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a  b  s  t  r  a  c  t

Supply  chain  planning  and  scheduling  problems  require  manufacturers  (project  managers)  to  deter-
mine  product  configurations,  select  suppliers  (contractors)  for task  allocation,  and  schedule  project  tasks
while considering  various  production  constraints  among  manufacturers  and  suppliers.  Most  relevant
studies  have  focused  on  finding  an  optimal  solution  based  on  complete  information  provided  by  each
enterprise  in  a supply  chain.  However,  the practical  implementation  of  complete  information  sharing
is  difficult,  if not  impossible,  because  of  the  fully  distributed  nature  of  the supply  chain  process.  This
work  proposes  an  agent-based  fuzzy  constraint-directed  negotiation  (AFCN)  model  to  solve  problems
associated  with  supply  chain  planning  and  scheduling,  which  are  modeled  as a  set  of  fuzzy  constraint
satisfaction  problems  (FCSPs)  that  are  interlinked  via  inter-agent  constraints.  To accommodate  the  per-
spectives  and  interests  of  each  enterprise  in  a  supply  chain,  conflicts  among  FCSPs  are resolved  using the
AFCN  protocol  through  the  iterative  exchange  of offers/counter-offers  with  limited  information  sharing
and without  privacy  breaches.  A  proposed  offer/counter-offer  represents  not  only  a set  of acceptable
solutions  and  preferences  for an  operational  task  but also  the possibility  of conflict  in this  area.  For  each
FCSP,  the  incremental  process  of offer/counter-offer  evaluation  eliminates  redundant  and  infeasible  solu-
tions.  The  sharing  of limited  non-strategic  sensitive  information  among  agents  enables  them  to elucidate
their  opponents’  intentions  through  iterative  negotiations,  such  that  the  agents  can  reach  an  agreement
while  ensuring  that  the  solution  to  a project  planning  and  scheduling  problem  is  satisfactory.  The  AFCN
model  is  also  sufficiently  flexible  to incorporate  different  negotiation  strategies  such as  competitive,  win-
win, and  collaborative  strategies,  for various  production  environments.  Herein,  a numerical  study  was

conducted  to examine  the  practical  viability  and  effectiveness  of  the proposed  AFCN  model.  The  experi-
mental  results  show  that  the proposed  AFCN  model  not  only  can  generate  a schedule  that  is  comparable
to  a near-optimal  solution  but  also  is  time-efficient.  This indicates  that  the  proposed  AFCN  is  a practi-
cal  and  effective  method  for solving  supply  chain  planning  and  scheduling  problems  in fully  distributed
environments.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Faced with global economic volatility and intense competition,
odern enterprises must respond rapidly to market fluctuations.

n a supply chain, the various business entities, involved including

uppliers, manufacturers, distributors and retailers, are partners,
hose integrated actions produce products and services for cus-

omers [1]. In a customer-driven supply chain, an enterprise
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niversity, 135 Yuan Tung Road, Chungli 32003, Taiwan.

E-mail address: krlai@cs.yzu.edu.tw (K.R. Lai).
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responds to rapidly customer demand, and diverse products are
produced to satisfy that demand. In addition, most supply chains
include various manufacturers that concurrently produce multi-
ple products. To ensure good customer service and low production
costs, enterprises must select partners and coordinate with them
during process planning and scheduling in a cost-effective manner,
given various constraints such as those related to processing time
and due date [2–5].

The manufacturing process that is required to meet customer

demand comprises various processes for the production of raw
materials or the assembly of parts into finished products [3].
Planning involves supplier selection and product configuration
decisions regarding the sequence of manufacturing operations

dx.doi.org/10.1016/j.asoc.2016.07.030
http://www.sciencedirect.com/science/journal/15684946
www.elsevier.com/locate/asoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.asoc.2016.07.030&domain=pdf
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ased on the precedence relations among those operations.
cheduling involves the allocation of various jobs to different facil-
ties to fill a customer’s order in a timely manner.

This work aims to solve a supply chain planning and scheduling
roblem (SCPSP) involving multiple projects undertaken by var-

ous project managers and contractors who are distributed and
utonomous agents in a supply chain network. A project comprises

 set of tasks or operations for a particular product under prece-
ence constraints. Project managers in make-to-order enterprises
oordinate the production sequences of these tasks. Each task is
elected and performed by a firm or contractor from among a set
f candidate partners. Each contractor has its own processing time,
esources, and operating costs. The enterprises involved in a supply
hain have diverse intentions. The objective of the project man-
ger is to minimize the operating costs associated with a project
y defining an optimal sequence of tasks given the precedence of
he task operations. The goal of the contractors is to maximize their
rofits from the projects in which they participate, given their lim-

ted capacity to complete contracted tasks [6]. Furthermore, each
nterprise in the supply chain must make decisions based on lim-
ted information about production operations obtained from either
roject managers or contractors, such as the processing costs and
esource capacities of the contractors.

The two main classes of methods used to solve the SCPSP are
entralized and distributed methods. In a centralized method, a
ingle coordinator performs process planning and scheduling in

 manner that integrates all operational information from all of
he enterprises in the supply chain. Various centralized methods
ave been used to find an optimal or near-optimal solution to
he SCPSP under conditions of full information sharing, including
inear programming [4,7,8], fuzzy linear programming [9], fuzzy

ixed integer-linear programming [10], genetic algorithm-based
ethods [11–14], and other meta-heuristic methods [15–20].
owever, centralized approaches are difficult to apply to real

ndustry problems because they typically require sensitive strate-
ic information from business partners. Moreover, the centralized
ethod lacks flexibility and is unable to adapt when the strate-

ic information from each enterprise in the supply chain is
pdated.

Agent-based methods, which are characterized by distributed
omputation and information processing, are regarded as valid
lternatives for SCPSP modeling [21–26]. A multiple-agent system
omprises a set of inter-related agents in a distributed and hetero-
eneous environment [27], and such systems have recently been
pplied to solve various problems such as those involving cloud
esource management [28–30], collaborative design [31], health
are monitoring [32], manufacturing scheduling [33–35], trans-
ortation and logistics [36,37], and virtual enterprise negotiations
38,39]. However, the lack of global information for the coordi-
ation of production operations is a challenge in the agent-based
pproach. In this approach, agents make their decisions indepen-
ently of each other and optimize their local objectives without
onsidering the constraints of other agents or the global perfor-
ance [6].
To ensure global performance with limited interaction among

gents, a mediator or a third-party agent between the project man-
ger and contractor can be introduced to coordinate task allocation
40]. This mediator facilitates the negotiation processes by assisting
he negotiating parties in understanding their own needs, suggest-
ng possible agreements, and supporting the parties in reaching

 final agreement. However, in such situations, agents may  be
equired to share sensitive strategic information that would oth-

rwise not be revealed to opponents or even to a third-party
ediator.
As alternatives to involving a third-party mediator, the contract

et protocol (CNP) and the market-based iterative auction (MIA)
puting 48 (2016) 703–715

protocol are used to support information privacy and enhance
coordination in a fully distributed environment [6,15,41]. The CNP
is used to facilitate negotiation for the distribution of subtasks
among various agents [42–45]. In the CNP, a project manager
agent (PA) sends a request to all qualified contractor agents (CAs)
for bids to complete a task. After receiving bids from the con-
tractors, the PA assigns the task to the best contractor based on
his/her objective. However, negotiations using the CNP allow a con-
tract with a CA to be established for only one project at a time.
With limited interaction and limited information sharing, agents
must make their decisions independently of each other, leading
to the local optimization of the entire supply chain network. Lau
et al. [6] proposed the modified contract net protocol (MCNP) to
enable multiple project managers to simultaneously select con-
tractors to undertake their operations. The MCNP also allows
project managers to share the start-time window information for
an operation with contractors to improve global performance.
However, the CNP and MCNP support only limited interactions
with single-shot negotiations and thus yield less-than-satisfactory
results.

The MIA  protocol provides a more sophisticated negotiation
mechanism [46–50] by adopting a market-based approach for auc-
tioning resources to contractors and enabling the contractor to
receive maximum revenue. The MIA  protocol also supports iter-
ative bargaining between PAs and CAs to yield a task-performing
price that reflects the global competition for resources. During the
iterative bidding process, the project managers adjust their bids
according to the prices quoted by the contractors, but they lack
sufficient information regarding where any contention should be
resolved. Hence, the bidding process may  oscillate and not converge
efficiently.

Accordingly, facilitating convergence is necessary to guaran-
tee global performance in supply chain scheduling; moreover,
both convergence and global performance are strongly affected
by the degree of information sharing and remain critical chal-
lenges [51–53]. Therefore, this work investigates how to improve
global performance in solving the SCPSP by increasing the inter-
action among enterprises without sacrificing convergence and by
allowing more information to be shared among enterprises while
still addressing the information privacy concerns of the enterprises
involved.

This work proposes an agent-based fuzzy-constraint-directed
negotiation (AFCN) method for solving the SCPSP in a fully dis-
tributed environment. In this AFCN, the SCPSP is modeled as
a set of fuzzy constraint satisfaction problems (FCSPs) that are
interlinked via inter-agent constraints. Each FCSP represents the
interests and perspectives of one enterprise in the supply chain.
These constraints are characterized by non-directional, declara-
tive, and intuitive properties related to descriptions of real-world
problems, such as the allocation capacity of a contractor or the
production sequence of a product. Subjective, imprecise, and quali-
tative knowledge, including that associated with human cognition,
preferences, or even opponents’ perspectives, is frequently encoun-
tered in the business decision-making component of a supply
chain and can easily be captured using fuzzy constraints at var-
ious consistency levels. In particular, fuzzy constraints are used
to conveniently rank the candidate solutions by specifying the
possibilities and prescribing to what extent the solutions are suit-
able. Furthermore, similarity measurements between offers and
counter-offers are used to provide a basis for selecting a solution
from among a set of feasible alternatives when making a multi-
objective decision.
To accommodate the perspectives and interests of each enter-
prise in a supply chain, conflicts among FCSPs are resolved using
an AFCN protocol through the iterative exchange of offers/counter-
offers with limited information sharing and without privacy
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Fig. 1. Supply chain planning and scheduling with m PAs and n CAs.
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reaches. When an enterprise makes an offer/counter-offer, it con-
iders its own self-interest and preferences as well as its opponents’
erspectives. A proposed offer/counter-offer represents not only a
et of acceptable solutions and preferences for an operational task
ut also the possibility for conflict in this respect. For each FCSP, the

ncremental process of offer/counter-offer evaluation eliminates
edundant and infeasible solutions. Based on the ranking of the
olutions obtained through the application of fuzzy constraints, a
et of feasible solutions can be further refined based on preferences
hrough the application of an acceptable satisfaction value thresh-
ld, which enables an agent to respond rapidly to changes in the
nvironment and to ensure that the proposed offers/counter-
ffers converge efficiently toward a satisfactory global
olution.

The AFCN model is a practical and effective method for solv-
ng the SCPSP. The sharing of limited information (i.e., fuzzy sets
nd preference functions) among agents enables them to eluci-
ate their opponents’ intentions through iterative negotiations,
llowing the agents to reach an agreement while ensuring that the
olution to a project planning and scheduling problem is satisfac-
ory. The AFCN model is sufficiently flexible to incorporate different
egotiation strategies such as competitive, win-win, and collabora-
ive strategies, for various production environments. Experimental
esults show that the proposed AFCN model not only can generate

 high-quality schedule (i.e., comparable to those obtained using
entralized methods) but also is time-efficient (i.e., preserves the
rimary advantage of distributed and agent-based approaches) for
olving a fully distributed SCPSP.

The remainder of this paper is organized as follows. Section 2
ntroduces the theoretical basis for the modeling of the SCPSP as a
istributed fuzzy constraint satisfaction problem (DFCSP). Section

 presents the AFCN model, including the process for generating
ffers and counter-offers, a communication protocol, and agent
ehavioral models that support effective interactions between PAs
nd CAs. Section 4 presents several experiments performed in var-

ous supply chain environments to verify the effectiveness and
fficiency of the proposed method. Section 5 presents the conclu-
ion to this paper and includes a discussion of the findings and
irections for future research.
2. Modeling the SCPSP as a DFCSP

In a supply chain, a product passes through a variety of stages,
from raw material and manufacturing to distribution, retail and
delivery to end customers. This work focuses on the manufactur-
ing stage of the supply chain. In this context, the SCPSP involves
scheduling multiple projects across a network of manufacturers
and suppliers. Manufacturers subcontract various tasks out to sup-
pliers to complete their products. Suppliers differ from each other
in how they perform various tasks in terms of available resources,
processing time, and costs. Each project comprises a set of tasks or
operations with complex precedence relationships. Typically, each
task can be performed by more than one supplier. Thus, the pro-
cess of project planning and scheduling involves allocating product
completion tasks and selecting suppliers to minimize the total com-
pletion time and operating costs. If manufacturers are regarded as
project managers and suppliers are regarded as contractors, then
the SCPSP is defined as follows.

Definition 1. A supply chain planning and scheduling problem
(SCPSP) can be modeled as a multi-agent system (MAS), (E, F, J),
where

• E is a set of m project manager agents (PAs) representing manu-
facturers, each of which is responsible for imposing temporal and
precedence constraints on a set of tasks;

• F is a set of n contractor agents (CAs) representing suppliers, each
of which is responsible for imposing capacity constraints; and

• J  is a set of interrelations between the two classes of agents;
each interrelation, Ji,j,t , specifies the jth CA, Fj , as a candidate for
performing a task t that is governed by the ith PA, Ei.

According to Definition 1, an SCPSP is decomposed and con-
verted into an MAS, which comprises PAs and CAs, as shown in
Fig. 1. Each PA is responsible for imposing temporal and precedence

constraints on a project. These constraints are further specified in
terms of each task’s processing time, due date, arrival (release) date,
and tardiness cost. Each CA is responsible for imposing capacity
constraints, which are specified by the corresponding supplier’s
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rocessing cost and profit. Each interrelation, Ji,j,t , represents a
ontractual relationship. The ith PA, Ei, and the jth CA, Fj , must nego-
iate with each other to ensure task allocation and production at an
cceptable processing time and cost.

Each agent who is responsible for some aspect of the SCPSP
s described by an FCSP. The attributes of an agent consist of a
et of objects, restrictions, and objectives, which are represented
y fuzzy constraints and inter-relationships linking them with
ther related FCSPs. Therefore, the MAS  is represented by a DFCSP,
n which a solution that is mutually acceptable to the PAs and
As is candidate solution that satisfies all of the constraints in

 distributed fuzzy constraint network (DFCN) that specifies the
uzzy constraints of each individual agent and those among agents.
dapted from the work of Lai [54], a DFCN can be defined as

ollows.

efinition 2. A DFCN, (∪, X, C), in an SCPSP, (E, F, J), can
e defined as a set of m + n fuzzy constraint networks (FCNs),
N1, N2, · · ·,  Nm+n}, with Nk = (∪k, Xk, Ck) representing the kth

gent, where

∪k is the universe of discourse for the FCN Nk;
Xk is a tuple of NX non-recurring objects of the kth agent, Xk =
(Xk

1, Xk
1, · · ·,  Xk

NX
);

Ck is a set of fuzzy constraints that includes a set of internal
fuzzy constraints among objects in Xk and a set of external fuzzy
constraints, Jk, between the kth agent and its opposing agents;
Nk is related to other FCNs by a set of external fuzzy constraints,
Jk;
∪ is the universe of discourse for the entire DFCN;
X = (

⋃m+n
k=1 Xk) is the tuple of all non-recurring objects; and

C = (
⋃m+n

k=1 Ck) is the set of all fuzzy constraints.

According to Definition 2, the set of non-recurring objects Xk of
he kth agent represents his/her beliefs, knowledge of the environ-

ent (e.g., tasks and resources), and any other attitudes (e.g., the
gent’s desires, intentions, and concerns regarding his/her oppo-
ents’ responses). The set of fuzzy constraints Ci for the ith PA, Ei,
orresponds to the set of restrictions (e.g., precedence constraints),
bjectives (e.g., total operating cost), and inter-agent constraints
hat apply between Ei and his/her related CAs. Similarly, the set
f fuzzy constraints Cj for the jth CA, Fj , represents the set of
estrictions (e.g., capacity constraints), objectives (e.g., revenue)
nd inter-agent constraints that apply between Fj and his/her
elated PAs.

According to Definition 2, the solutions to Xk
, the FCN for the

th agent, are regarded as the intention,
∏
Nk , of Nk, which is a

uzzy set of Xk-ary tuples that satisfies all of the fuzzy constraints
n Ck. For simplicity, the network intention

∏
Nk of the kth agent is

ritten as ˘k. Then, given a set of issues Z and a feasible solution
 (i.e., the value of an offer or counter-offer) such that S ∈ ˘k,
he aggregated satisfaction value of the solution S for the kth agent,

k(S), is defined as follows:

k(S) = 1
NI

∑NI

l=1
Zl(S) (1)

here Zl(S) is the lth membership degree of solution S and NI is the
umber of issues to be negotiated.

. The AFCN model for the SCPSP
The AFCN model is proposed to solve project planning and
cheduling problems in the context of a supply chain, in which
ffer generation and counter-offer evaluation are performed during
ask negotiation based on constraints, preferences and negotiation
puting 48 (2016) 703–715

strategies. First, the process of generating offers and counter-
offers is defined. Second, the inter-agent negotiation protocol for
establishing and maintaining communication between agents is
described. Third, agent behavioral models are used to address how
an agent negotiates contracts with competing agents for the per-
formance of particular tasks.

3.1. Generation of offers and counter-offers

The fuzzy-constraint-directed approach is known to be effec-
tive in agent negotiations [55–59]. During negotiations, each agent
determines the solution to his/her own FCSP and exchanges offers
with his/her partners (PAs and CAs) to resolve their inconsisten-
cies subject to the time allowed to complete task allocation. If
an opponent cannot accept an offer, then that opponent makes a
counter-offer in a manner consistent with negotiation strategies
that consider alternative solutions with a lower constraint satisfac-
tion level. Offers and counter-offers are thus exchanged iteratively
until a termination condition is met, causing the negotiation to end
either in an agreement or in failure.

An agent’s process of generating offers and counter-offers can
be regarded as an inference procedure for solving an FCSP. Fig. 2
illustrates the process by which an agent generates an offer and a
competing agent responds to that offer with a counter-offer. The
process consists of six main steps: (i) evaluation of the opponent’s
state in response to a counter-offer, (ii) identification of the agent’s
internal state, (iii) determination of the agent’s behavioral state, (iv)
generation of a set of feasible solutions, (v) selection of a prospec-
tive solution, and (vi) generation of an offer and a subsequent
counter-offer.

The process of generating an offer, A∗, from the FCN of the kth

agent, Nk = (∪k, Xk, Ck), to a contracting agent is described as fol-
lows. When the kth agent receives a counter-offer, B, it determines
the behavioral state that it should adopt to present an alternative
solution to the opposing agent or to offer a solution with a lower
satisfaction level. The opponent’s responsive state and the agent’s
own  internal state, which represent the opponent’s beliefs and the
kth agent’s own perspectives, respectively, are both considered in
the process of determining the agent’s behavioral state.

The negotiation process begins once both an initial offer (A0) and
the first counter-offer (B0) from the PA and CA, respectively, have
been generated. The initial offer (A0) from the PA for a given task
operation is computed according to Eqs. (11)–(19) and often rep-
resents the prospective solution with the highest possible degree
of satisfaction. After receiving the initial offer A0 from the PA,
the CA generates his/her first counter-offer (B0) according to Eqs.
(11)–(19) and chooses the prospective solution with the highest
possible degree of satisfaction for the CA to complete the corre-
sponding task. The opponent’s responsive state Q is the difference
� between the last offer A and the most recent counter-offer B,
which is defined as follows:

� = 1 − (G(A0, B0) − G(A, B))/G(A0, B0) (2)

where A0 and B0 are the initial offer and the first counter-offer
received, respectively. The distance measure G(A,B) is associated
with an offer A and a counter-offer B over a set of negotiation issues
I ∈ Xk, as shown below:

G(A, B)
1
NI

√∑NI

l=1
L(Al, Bl)

2 (3)
where L is the Euclidean distance between the two fuzzy sets
[60,61] Al and Bl , which represent the possibility distributions of
offer A and counter-offer B, respectively, over the issue Il ∈ I. The
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Fig. 2. The process of gene

istance L(Al, Bl) is transformed from the fuzzy distance D1
l

over
ssue Il as follows:

(Al, Bl) = Fdf (D1
l ) =

∑
zD1

l
(z) ∗ z∑

zD1
l
(z)

(4)

here Fdf is a defuzzification method and

1
l = sup

d(x,y)
min[A(x), B(y)] (5)

here d(x, y) is the Euclidean distance between x and y such that
 ∈ A and y ∈ B.

The internal state P is related to the satisfaction level � asso-
iated with the most recent offer A and the tightness � of a set
f alternative solutions. Given the prospective solution S∗ for the
CN Nk in the last negotiation round and the threshold for the
ggregated satisfaction value, ε, that should be obtained in the final
egotiation round, the task of determining the internal state during
ffer evaluation involves estimating the satisfaction level � and the
ightness ı of a set of alternative solutions, where these quantities

re defined as follows:

 = � k(S∗) (6)

 = 1 − (� − ε) (7)
 offers and counter-offers.

Based on his/her current internal state P and the opponent’s
responsive state Q, the kth agent can decide whether to make a
concession and how to specify the level of that concession. Then,
the concession value �ε  is transformed from the fuzzy concession
set V using a � level-cut as follows:

�ε = Fdf (V�) (8)

where Fdf is a defuzzification method. The parameter � for the
desired concession level is determined by the satisfaction level
��(�), the tightness �ı(ı), and the difference between the last offer
and the most recent counter-offer ��(�) as follows:

� = (P, Q) = (��(�) ∧ �ı(ı) ∧ ��(�))ω� (9)

where the parameter ω� is the weight that is associated with the
applied negotiation strategy (for example, the competitive, win-
win, or collaborative strategy), which affects the preferred level of
concession. The new aggregated satisfaction threshold ε∗ is defined
as follows:

ε∗ = ε − �ε  (10)
Therefore, an agent must present a prospective solution from
within his/her individual preference region, which is limited by the
new aggregated satisfaction threshold ε∗ for offer generation and
counter-offer evaluation.
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efinition 3. (Set of feasible solutions) Given the intention ˛˘k of
he FCN Nk at level  ̨ and the most recent aggregated satisfaction
hreshold ε∗ of the kth agent, the task of generating a set of feasible
olutions, P,  is defined as follows:

 = 
 (˛˘k, ε∗) (11)

 (˛˘k, ε∗) = {S|(S ∈ ˛˘k) ∧ (� k(S∗) ≥ ε∗)} (12)

here � k(·) is the aggregated satisfaction value of the set of goals
n the FCN Nk.

Given a counter-offer B and a feasible solution set P,  the task of
electing a prospective solution to propose, S∗, is defined as follows:

∗ = arg(max
S ∈ P

H(S, B)) (13)

here H(S, B) is a utility function that is used to evaluate the appro-
riateness of a feasible schedule S ∈ P  and the counter-offer B and

s defined as follows:

(S, B) = 1
NI

√∑NI

l=1
(W1(Sl)

ω1 ∧ W2(Sl, Bl)
ω2 )2 (14)

here W1 is a satisfaction function and W2 is a similarity function
ased on the Euclidean distance between solution S and counter-
ffer B over issue Il . The distance used for the similarity function

2(Sl, Bl) is transformed from the fuzzy distance D2
l

over the issue
l as follows:

2(Sl, Bl) = Fdf (D2
l ) =

∑
zD2

l
(z) ∗ z∑

zD2
l
(z)

(15)

2
l = sup

d(x,y)
min[S(x), B(y)] (16)

Depending on the adopted negotiation strategy, the parameters
1 and ω2 are the weights associated with the satisfaction level and

he similarity value, respectively, for a task.

efinition 4. (Offer) Given a feasible solution set P  and a
rospective solution S∗, the task of proposing an offer, A∗ =
A∗

1, A∗
2, · · ·, A∗

NI
), over the set of issues I ∈ Xk is defined as follows:

∗ = �(P,  S∗) (17)

Each A∗
l for issue Il ∈ I is the marginal particularized possibility

istribution of the value of S∗
l in the space Xk and is defined as

ollows:

∗
l = ProjXl

(
P  ∩ ¯̆

Xk
1

∩ ¯̆
Xk

2
· · · ∩ ¯̆

Xk
l−1

∩ ¯̆
Xk

l+1
∩ · · · ∩ ¯̆

Xk
NX

)
(18)
here ¯̆
Xk

l
= S∗

l
, ¯̆

Xk
l

is the cylindrical extension of ˘Xl
in the space

k, Xl is the object of the lth issue, and NX is the total number of
bjects.

As determined by counter-offer B = (B1, . . .,Bl, · · ·,BNI
) over the

et of issues I, where l = 1, · · ·,  NI , the set of the opposing agent’s
referred solutions P̂ to  the FCSP of the kth agent, (∪k, Xk, Ck), is
efined as follows:

ˆ
 = (B̄1, · · ·, B̄l, · · ·, B̄NI

) (19)

here B̄l is the cylindrical extension of Bl in the space Xk.
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The negotiation processes involves the iterative exchange of
offers and counter-offers until either the negotiation reaches an
agreement or an offer/counter-offer fails to be proposed. Thus, the
termination conditions for negotiation are defined as follows.

Definition 5. (Termination) Given a feasible solution set P  and
a counter-offer B for the kth agent, the fuzzy-constraint-directed
negotiation process of the kth agent terminates if the kth agent
reaches an agreement when

(P  ∩ P̂)  /= � (20)

Alternatively, the kth agent fails in negotiation if

(P  ∩ P̂)  = � (21)

The final solution is selected from the intersection of P  and P̂.
An agreement is reached when the kth agent and the opposing agent
find a solution with an acceptable satisfaction value that is present
in both the current feasible solution set P  of the kth agent and
his/her opposing agent’s preferred solution set, P.  Alternatively, if
the negotiation of the kth agent does not reach an agreement with
an acceptable satisfaction value, then a new prospective solution is
generated. The negotiation results in failure when the aggregated
satisfaction threshold drops below the acceptable level or when the
maximum number of negotiation iterations has been reached.

3.2. Negotiation protocol and communication messages

A negotiation protocol is presented to prescribe common nego-
tiation rules and to determine message sequences. The agents are
connected via a communication network, and the passing of mes-
sages is considered to be the means of communication. During the
negotiation process, agents may send or receive the following types
of messages:

• Ask ((Ei, F), A): The ith PA, Ei, proposes an offer A to a set of CAs,
F, to request an operation time and price for the completion of a
task.

• Tell ((FjEi), B): The jth CA, Fj , proposes a counter-offer B to the
ith PA, Ei, in response to the PA’s request.

• Accept ((Ei, Fj), B): The ith PA, Ei, informs the jth CA, Fj , that a
successful deal B has been made and that the negotiation has
been terminated.

• Reject ((Ei, F),�): The ith PA, Ei, informs a set of CAs, F, that their
counter-offers have been rejected and that the negotiation has
been terminated.

• Agree ((FjEi), A): The jth CA, Fj , informs the ith PA, Ei, that offer
A has been accepted by Fj .

• Abort ((Ei, Fj), �) or Abort(
(

FjEi

)
, �): No feasible solution has

been reached between the ith PA, Ei, and the jth CA, Fj , and they
withdraw from the negotiation.

Fig. 3 illustrates the process of negotiation among PAs and CAs.
A negotiation is initiated by a PA’s announcement to correspond-
ing CAs regarding the requirements of a task, such as a completion
time and a price. In step 1, the initial offers generate “Ask” messages
that are sent to CAs. When a CA receives an offer from a PA, he/she
evaluates the offer using Eq. (20) to determine whether the offer
satisfies the CA’s constraints, such as capacities, restrictions, and
preferences; this is step 2. If the offer does not satisfy these con-
straints (step 3), then the CA generates a counter-offer using Eq.
(2) through Eq. (17) (step 4). The resources allocated to each task
are then determined to enable the CA to respond to the PA with a

counter-offer via a “Tell” message (step 5). By contrast, if an agent
can generate no feasible solution in the counter-offer generation
process, then he/she responds with an “Abort” message (step 17 or
18) and withdraws from the negotiation process.



C.-Y. Hsu et al. / Applied Soft Com

CAsPAs

(1) Initial Offer Generation (Ask)

(2) Offer Evaluation

(3) Dissa tisfied

(11 ) Agree

(18) Abort

(4) Counter-o ffer Generation

(9) Ask

(17 ) Abort

(15) Accept 

(16) Reject

(14) Candidate Selectio n

(13) Timeout

(12) Activa ting Timer 

(8) Off er Generation

(7) Diss atisfied

(10) Satisfied

(6) Counter-offer Evaluation

(5) Tell

c
fi
t
E
8
(
a
t

t
t
r
s
b
i
o
a
b
1
s

Fig. 3. The process of negotiation among PAs and CAs.

When a PA receives a counter-offer from a CA (step 6), this
ounter-offer is evaluated to determine whether the offer satis-
es the task requirements. If the counter-offer does not satisfy
he task requirements (step 7), then an offer is generated using
q. (2) through Eq. (17) to adjust the task requirements (step
). An “Ask” message with a new offer is then sent to the CA
step 9). During the negotiation process, the PAs and CAs iter-
tively exchange offers and counter-offers, as shown in steps 2
hrough 9.

However, if an offer satisfies a CA’s constraints in step 2, then
hat CA sends an “Agree” message (step 11) to inform the PA
hat he/she accepts the offer and is awaiting a response. If the PA
eceives an “Agree” message from a CA or if a CA’s counter-offer
atisfies the PA’s constraints (step 10), then the corresponding CA
ecomes a candidate for performing a project task, and a timer

s activated (step 12). Next, the PA continues to negotiate with
ther CAs until a certain time limit is reached; this condition is

lso referred to as “timeout” in this paper. The PA selects the
est counter-offer from among the set of candidate CAs (step
4). Then, an “Accept” message is sent (step 15) to inform the
elected CA that a successful deal has been made and “Reject”
puting 48 (2016) 703–715 709

messages are sent (step 16) to inform the other CAs that the negoti-
ation has been terminated and that their counter-offers have been
rejected.

The negotiation process terminates once all PAs have completed
their negotiations. The contracting of each task is terminated when
the corresponding PA reaches an agreement with one CA or when
all of the potential CAs have withdrawn from negotiations. A PA
continues contracting tasks until all tasks have been assigned or
until one task has failed.

3.3. Agent behavioral models

Initially, a PA commences negotiations by proposing its ideal
solution to all potential CAs. Subsequently, the PAs and CAs fol-
low certain behavior models, introduced below, to determine how
they will exchange offers and counter-offers to reach agreements
regarding the scheduling of activities among agents.

3.3.1. PA behavior
Algorithm 1 describes the behavior of the ith PA, Ei, as he/she

contracts with the corresponding CAs, F, to perform a task. Initially,
Ei proposes his/her prospective solution S∗

i , which is selected using
Eq. (13) based on his/her feasible solutions in the first negotiation
round. Then, the prospective solution S∗

i is translated into a set of
offers, A∗

i , which are incorporated into “Ask” messages and sent
to a set of CAs, Êi (in lines 3 and 4). Next, Ei continues collect-
ing responses from the corresponding CAs in Êi within a particular
period. These responses may  include “Tell”, “Agree”, and “Abort”
messages (in line 6).

If all of the received messages are of the “Abort” type, then all
of the corresponding CAs in Êi have withdrawn from the negoti-
ations because no feasible solution can be obtained. Then, PA Ei

will terminate the negotiations in the failure state (in lines 7 and
8). Otherwise, PA Ei will adjust the set of feasible solutions using
Eq. (14), based on his/her new behavioral state ε∗

i
. The behavioral

state ε∗
i

is a function of the internal state Pi and the opponent’s
responsive state Qi (in lines 10 and 11).

Then, a counter-offer Bj,i is selected as a candidate solution B∗
i

if the jth CA, Fj , accepts this offer and sends an “Agree”  message or
if Ei accepts the counter-offer Bj,i. Once a counter-offer has been
selected as a candidate solution, a timer Ti is activated (in lines
12–17).

If none of the counter-offers from the CAs satisfies a PA’s con-
straints, then the prospective solution S∗

i is adjusted using Eq. (19),
which considers the adjusted feasible solution set Pi and the latest
counter-offers Bi. Then, the solution S∗

i is translated into offers Ai

using Eq. (17), which are incorporated into “Ask” messages and sent
to the corresponding CAs, Êi. However, if Ei is unable to propose a
solution in response to counter-offer Bj,i, then an “Abort” message
is sent to CA Fj (in lines 18–23). If all of the received or sent mes-
sages are “Abort” messages, then PA Ei terminates the negotiations
in the failure state (in lines 24 and 25).

PA Ei continues to negotiate with the corresponding CAs until
timeout occurs. If timer Ti reaches timeout, then the best counter-
offer, Bj′,i, is selected from among the set of candidate solutions,
B∗

i
. Thus, an agreement S∗

i
regarding task allocation is generated
using Eq. (13) and is sent to the j′th CA, Fj′ , via an “Accept” mes-
sage. “Reject” messages are sent from PA Ei to the other CAs, whose
counter-offers have been rejected, and the negotiation process is
terminated (in lines 27–32).
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.3.2. CA behavior
Algorithm 2 describes the behavior of CA Fj when contracting

o perform a set of tasks with the relevant PAs Fj . The negotiations
f Fj begin when the CA receives messages from the relevant PAs
j . If all of the received messages are of the “Abort” or “Reject”

ype, then CA Fj terminates the negotiations in the failure state (in
ines 4 and 5).

An agreement S∗
j is achieved and the negotiation is terminated

n the success state if none of the messages is an “Ask” message and

t least one message is an “Accept” message (in lines 6–8). Other-
ise, CA Fj adjusts his/her set of feasible solutions using Eq. (11)

ased on his/her new behavioral state, ε∗
j
. The behavioral state ε∗

j
is

etermined based on the CA’s internal state Pj and the opponent’s
puting 48 (2016) 703–715

response state Qj (in lines 10 and 11). If CA Fj accepts offers Aj after
evaluating these offers, then solutions S∗

j are generated, and the CA
sends corresponding “Agree” messages to the relevant PAs Fj (in
lines 12–15).

If offers Aj do not satisfy the CA’s constraints, then the prospec-
tive solution S∗

j is adjusted based on the adjusted feasible solution
set Pj and the latest offers Aj . Then, solution S∗

j is translated into
counter-offers B∗

j , which are incorporated into “Tell” messages and

sent to the relevant PAs in F̂j . However, if CA F̂j cannot propose a

solution in response to offer Ai,j , then an “Abort” message will be
sent to PA Ei (in lines 17–21). If all of the received messages are
“Abort” messages, then CA F̂j terminates the negotiation process
in the failure state (in lines 22–24).
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. Numerical experiments

To examine the effectiveness of the proposed AFCN model,
umerical experiments were conducted using different numbers of
As and CAs and various negotiation strategies. The performance of
he AFCN model was compared with that of the centralized heuris-
ic (CTR), which is based on fuzzy tabu search method [16,20], and
wo distributed and agent-based methods, the MCNP [6,42–45] and
he MIA  protocol [46–50], in terms of makespan, total operating
ost, and computational efficiency. The CTR requires full informa-
ion sharing and can generate an optimal or near-optimal solution;
hus, the solution generated by this method was used as a baseline.
he MCNP is a single-shot negotiation protocol in which start-time
indow information is shared between the PAs and CAs. The MIA
rotocol has the same level of information sharing, but it also sup-
orts an iterative auction-based negotiation process to improve the
esults. With some minor adaptations, these approaches are good
epresentative methods for comparison with the proposed AFCN
odel.
In the numerical experiments, each project was  defined by a

anufacturer to comprise a linear sequence of tasks, and each task
as specified in terms of its precedence constraints, processing

ime, and tardiness cost. Each supplier was specified in terms of
ts unique capacity and processing cost. Each PA contracted with
As to perform a task within an allocated time for an agreed-upon
rice. The objective function of each PA served to minimize the
perating cost of completing the corresponding project. The oper-
ting cost was defined to include the tardiness cost of the project
nd the sum of the production costs incurred to perform each task

f the project. By contrast, the objective function of each CA served
o maximize his/her total profit, which was computed by subtract-
ng the total processing cost from the total revenue earned by the
upplier for performing the contracted tasks.
In each experiment, 50 instances were randomly generated to
measure the performance of each method. This repetition of the
experiments enhanced the reproducibility of the performance com-
parisons between the proposed AFCN model and the CTR, MCNP,
and MIA  methods. The algorithms were implemented on a personal
computer with a 2.0 GHz CPU and 1 GB of RAM, and the MATLAB
environment was used to perform the numerical experiments.

4.1. Performance comparisons using different numbers of PAs

The proposed AFCN model was compared with the CTR, the
MCNP and the MIA  protocol in terms of makespan and total operat-
ing cost by considering different numbers of PAs from 2 to 20, with
the number of CAs fixed at 15. Additionally, the number of tasks per
project was  fixed at 5 for all instances, and the number of candidate
CAs considered to perform each task was fixed at 3.

Figs. 4 and 5 show the average makespans and average total
operating costs, respectively, for the solutions found by the CTR,
MCNP, MIA  and AFCN methods. The CTR, with its complete infor-
mation sharing, outperformed the other three methods. However,
the computation time of the CTR grows exponentially with an
increasing number of PAs, as shown in Table 1. By contrast, the
MCNP, which is a single-shot, take-it-or-leave-it negotiation proto-
col, requires the least computation time. The MCNP coordinates the
competition for resources with limited knowledge of other agents.
Thus, compared with the other approaches, the MCNP results in
larger makespans and total operating costs, which increase with
an increasing number of PAs. The MIA  method yields lower
makespans and total operating costs than does the MCNP, as shown
in Figs. 4 and 5. However, although the price of a bid can indicate the
degree of contention of a demand, it does not indicate the direction

of the available agreement area, and thus, the negotiation process
may  oscillate or may  converge only slowly. The PAs can blindly
increase the prices for tasks to acquire better resources to perform
those tasks, but the total operating cost therefore does not improve.
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Table  1
Computationtimes of the CTR, MCNP, MIA, and AFCN protocols for different numbers
of  PAs.

Total number of PAs Computation time (unit of measure in seconds)

CTR MCNP MIA  AFCN

2 36 0.05 2.05 0.74
4  136 0.14 3.10 1.22
6  826 0.19 3.82 1.58
8  1,850 0.23 5.49 2.08
10  2,951 0.36 7.40 2.60
12  4,832 0.40 9.15 2.91
14  7,478 0.52 11.31 4.31
16  12,122 0.67 12.52 4.92
18  19,613 0.88 16.58 6.58
20  31,668 1.06 18.85 7.93
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Fig. 4. Performance comparisons in terms of makespan for the CTR, MCNP, MIA, and
AFCN methods.
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Fig. 5. Performance comparisons in terms of total operating cost for the CTR, MCNP,
MIA, and AFCN methods.
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Table 2
Computation times of the various investigated approaches for different numbers of CAs.

Total number of CAs Computation time (unit of measure in seconds)

CTR MCNP MIA  AFC

9 29,918 1.12 24.06 17.4
12  30,087 1.17 22.34 14.5
15  31,223 1.03 19.46 11.3
18  33,348 1.15 17.68 9.64
21  38,599 1.19 17.25 8.06
Fig. 6. Performance comparisons in terms of price for the CTR, MCNP, MIA, and AFCN
methods.

The AFCN model outperforms the MIA  protocol not only in terms
of solution quality but also in computational efficiency. The differ-
ences between the AFCN and MIA  methods in terms of makespan
and total operating cost increase significantly with an increasing
number of PAs. In the proposed AFCN model, the time within which
a task must be performed is represented by a possibility distribu-
tion over a temporal region. That temporal region specifies the
acceptable time that can be taken to perform the task, and the
possibility distribution represents the preference function over the
temporal region. The sharing of limited and fuzzified preference
functions between the PAs and CAs enables them to interpret their
opponents’ intentions through iterative negotiation and to resolve
potential conflicts, thereby accelerating convergence during nego-
tiations.

4.2. Performance comparisons using different numbers of CAs

The AFCN model was compared with the CTR, MCNP and MIA
approaches in terms of price and tardiness cost by varying the num-
ber of CAs from 9 to 21, with the number of PAs fixed at 20. The
number of tasks per project was  fixed at 5, and the number of
candidate CAs to perform each task was  fixed at 3.

As seen in Fig. 6, the MCNP yields the highest price relative to
the other methods. The MIA  protocol not only represents an overall
improvement over the MCNP in terms of price but also yields a
lower price as the number of CAs increases. However, the AFCN
results in a lower price than either the MCNP or the MIA  protocol. In
the AFCN, the sharing of the preference function regarding the time
required to perform a task helps the CAs avoid potential conflicts.

Fig. 7 reveals that the tardiness costs of all methods rapidly
decrease as the total number of CAs increases. The tardiness cost

decreases as the number of CAs approaches the number of PAs. The
CTR, with its complete information sharing, yields the lowest tar-
diness cost. The proposed AFCN model results in a lower tardiness
cost than either the MCNP or the MIA  protocol.

N (Competitive) AFCN (Win-Win) AFCN (Collaborative)

1 11.68 9.38
0 9.90 8.01
5 9.09 6.69

 7.52 6.09
 7.01 5.48
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Fig. 7. Performance comparisons in terms of tardiness cost for the CTR, MCNP, MIA,
and  AFCN methods.
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Fig. 8. Makespans for the solutions obtained using the CTR, MCNP, and MIA  methods
and using the AFCN model with three negotiation strategies.
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.3. Performance comparisons using different negotiation
trategies

The parameter settings for the experiments presented in this
ection were identical to those for the experiments reported in
ection 4.2. The AFCN model has the flexibility to adopt different
egotiation strategies, including competitive, win-win, and collab-
rative strategies. Figs. 8 and 9 represent the performances in terms
f the makespan and total operating cost, respectively, for the CTR,
CNP, and MIA  approaches as well as for the proposed AFCN model
ith each of these three different strategies. Regardless of the strat-

gy adopted, the AFCN model outperforms the MCNP and the MIA
rotocol. Additionally, the win–win strategy exhibits the best per-
ormance among the three negotiation strategies because it tends
o balance the benefits between the PAs and CAs.

Table 2 summarizes the computation times of the CTR, MCNP,
nd MIA  methods and the AFCN model with the three different
egotiation strategies. The CTR requires a much higher computa-
ion time because its time complexity is exponential. The MCNP is

 single-shot negotiation protocol and thus has the lowest compu-
ation time. Regardless of the strategy adopted, the AFCN model
equires less computational effort than the MIA  protocol. Addi-
ionally, the collaborative strategy requires the fewest negotiation
ounds to reach an agreement, whereas the competitive strategy
equires the most computation time.

Table 3 reports the numbers of failed instances for the CTR,
CNP, and MIA  methods and for the AFCN model with the three dif-

erent negotiation strategies for various numbers of CAs. The results
eveal that in terms of the numbers of failed instances and failed
rojects, the AFCN model exhibits comparable performance with
espect to the CTR and outperforms the MCNP and the MIA proto-
ol. Among the three different negotiation strategies, the win–win
trategy results in the fewest failed instances and failed projects,
hereas the competitive strategy demonstrates the worst perfor-
ance.

. Conclusions

This work proposed the AFCN model for solving the SCPSP
hrough autonomous and interactive agent negotiations. Fuzzy-
onstraint-based modeling allows the SCPSP to be intuitively and
ffectively translated into a DFCSP. Instead of using a third-party
gent as a moderator, the proposed AFCN model considers fuzzi-
ed preference functions in the generation of offers/counter-offers
uring negotiations. This method guides agents to restrict the solu-
ion space, avoid potential conflicts, and move toward a consistent
greement that benefits all agents. The presented experimental
esults demonstrate that with the sharing of limited, non-sensitive
trategic information, the proposed AFCN model not only can
btain a schedule that is comparable to a near-optimal solution but
s also time-efficient. This indicates that the proposed AFCN model
s a practical and effective method of solving real-world SCPSPs.

Although the AFCN model appears promising, it can still be fur-
her improved. For example, the robustness and convergence of
he proposed AFCN model in diverse supply chain environments
emain to be investigated. Additionally, the proposed AFCN model
an also be extended to other application domains, such as job
hop scheduling, cloud resource management, transportation and
ogistics, and collaborative design.
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