees is an excellent example of using
multi-agent technology for implementing adaptive workflows
but, it is not specifically designed for Mobile workforce
management systems. Broker agent works accurately as long
as no disconnection takes place for the resources. Furthermore,
JBees does not concern about fairness of allocation because
resources in its domain are not considered to be human.

Another example of resource allocation in multi-agent
systems is the model proposed by Chiuetal. [5]. There are two
clusters of agents in this model which are responsible for
resource allocation namely; matchmaking and broker agents.
In this model, first a task request is submitted to the
matchmaking agent, this agent will find the most appropriate
resources (mobile workforce) for the requested task, and then
a short list of agents will be sent to the broker agent for the
final allocation. Broker agent will then negotiate with the
resources in the short list to find the best available one to be
allocated to the task. Although this model specifically focuses
on mobile workforces, it does not fulfil the requirements of the
desired MWABS as it is mentioned in section 1. The broker
agent in this model uses BDI architecture and
Constraint-based Negotiation. To negotiate, firstly all the
resources must be connected to the communication medium
and secondly resource agents must have accurate information
about resources at any time. In addition this technique does
not support fairness either.

There are several other papers in the literature about
resource allocation in general and in mobile environments in
particular for example Hackmann et al. [16] have proposed an
algorithm for task allocation in presence of mobility. This
algorithm which is based on constraints satisfaction problem
is basically a matchmaking algorithm. Erik EImroth and Johan
Tordsson [17] have proposed an algorithm for resource
brokering in Grid environments based on specifications of
task and Total Time to Delivery (TTD). In this algorithm, first
the appropriate cluster of resources will be selected based on
task specification and then the appropriate resource from that
cluster with respect to its TTD will be selected for task
allocation purpose. In this algorithm obviously, matchmaking
and brokering are mixed and resources are computing
resources only, but not a combination of human and machines.

3. Definition of Mobile Workforce Brokerage
System (MWBS)

Mobile Workforce Brokerage (MWBS) is a system that
must be able to allocate a task to the most appropriate mobile
resource (mr) amongst a set of identical mrs when an
allocation is required. Selecting a mr must be based on the
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history, a set of organizational rules and the availability of the
mr. In addition, Selection must be accurate and fair. A fair
selection guaranties that all workers perform the tasks in a
satisfactorily equal manner within a certain period of time.
Accuracy of the allocation, on the other hand guaranties that
the selected mr is available, ready and aware of its duty.
Figure 3.1 illustrates a physical view of the system.
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Fig. 3.1 A physical view of the system

MWABS is a part of a mobile workforce management
system (MWMS). The allocation process starts upon
receiving a task allocation request message (TAR) from
MWMS. To achieve fairness, all available mobile resources
are located in a queue called Task allocation Queue
(TAQueue). Upon receiving a TAR, a mr will be fetched from
the queue using dequeue operation and then the appropriate
task allocation notification message (TAN) will be sent to the
selected mr via wireless network. Figure 3.2 illustrates an
overall view of the system.
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Fig. 3.2 An overall view of the system

TAN

The life line of the system, as it is shown in Figure 3.3, is
divided into a number of equal episodes, sessions and rounds.
Around is the time that a full TAQueue needs for being empty.
Episode and session are comparable to a month and a full
working day respectively.

Episode
Session
Round | | Round

Session
Round | | Round

Fig. 3.3 Life line of the system

An ideal case is when every mr is always available, ready
and connected. In contrast, an abnormal case is when system
has no accurate information about its environment due to
disconnection or unexpected incidents that may happen for
mobile workers which might cause allocating tasks to
unavailable resources or loading some resources with lots of
tasks while some resources are not assigned to any tasks at all.
At the beginning of each session, system starts from an initial
state. In an initial state, every available mrs must register to the
system to ensure that all of them are connected. TAQueue,
therefore, is repopulated at the beginning of each session.
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4. A Multi-agent Approach to MWBS

MWSB is a distributed system which should be used in an
entirely dynamic environment where uncertainty and
unpredictability are high; therefore, a multi-agent solution is
the best way to address the system requirements. Furthermore,
using multi-agent technology, system can take advantage of
modularity, distribution, abstraction and intelligence which in
turn effectively increases the efficiency and effectiveness of
the system toward fulfilling its objectives [8, chapter 2].

To propose a multi-agent solution, first step is to identify
the agents within the system. In general, there are two
categories of agents in MWBS namely; Broker Agent (BA)
and Resource Agent (RA). RA and BA are finite sets of agents
which are capable to act as broker and resource agent
respectively. The following denotations are used to symbolize
these sets: BA = {bay, ba,, ..., ba,} and RA = {ra,, ra,, ..
In MWBS, a resource agent must be assigned to each mobile
resource to act on behalf of it.

4.1 System’s Environment

Intelligent Agents are designed to take autonomous actions
to satisfy their design objectives, but deciding which action to
perform depends tightly on the environment where the agents
are situated. The environmental properties determine how
agents can perform the most suitable actions. Table 4.1 shows
how these properties, As Russell-Norvige [18, p46] and [8,
chapter?] suggest, are taking place for BA and RA agent
categories in MWBS environment:

Table 4.1 Environmental factors and their values

Environmental For RA For BA
Properties
Accessibility Accessible Depends on
Connection
Determinability Deterministic ~ Non-Deterministic
Episodic Episodic Episodic
Dynamicity Dynamic Dynamic
Continuity Discrete Discrete
Knowable Yes Depends on
Connection
Predictable No No
Controllable No Yes
Historical Yes Yes
Teleoloaical Yes Yes

4.2 Broker agent, its environment and CBR-BDI
Architecture

Broker agent is the heart of MWBS. This agent is
responsible for dealing with all uncertainties and frequent
changes of the environment. A br agent must guarantee the
accuracy of the system by acquiring the real-time information
from the environment and making the right decision at the
right time. Its decision in the other hand must be based on the
history of the system and must be in a way that meets the
fairness objective as well. Moreover, all of these autonomous
actions must be taken automatically.

According to Rao and Georgeff [9] every agent which is
designed to manage and control a dynamic and complex
environment must follow Believe-Desire-Intention (BDI)
architecture. Using believe-desire-intention data sets,
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practical reasoning mechanism and commitment conditions, a
BDI agent is able to cope with uncertainty and continuous
changing nature of a dynamic environment. However, the
main disadvantage of BDI architecture is that it is not an easy
job to find out how to implement them efficiently [10].
Furthermore, BDI agents are not capable to learn.

The solution to this problem is to use Case-based
reasoning (CBR) mechanism [10]. CBR is defined as a
methodology of solving problems by utilizing previous
experiences [19, Chapter 1]. The knowledge of a CBR system
is stored in a memory, which is called case base, in the form of
cases. A case is a combination of a problem, a solution for that
problem and the result of applying the solution. CBR systems
then uses the previous cases which are already exist in its case
base to find out a solution for a new problem.

In conclusion Case-based or CBR-BDI agent is a suitable
architecture to cope with the environment of MWBS as it is
described in Table 4.1.

4.3 Resource Agents as BDI agents

With respect to data shown in Table 4.1 and according to
the same reasons that has been discussed in section 4.2, RA
agents must be BDI agents as well.

4.4 Preferred Coordination Model

Communication in a multi-agent system is ability by which,
agents coordinate their actions and behaviours to achieve
common goals [8, chapter2]. Coordination on the other hand is
a key requirement of software systems where different parts
have to be adjusted in order to reach a common goal. As the
definition of coordination “integration and harmonious
adjustment of individual work efforts toward the
accomplishment of a larger goal” [20] implies, interaction and
integration are two significant factors in a coordination system
which can not be achieved without a suitable coordination
model.

There are several coordination techniques based on which
a coordination model can be implemented, amongst them
Shared-Data Space or Tuple Space coordination is suitable for
dynamic environments [21]. In a shared-data space model,
coordination entities (agents) interact directly with the data
space which is the coordination medium. Agents insert or
extract to or from the data space in the form of messages that
may consist of data, knowledge, code, or a combination of
them. Some specific characteristics of this model such as
ability of asynchronous communication between agents and
tolerance against heterogeneity make it a suitable model for
dynamic environments [21].

Traditional shared-data space, however, is a passive entity
that must be replaced by Active Shared-Date Space
coordination model which acts actively upon arrival of the
new message. In conclusion, the active shared-date space
model has been chosen as preferred coordination and
communication model amongst agents in MWBS.

5. An Architectural model for MWBS

Our proposed architectural model for MWBS is shown in
Figure 5.1 which has been designed based on our discussion in
the above sections. The model is composed of seven
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components; broker agent, resource agent, TAQueue,
case-base, history database and active shared-date space.

In this model every changes of the environment such as
disconnection of a mobile resource or unexpected
unavailability of a workforce will be sensed by agents and will
be informed to the system via active shared-data space by
sending and receiving data to or from it. Active shared-data
space on the other hand is a tool by which agents share their
perceptions.

At any particular point of time when a change occurs,
broker agent collects the necessary information about the
current situation of the system from the active shared-data
space, history database and TAQueue and then formulizes it as
a case. The case then will be sent to case-base reasoning
engine to find out the solution which in turn will be consumed

by Broker agent to take the best action accordingly. The action
can be repopulating the TAQueue, selecting the best mobile
workforce to be assigned to a task or sending notification
message to the selected mobile workforce.

6. Conclusion

In this paper we proposed a new architectural model for an
accurate and fair mobile workforce brokerage system. Our
research has combined three disciplines; mobile and pervasive
computing, workflow management systems and distributed
artificial intelligence (multi-agent technology). Currently, a
system based on this model is under development and we are
expecting to examine the efficiency and effectiveness of this
model in the near future.

Retrieve ()
< BrokeCrDAgent Out(request) », Out(request)—| Resource Agent
« "g N :ﬁ;ﬁz Update () ) 14— In(inform) Shasrsgézata In(inform) —- | 6
é / / << B 501 Agonts l4— In(chnages)— ‘ ~—In(chnages) ra,
Retrieve é: r|r| -lu _ ‘ o 3 2
/ £ 2 £ = 3z 3
Update @ ] [0y < o
. / pdate () e 2 g % > % '§_
2 Case Base c ° 2 o 7 it =
B 2 Y v v v v v ¥
<4 S | Reasonin
Case Base [+ & ™) "l TAQuene MWMS (Server) Resource Agent
= Task Allocation Queuc m“;g:gzmwe‘:ﬁkg)erﬁzr Cluster
Fig. 5.1 The architectural model for MWBS
References (12) K.P. Sycara, Multi-agent Systems. Al magazine 19(2), pp. 79ff, (1998.)

(1) JinJing, Karen Huff, Himanshu Sinha, Ben Hurwitz and Bill Robinson,
GTE Laboratories Incorporated, Workflow and Application Adaptations
in Mobile Environments, Second IEEE Workshop on Mobile Computer
Systems and Applications, New Orleans, (Feb. 1999)

Cognito what is mobile workflow. Available

http://www.cognito.co.uk/whatismobieworkflow.asp

Guido Governatori, Antonino Rotolo and Shazia Sadig, A Model of

Dynamic Resource Allocation in Workflow Systems, Fifteenth

Australasian Database Conference, Dunedin New Zealand. Conferences

in Research and Practice in Information Technology, Vol. 27,

(ADC2004)

Will van der Aalst and Kees van Hee, Workflow Management Models

Methods and Systems, ISBN: 0-262-01189-1, MIT Press (2002)

Dickson K.W. Chiu, S. C. Cheung and Ho-fung Leung, A Multi-Agent

Infrastructure for Mobile Workforce Management in a Service Oriented

Enterprise, Proceedings of the 38th Hawaii International Conference

on System Sciences, (2005)

M.N. Huhns , Agents as Web Services, Internet Computing 6(4),

pp.93-95 (2002.)

M.N. Huhns and L.M Stephens, Multi-agent Systems and Societies of

Agents, In Weiss, G. ed, Multi-agent Systems: A Modern Approach to

Distributed Artificial Intelligence, MIT Press, Cambridge, MA, pp.

79-120 (1999.)

Gerhard Weiss, Multi-agent Systems, a Modern Approach to

Distributed Artificial Intelligence, the MIT Press Third Printing (1999.)

Anand S. Rao and Michael P.George, BDI Agents from Theory to

Practice, Proceedings of the First International Conference on

Multi_Agent Systems, ICMAS, San Francisco USA, (Junel995.)

(10) J.M.Corchado and R. Laza,Constructing, Deliberative Agents with
Case-Based Reasoning Technology, International Journal of Intelligent
Systems, Vol. 18, No. 12, (December 2003.)

(11) Andrea Omicini, Franco Zambonelli, Matthias Klusch and Robert
Tolksdorf, Coordination of Internet Agents Models Technologies and
Applications, Springer-Verlag Berlin Heidelberg, ISBN: 3-540-41613-7,
(2001.)

at:

@
©)]

4
®)

(6)
M

®)
©)

ISBN 978-979-16338-0-2

(13) M.J. Wooldridge, Reasoning about rational agents, MIT Press,
Cambridge, Mass., (2000.)

(14) Bastin Tony Roy, Savarimuthu, Maryam Purvis and Martin Fleurke,
Monitoring and controlling of a multi - agent based workflow system,.
Conferences in Research and Practice in Information Technology, Vol.
32, Australasian Workshop on Data Mining and Web Intelligence
DMWI, Dunedin (2004)

(15) Martin Fleurke, Lars Ehrler and Maryam Purvis, JBees: An Adaptive
and Distributed Agent-based Workflow System, Proc. IEEE/WIC
International Conference on Intelligent Agent Technology, Halifax,
Canada M.2004.

(16)Hackmann, Gregory and Sen. Rohan, Haitjema, Mart, Roman,
Gruia-Catalin, Gill, Christopher, Mobile Workflow for MANETS,
Department of Computer Science and Engineering Washington
University in St. Louis Campus Box 1045, One Brookings Drive St.
Louis, MO 63130, U. S. A, (April 2006.)

(17) Erik Elmroth and Johan Tordsson, A Grid Resource Broker Supporting
Advance Reservations and Benchmark-Based Resource Selection,
Lecture Notes in Computer Science, (2003.)

(18) S.Russel and P.Norvig. Artificial Intelligence: A modern approach.
Prentice-Hall (1995.)

(19) Sankar K. Pal, Tharam S. Dillon and Daniel S. Yeung, Soft Computing
in Case Based Reasoning, Springer (2001.)

(20) G. Kappel, S. Rausch and W. Retschitzengger, Coordination in
Workflow Management Systems — A Rule-Based Approach, Lecture
Notes In Computer Science; Vol.,pp. 1364 (1997.)

(21) Xin Bai, Han Yu, Guoglang Wang, Yongchang Ji, Gabriela M.
Marinescu,Dan C. Marinescu, and Ladislau Boloni, Coordination in
Intelligent Grid Environments, Proceeding of the IEEE, VOL. 93, NO. 3,
(MARCH 2005.)

297



