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Abstract— Composition of processes for
virtual enterprises is a dignificant issue.
Although the flexible architecture provided by
holonic manufacturing sygsem (HMS) paves the
way for adaptive compaostion of virtual enterprise
proceses, it also poses challenges in planning
processesfor virtual enterprises The challengesare
due in part, to the loosdy coupled sructure of
holons and also to the complex interactions among
holons. Devdopment of new methodologies is
required to optimize the holonic processes in HMS
to achieve the objectives In this paper, we
concentrate on the devdopment of method for the
compostion of holonic enterprises processes We
congder the holonic processes compodtion (HPC)
problem to synthesize processes with minimal cogts
while meeting the timing congraints in HMS. We
propose a two-layer contract net protocal to find the
minimal cog solution. We implement a problem
solving environment to solve HPC. Weilludrate
how to apply a multi-layer contract net protocol to
find the optimal solution by usng an example

Keywords— Contract net, holonic, multi-agent
system, Petri net, workflow, virtual enterprise.

1. INTRODUCTION

The manufacturing sector has been facing
major challenges as it undergoes revolutionary
changes fuelled by new and sophisticated
demands from customers, global competition,
distribution of manufacturing and marketing
activities and technological advances [1]. Due to
the dynamically changing -characteristics of
manufacturing environments, static  control
structures are not suitable anymore. Boushia and
Trentesaux reviewed dae-of-the-at and future trends
of odf-organization in didributed manufacturing
control [6]. The increasing versatility in product
demands calls for a system architecture able to

evolve in time [25]. Holonic manufacturing systems
HMS) [2], [27], [5], [7] provide a reconfigurable,
flexible and decentrdized manufacturing environment to
acocommodate  changes and megt  cudomes
requirements dynamicaly bassd on the notion of holon
[16], an autonomous, co-operdive and intdligent entity
adleto callaborate with other holonsto processthetasks.

In HMS, a sysem of holons tha can autonomoudy
cooperate to achieve a god forms a holachy. A
chdlenge is to design a mechaniam to guide the holons
such that the decisons mede by the individud holons as
a whole compodte a hoachy tha achieves the
objectives auch as meting customers: demands and due
dates In existing literature, there are many dudieson
HMS[20], [10], [23], [4], [26], [9], [22], [18], [12], [17],
[13]. There are many works on planning and
optimization in HMS. Giebels, Kals and Zijm
[26], [9] proposed the system architecture of a
flexible manufacturing planning and control
system. Existing works on how to specify formdly
the dynamic behaviour of holonic systems gopear in
[18], [24], [12]. In [15], the authors present an
approach based on agent negotiation with an
extended contracting protocol for supporting
logistics and production planning. Studies on how
should the production control tructure evolve to adapt
to changes have been made by [17]. Exiding resultson
how to achieve globd optimization in decentrdized
sysemscan befound in [13].

One approach to overcome the limitations of
classica scheduling is the use of distributed
schemes such as agent or holonic-based control
architectures [3]. Babiceanu, Chen & Sturges
presents a solution for scheduling using the
holonic control approach [3] in which a feasible
solution emerges from the combination of
individual material handling holons solutions.
Leithio and Restivo [19] presents a holonic
approach to manufacturing scheduling, where the
scheduling functions are distributed by severa
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entities, combining their calculation power and
local optimization capahility.

A hdonic process is dynamicaly formed by a st of
product holons and resource holons based on a cartan
task didribution protocol such as contract net protocol
(CNP) to execute a task. CNP [24] is a wdl known
protocal for didributing tasks. Application of CNP for
task dlocation in HMS is found in [22], [10], [23].
Formation of holonic processesin HMS basad on CNP
hes been sudied in [13], [12], [11], where Petri net [21]
modds have been proposed to cgpture the interactions
between resource holons and product holons. These
reults pave the way for the devdopment of
methodology for composing holonic processes that
sidy timing congraints To achieve the objectives, we
firg formulate a holonic process compodtion problem
basad on Peri nets and propose a method to find an
optima solution.

Theremander of this paper isorganized asfallows. In
section 2, we describe and gate the holonic processes
compadtion problem (HPC). In section 3, we propoe a
twolayer contract net protocal for solving HPC. In
section 4, we firg detall our design using UML activity
diagrams to describe handling of the two layer protocol
messages. We then demondraie our implementation
using an example. Section 5 condudesthis paper.

2. HOLONIC SYSTEM OPERATION

An HMS congdts of three types of holons resource
holons, product holons and order holons[27]. A resource
holon condds of production resources with rdevant
components to contral the resources. A product halon
contains the production process informetion to
manufecture products. An order holon represents an
order. Individud product holons or resource holons
cannat process acomplex task aone To processatask, a
st of resource holons and product holons form a
compogite holon cdled aholarchy.

Fgure 1 illusrates a scenaio in which a production
processisto beformed in HM Swith seven product holons
h.,h,,....h;and ten resource holons r,r,,...,r;ot0
accomplish atask with timing constraints. Hoonic
processss are production processes dynamically crested
besad on the callaboration of product holons Each product
halon has an internd process flow. Execution of the
internd process of aproduct holon may rdy on the outputs
from the internd processss of one or more upgtream
product holons. For example, product holon hy and hg
depends on either h, or h, to provide the type-
one parts and also depends on either h; or h, to

provide the type-two parts. Product holon h,

depends on h; to provide the type-three parts and
also depends on hy to provide the type-four parts.
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Fig. 1 Holonic process formation

Execution of atask r reguires collaboration of a st of
product holons and resource holons To process atask, the
interna processes of aminima et of product holons nesd
to be connected. One way to form a hdlarchy is based on
the contract net protocol (CNP). Formation of haonic
processesin HM S basad on CNP hasbean studied in [13],
where CNP is goplied to form a holachy base on
egablishment of contracts between a st of product holon
and ast of resource holons. In this paper, we condder the
compogtion of minima cod holonic processes that
executeatask r whilesatifying timing congraints

To detribe the dependency between product holonsin
forming ahdlarchy for executing atask 7 , weuseadirde
to represent a product holon. To describe the inputs or
outputs of a product holon, we use a st of drdes cdled
interface nodes The output interface node of a product
halon may connect to the input interface node of ancther
product holon. The dependency between product holonsis
represented by adigragph D(N, E).

Definition 21: The dependency between product
hoons is dexribed by a dgrgph D(N,E)
wheeN =H Ul isa st of nodesEisa s of acs a
node inH denates a holon and a node inl denotes an
interface between holons An ac connedting node
he H to nodei e | means thet hdlonh will provides its
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outputs to other hdlons via inteface nodei . An ac
comnecting node iel to node heH means tha
holonh may acoept the outputs from other holons via
interfacenodei.

In a given digrggh D(N, E) , the number of outgoing
acs of a hdon nodehis cdled the out-degree of h. A
product halon nodeh with zero out-degreeis cdled afind
product halon. We useOut(h) and In(h) to denote the st

of output interface nodes and the st of input interface
nodesof product holonh , repectively.

Definition 22 A cdllaborative nework for product
holonh isdescribed by adigrgohC(N¢, Ec) < D(N, E),
whereN is afinite st of nodes and E.. is afinite s&t of
acsNe = HeoUlg,HccH,lc cl ,heH¢ad
foreachh’ e H , thereexigsh” € H - connectingtoi for
eachi e In(h) . If there is exadly one incoming arc and
one outgoing ac for each intaface node in I
C(N¢, E¢)iscdled aminimd collaborative network for

product halonh.

In genera, the number of minimal
collaborative networks that can perform a given
task grows exponentially with the size of
D(N,E) . The existence of multiple minimal

collaborative networks for a task poses an
optimization issue. An important problem is to
minimize the overall cost while forming a
minimal collaborative network to perform a task
with a timing constraint. Let » denote the timing
constraints. Let w. denote the cost of C(N¢,E¢) .
The holonic processes compostion problem can be
dated informdly asfollows:
Holonic Processes Composition (HPC) Problem:
min We

st.C(N¢,Ec)cE(N,E)

C(Ng,Eq)satifies o

A chdlenge in the devdopmett of a solution
methodology to HPC problem is due to the didtributed
computing environment of holonic sysems An effective
olution method mus be compliant with the holonic
architecture. The solution gpproach proposad in this
paper is basad on interactions of halons in cooperative,
digtributed architecture thet exhibit the characteridics of
HMS. To destribe the detalls of our solution method for
the HPC Problem, a mathematicd formulation is
required. To capture the interactions of holons through
the underlying workflows and andyzing the rdevant
timing reguirements, we proposetimed Petri net modds.

3. TwWoO-LAYER CONTRACT NET
ProOTOCOL

One way to form a holarchy is based on the
contract net protocol (CNP). Interactions among
resource holons, product holons and order holons
are through the well-known contract net protocol
[24]. In contract net protocol, there are two roles
an agent can play: manager or bidder. Four stages
are involved to establish a contract between a
manager and one or more bidders: (1) Reguest
for tender: The manager announces a task to all
potential bidders. The announcement contains the
description of the task. (2) Submission of
proposals: On receiving the tender announcement,
bidders capable of performing the task draw up
proposals and submit to the manager. (3)
Awarding of contract: On receiving and
evaluating the submitted proposals, the manager
awards the contract to the best bidder. (4)
Establishment of contract: The awarded bidder
may either commit itself to carry out the task or
refuse to accept the contract by sending messages
to the manager. For the latter case, the manager
will reevaluate the bids and award the contract(s)
to another bidder(s).

Formation of holonic processes in HMS based
on CNP has been studied in [13], where CNP is
applied to form a holarchy base on establishment
of contracts between a set of product holons and
a set of resource holons. HM S provides a flexible
architecture to configure product holons to fulfill
the order requirements. We propose an extended
contract net protocol that consists of an upper
layer and alower layer protocols. The upper layer
contract net protocol is applied by an order holon
and the potentia product holons to find the
minimal cost product holons that form a holarchy.

After conducting the upper layer protocol, a
holarchy is formed by a set of product holons. To
acquire the resources required to execute the
operations in the holarchy, the lower layer
contract net protocol is applied between the
holarchy and the potential resource holons to
analyze the feasibility and determine the resource
holons. Figure 1 illustrates the two-layer contract
net protocol.

Resource holons, product holons, and order
holons are assigned different roles at different
phases in the two-layer protocol. To describe the
negotiation processes between an order holon, the
product holons and the resource holonsin HMS,
the following messages are defined.

Definition 2.1: X,; denotes a “Request for

tenders’ message sent by either an order holon or
aproduct holon. X4, denotes the “ Submission of

proposals’ message sent by either a product
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holon or a resource holon. X, denotes the

“Awarding of contract” message sent by an order
holon or a product holon. X,. denotes the
“Establishment of contract” message sent by an
awarded product holon or an awarded resource
holon.

TABLE 1
THE INPUT TYPE(S) AND OUTPUT TYPE(S) FOR
PRODUCT HOLONS hy, h,,...,h,

Product Input type Output type

holon
hy Product Typel
h, Product Typel
hs Product Type2
h, Product Type2
hs Product Typel | Product Type3
he Product Type2 | Product Type4
h, Product Type3, 4 | Product Type5

Example:Fgure 2(@~(d) illugrate a soenario inwhich a
production process is to be formed in HMS based on the
upper layer contract net protocol goplied between the
potentid product holons hy,h,,...,h, to fulfill the
requirements of an order holon h, . Holonic

processes are production processes dynamically
created based on the collaboration of product
holons. Each product holon has an internal
process flow, the required input types and output
types. Table 1 shows the input type(s) and output
type(s) for product hdlonsh,, h,,..., h; . Execution of
the internal process of a product holon may rely
on the outputs from one or more upstream
product holons to produce the outputs. For
example, product holon h, depends on

either hgor hg to provide the required parts.
Furthermore, h; aso depends on either h, or

h, to provide the required parts whereas hg

depends on either h; or h, to provide the

required parts. To minimize the costs in the upper
layer protocol, each product holon finds the
minimal cost upstream product holons by
applying the minimal cost holons determination
algorithm (MCHDA). MCHDA will be detailed
in Section 3. Suppose the cost of h, is less than

that of h, and the cost of h; is less than that of
h, . Figure 2(e) shows the holarchy H formed

resulting from the upper layer protocol. The cost
of a product holon is obtained based on the costs
of the operations.
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Fg.2(e) A holarchy H formed

The upper layer specifies the interactions
between an order holon and the potential
product holons. The order holons aways act
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as managers to initiate tender processes with
the product holons as the bidders. The
product holons act as the managers in turn to
issue a new request for bids to other product
holons for the set of subtasks stemming from
the product requirements.

The lower layer specifies the interactions
between the holarchy formed by combining the
product holons obtained from the upper layer
protocol and the potentia resource holons to
analyze the feasibility of the solution. Fgure
3@~(d) illugrate a scenaio in which the lower layer
cotrat ng protocol  is  goplied  between  the
holarchy H and resource holonsr,, r,,...,rg.

Holarchy Resource holons

njlre |

N

1
Xt . . . L]

1
Xt

Fig. 3 (a) Request for tender

Resource holons
. . . g e

1
Xaop . . . .

Holarchy

Lol flre] -

sop

X5

sop

sop

Fig. 3 (b) Submission of proposals
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Fig. 3 (c) Awarding of contracts
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Fig. 3 (d) Establishment of contracts

4. DESIGN AND IMPLEMENTATION

To realize the proposed idea, we implement a
holonic system based on the two-layer contract
net protocol. In this section, we first present the
activity diagrams for handling the two-layer
contract net protocol messages and then illustrate
the developed system. The activity diagram for
handling a “Request for tender” message X, iS

shown in Fig. 4(a).

In handling a X, message, a holon first checks
whether the product type is supported. If it is
supported, the holon applies to check whether the
timing constraint is satisfied. If timing constraint
is satisfied, the holon will encode a X message,

the X
the X, message from the bidders (upstream

holons). The holon will wait for al the
arriving X o, messages until a timer expires. All

forward message and wait for

X sp Messages arriving before expiration of the

timer are decoded to determine the bidders with
minima cost. Based on the winners, the holon
encodes its proposal and sends its X ,, message

to the manager.

From manager
(downstream holon)

Not sup ported Pr oduct Type Supported Pr oduct Type

Timing Constraint Not Satisfied

Timing Constraint Satisfied

Encode RFT

Frombidder
(upstream holon)

To manager
(downstream holon)

Fig. 4(a) Activity diagram for handling a
“Request for tender” message in the upper layer

Fig. 2(b) shows how to handle “Submission of
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proposal” messages X, from the bidders. On

receiving “Submission of proposal” messages the
bidder, a holon must decode the proposals to
determine the winners. The holon then encodes
the contract awarding message X .. and responds
by sending X ., to the corresponding winners.

To implement a HMS based on the
methodology proposed in this paper, the four
types of messages, including “Request for
tender” X, , “Submission of proposa” Xg ,
“Awarding of contract” X .. and “Establishment
of contract” X, used in the two-layer contract
net protocol must be specified. In the upper layer
contract net protocol, a “Request for tenders’
message X, sent by an order holon includes
product type, due date and also the order holon
ID. An example is the message X, issued by

order holon hy in FHg 2(@. A “Request for
tenders” message X, sent by a product holon to

the potential upstream product holons includes
product type and aso the product holon ID. The

messages X, , X % and X 2, in Fig. 2(a) are examples
of “Request for tenders’ messages sent by
product holons. On receiving a message X, Sent

by an order holon or a product holon, a potentia
product holon sends “Submission of proposas’
message X, - As Petri net models are used to

specify the internal process of holons, the
proposal submitted by a holon is represented by a
Petri net model. Petri Net Markup Language
(PNML) [28] is a standard for the representation
of Petri nets. Therefore, we adopt PNML to
represent the Petri net models of holons. A X,

message issued by a product holon consists of the
URL of the workflow Petri net model in PNML,
the product holon ID and the product type
produced by the holon. For the example in Fig.

2(b), Xéop ’ Xszop ' xgjop ’ x;‘op ’ x;:)op ’
X&p and X, are examples of “Submission of
proposals’ messages sent by product holons. On
receiving Xg,, messages sent by the potential
product holons, an order holon or product holon
must determine the winners based on the
optimization algorithm and send the “Awarding
of contracts’” X,,. messages to the best product
holons. In FAg. 2(0), X2, Xi¢, X2, X3, and
X 4. are examples of “Awarding of contracts’
messages sent by order holon or product holons.

On receiving the X ,,. message, a winner responds
by issuing X .. message back to the manager. For
A 2d), Xae » Xée » Xaoe » Xae AN Xg @€
examples of “Establishment of contracts’
messages. .

— =<
Decode proposal

Timer not expired

Frombidders
(upstream holons)

@etermi ne the minimal cost proposals and wi nne@

@code contract awarding messa@

aoc To winners
(upstream holons)

Fig. 4(b) Activity diagram for handling a
“Submission of proposal” message in the upper
layer

File Compose GUI Ganerdter Adrmsestrator Halp
Chriker Holim Prodinci Hilon Erarmrzr Holim
-
1 ] ]
= Wi & hib
Ll hi hE h4
L hk
= hii = hil
hr
= i3
il
STANT Resuh PRI

Fig. 5 HMS Editor/Monitor

WedevdopaHM S Designer basad on the two-layer
contract net protocol proposed in this pgper. We
illustrate the function of HMS Designer by
applying it to an application scenario. HMS
Designer is developed based on the Petri net
models of holons that we proposed in Section 3,
the services publication/discovery mechanism in
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Section 4 and the message handling activity
diagrams proposed in Section 5. Hg. 5~ Hg. 8
shows the soreen shats of our sysem, which condgsof a
HMS Editor/Monitor (Hg. 5) and grgphicd user interface
to set the properties of order holons, product
holons and resource holons (Fig. 6~ Fig. 8) ad
diglay the established contracts between order holons,
product holons and resource holons based on our
proposed two-layer contract net protocol. The
folowing example detals an gpplication scenaio of the
HMSDedgner.

B o i T I T
il Ories el Ll

3] it |
|

Order Holon Properties

HolonlD g
Product Type ProductTypeS -
Due Date 30

|
Cost a1

Save

Fig. 6 Properties of an Order Holon

B h1 Frcdnet G0

Product Holon Properties

Hulemil [

Frndaer M 1]
Tosg T
Mol L] v

Barat Product Taps

Cuipet Poduct Type
Prodeci Type |

Save

Fig. 7 Properties of a Product Holon
Example: Consider the requirements of an order
with requested product type: Product Type 5,
order due date: 30, and cost constraint: 80.

Fig. 5 demonstrates the HMS Editor in which
users (order holon managers, product holon
managers and resource holon managers) may
define the holons in a system. User may drag and
drop the order holon, product holon and resource
holon icons to define the holons. For this
example, there are thirteen holons(h, ~ h3) that

have been defined, including seven product
holons and one order holon. For clarity, we only
show the product holons h, ~h, and order

holon hgwhile hiding resources holonshg ~ hj5in

Fig. 5. Fig. 6 shows the graphical user interface
for order holon managers to set order holon
properties. The properties of an order holon
include holon id, product type, quantity, due date
and cost constraint. In Fig. 6, the product type,
due date and cost of order holon hgis set to

Product Type 5, 5, 30 and 80, respectively. Fig. 7
illustrates the graphical user interface for product
holon managers to set product holon properties.
The properties of a product holon include holon
id, model (represented by Petri net in PNML
format), input/output product types and costs,
where input product types is the product types
required for producing the output product types.
Fig. 8 illustrates the graphical user interface for
resource holon managers to set resource holon
properties. The contracts between product holons
are shownin Fig. 5.

-4 Resource GLE 2 -

Resource Holon Properties

Holonl D )

Resource Hame Y

Resource Type ResourceTypel -
LCost 11}
Model Ala -

Save

Fig. 8 Properties of a Resource Holon
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5. CONCLUSIONS

To meet the changing customers demands
with minimal costs while delivering the products
timely, manufacturers rely on aflexible, effective
architecture to dynamically collaborate with the
partners to fulfill the orders requirements,
optimize the costs and reduce the risk. This pgper
presnts a sydemdic methodology to synthesize
minima cog production processes that iy timing
condraints based on holonic sysem architecture A
holonic process is dynamically formed by a set of
product holons and resource holons to execute a
task. We condgder the problem to synthesize holonic
processes with minima costs while mesting the timing
condraints in holonic sydgems. We formulate this
problem based on a hybrid modd in which contract net
protocal is adopted asthe negotiation protocol and Petri
net is used to secify and andyze the timing and
resource condraints. To specify the cods of operations,
we augment the Petri net with a cogt function. We
formulate an optimization problem to minimize
the cost while meeting the timing constraints.
Our method for solving the optimization is
broken down into two parts: a method to find the
collaborative workflows that satisfy timing
constraints and a method to find the minimal cost
solution. All holons that cannot meet the timing
requirements are excluded. We also establish a
simple condition to test whether there exists an
optimal solution based on the structure of the
collaborative workflow. Weillugrate how to goply a
multi-layer contract net protocol to find the optima
solution by usng an example As our methodology is
generic and developed based on holonic system
architecture, it can be tailored for specific HMS
applications.
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