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Abstract—Many optimization techniques have been proposed
over the years to improve the performance of supply chains.
Although these approaches have been shown to be effective, most
of them were developed without considering uncertainties in
supply chains to simplify the analysis. In fact, uncertainties can
deteriorate the performance of supply chains, such as increase in
total cost, or drop in fill rate, of the whole system. In distributed
supply chains, participating members are not under a sole control
by a central authority, the problem is even more stringent due
to incomplete information sharing, or so called asymmetrical
information sharing. One way to improve the system performance
is to achieve coordination among participating parties through
establishment of contracts. The objectives of this paper are i) to
evaluate the effects of demand uncertainty in a distributed supply
chain, which is modelled as an agent-based system; ii) to propose a
coordination mechanism with early order completion contract to
minimize the negative impacts of demand uncertainty; and iii) to
present associated simulation results. Performance of the system
is measured in terms of costs and fill rate. Simulation results
indicate that the proposed contract approach is able to improve
the performance measures of the system.

Index Terms—Contract, coordination, simulation, supply chain
management, uncertainty.

I. INTRODUCTION

SUPPLY chains consist of a “network of participating organi-
zations through upstream and downstream linkages, in dif-

ferent processes and activities that produce value in the form of
products and services in the hands of the ultimate consumer”
[1]. The present era, which is witnessing the growth of global-
ization, has forced the increase in entities flow and overall com-
plexity of supply chain. And hence the uncertainty in produc-
tion management often seems to grow as well [2]. Uncertainty
takes the form of unforeseen demand variability, which in turn
creates problems in planning, scheduling, and control of down-
stream entities [3]. Although safety stock inventory can improve
the reliability of delivery performance by providing a buffer for
uncertain upstream supply chain [4], which only transfers an
additional inventory holding cost towards upstream, therefore it
may not be the most effective way to deal with uncertainties. In
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other words, a dynamic inventory replenishment approach may
be more appropriate if the environment is uncertain.

The main objectives of this paper are threefold. Firstly, to
evaluate the impacts of demand uncertainty in an agent-based
distributed supply chain. Demand uncertainty in this paper is
obtained using a normal distribution function, which will be
presented in Section III. Secondly, a coordination mechanism
with an early order completion contract, which aims to mini-
mize the negative impacts of the demand uncertainty, is pro-
posed. “Early order completion” means a retailer can request a
supplier to complete an inventory replenishment order with pre-
defined partial quantity, rather than waiting for the “full” quan-
tity of the order to be completed. This practice may be helpful to
improve supply chain performance because back orders can be
filled immediately. Nevertheless, impacts of early order com-
pletion have not been addressed so far. Finally, simulation re-
sults based on the proposed algorithm will be presented. Per-
formance of the system is measured in terms of costs and re-
tailer’s fill rate (or sometimes known as demand fill rate). These
two performance measures are in fact represented under the two
performance metrics as defined by the Supply Chain Operations
Reference (SCOR) model [5]. These are considered as impor-
tant measures for supply chain performance and hence they are
employed as performance indictors in this simulation study.

Although the early order completion concept is useful, an
order cannot be executed earlier arbitrarily without satisfying
the constraints of a supply chain. Otherwise, the whole system
may become out of control or can be called as having chaotic
behavior. To overcome this problem, contract between the sup-
plier and retailer can be established in order to guide the ac-
tions of the members through a coordination mechanism. This
practice provides flexibility to both supplier and retailer. With
this underlying principle, present paper sets out to investigate an
early order completion in the form of contract with a proposed
coordination mechanism on supply chain performances, subject
to demand uncertainty. The organization of this paper is as fol-
lows. Section II reviews key literature and Section III presents
the supply chain model along with its performance measures.
The proposed coordination mechanism with early order comple-
tion contract will be described in this section as well. Section IV
summarises the simulation results in this study, including the ef-
fects of demand uncertainty. This set of study is also treated as
control experiments for the simulation with early order comple-
tion contract. Section V is the concluding section along with
proposed areas for future research.
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II. LITERATURE REVIEW

A. Uncertainties in Supply Chains

Treating uncertainty is an important issue in supply chain
modelling, and analysis of the system’s performance [6].
Greater supply uncertainty increases the need for vertical inte-
gration while greater demand uncertainty increases the reliance
on outsourcing in a multistage supply chain [7]. Petrovic et al.
[8] attempted to examine the effects of a serial supply chain in
uncertain environment and identified the sources of uncertainty
were customer demand and supplier reliability. The authors
concluded that uncertain customer demand and uncertain
supply delivery along the supply chain have great impact on
supply chain behavior. Apart from demand uncertainty and
supplier reliability as mentioned above, other kind of uncertain-
ties also exist along supply chain. For example, Geneste et al.
[9] suggested a method to consider the uncertainty of subcon-
tracted orders through a customer-subcontractor negotiation
process. However, most traditional examinations of uncertainty
in operations management have been based on, or identified the
root as, demand uncertainty [10]. Therefore, demand variability
is also the source of uncertainty in this study.

The main objective of any inventory policy is to minimize
the average total supply chain cost over an infinite time horizon
[11]. Considering the cost, Zhao and Xie [12] evaluated the im-
pact on forecasting model that was caused by uncertain demand,
which was basically modelled as a normal distribution func-
tion, in a capacitated supply chain. Simulation results indicated
that forecasting error influences supply chain performance sig-
nificantly in terms of total cost, total suppliers cost, and total
retailers’ cost of the supply chain. Zhao et al. [13] proposed
that early order commitments by retailers would benefit most
in terms of cost reduction, and service improvement of a sim-
ilar supply chain which was reported in Zhao and Xie [14]. Al-
though Zhao et al. [13] had concluded that early order commit-
ments by retailers would be helpful to improve supply chain per-
formances; in fact, it is not always easy to implement such con-
cept under uncertain environment (will be explained later). On
the other hand, coordination among various entities of supply
chain may help to improve the performance of supply chain sub-
ject to uncertainties.

B. Coordination in Supply Chains

Coordination is a means to help supply chain members to
counter react with uncertainties, and it is an important issue in
a supply chain with multiple organizations [15]. In fact, supply
chain management relates to the coordination of products and
information flows among various entities in the system [13].
Lee et al. [16] discussed and claimed that information that is
transferred in the form of “order” tends to be distorted in supply
chains and can misguide upstream members in both their in-
ventory and production decisions. The magnitude of distortion
tends to increases as one move upstream along a supply chain,
which can results in a phenomenon known as the “Bullwhip Ef-
fect”. Consequently, additional inventory and production costs
may be incurred. Coordination among supply chain members
can be beneficial under such situation in reducing the inventory
and hence cost.

Due to their complex interactions, supply chain members can
increase their own profits by coordinating with each others in
order to fulfill the system goals [17]. In fact, uncertainties lead
to a greater loss to the members of a supply chain, which makes
coordination as a tool under uncertain environments to increase
supply chain’s flexibility [3]. Facing uncertain demand, retailers
prefer to place an order late in most case in order to gather
enough time to collect more information to reduce demand fore-
cast error [18]. However, this results in insufficient production
times and hence production cost (including penalty cost) would
probably be increased. Chen and Xu [18] advocated that this
conflict exists universally in supply chains. That’s why early
order commitment as discussed before is not easy to be real-
ized, unless a retailer is motivated to do so by additional benefit
or incentive.

In fact, coordination can also exist in the form of contracting.
For example, if a contract allows a retailer to instruct a supplier
to deliver a quantity of product which is within a predefined
range as established in the contract, then the retailer may be able
to request less quantity before shipment because of unexpected
low demand and, hence, inventory cost can be reduced. On the
other hand, if the supplier’s capacity is uncertain, the supplier
may be able to complete the order with less quantity which still
within the predefined range, and hence no penalty or lateness
cost will be charged. Therefore, contract approach may benefi-
cial to all related parties, if they are established well.

However, little literature exists regarding how specific pa-
rameters in a contract can provide [19]. In fact, such contract
“provides flexibility with no explicit penalty for exercise, but
uses constraints as a way to motivate appropriate behavior” [19].
Refer to the above example again, a set of solutions is defined
once a contract is formed and no fixed solution is required. The
actual solution is a result of an interactive and iterative proce-
dure. Traditional mathematical approach, which attempts to find
the optimal value, is therefore not an effective tool to adopt this
philosophy for reacting with uncertainties. In fact, it is mean-
ingless to find the optimal solution in many applications, such
as the simulation study with uncertainty in this paper because
uncertainty is an uncontrollable factor that is not easy to be rep-
resented by mathematical modelling, i.e., an optimal solution
seems never exist.

C. Agent-Based Studies in Supply Chains

It is not surprising that distributed problem solving is a new
paradigm in supply chains studies [20]. Among the available
distributed problem solving techniques, agent-based coordi-
nation problem is the most popular one for solving supply
chain problems [21]. One of the reasons is that in a multi-agent
framework, agents are able to share information among them. In
supply chain studies, Jung and Jo [22] proposed an agent-based
coordination framework, which could satisfy various prefer-
ences of buyers and sellers. Kimbrough et al. [23] showed that
agent-based supply chains could reproduce the beer games
problem as reported by Sterman [24], which is essentially the
Bullwhip Effect as coined by Lee et al. [16]. Kimbrough et
al. [23] concluded that intelligent agents are capable to track
demand, eliminate the Bullwhip effect, discover the optimal
policies (where they are known), and find good policies under
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Fig. 1. Simplified sequence of operations among agents.

complex scenarios where analytical solutions are not available.
Wu [21] revealed that coordination mechanism in agent-based
supply chains is a fundamental research area. In this connection,
the research framework of this paper will base on agent-based
coordination to solve inventory management problem in a dis-
tributed supply chain, subject to uncertain demand, by making
use of early order completion contract.

III. SIMULATION MODEL

A. Supply Chain Model

The distributed supply chain in this study is modelled by
multi-agent technique that was proposed in Chan and Chan [25].
Since this is not the main focus of this paper, only a simplified
sequence diagram is shown in Fig. 1. Details of the agent-based
model could be found in Chan and Chan [25].

The supply chain under study is a convergent type which con-
sists of one retailer and four capacitated suppliers with single
product type, in contrast to the divergent structure used in Zhao
and Xie [12] and Zhao et al. [13], [14]. However, similar cost
structure and demand pattern as presented in Zhao and Xie [12]
and Zhao et al. [13], [14] will be used in this paper so that the
simulation results on the demand uncertainty could be validated
as compared with the trend of the simulation results of their
studies. Although the model is simple, it is sufficient enough to
be used for analysing the effects of demand uncertainty, and to
demonstrate the usefulness of the proposed contract approach.

In the simulation study, actual demand is generated every pe-
riod. One period can be interpreted as one day, one week, or even
one month so that demand can always be grouped in a per pe-
riod basis. Therefore, only the demand quantity per period will
be varied in this study and hence the period is fixed. Similar to
Zhao and Xie [12], and Zhao et al. [13], [14], retailer makes an

order to the suppliers based on the Economic Order Quantity
(EOQ) model, in which order quantity is given by (1), as fol-
lows:

(1)

where is the ordering cost, is the Inventory holding cost per
unit per period, and is the mean demand per period.

EOQ model is the best-known and most fundamental inven-
tory model [26] but the model generally not taking uncertainty
into consideration. In the EOQ model, demand is assumed as a
constant value. This assumption is an ideal case that when no un-
certainty exists in the system. By varying the demand per period,
uncertainty of demand can be used as independent variables and
the effects of the uncertainty can be quantified. Therefore, the
EOQ model is used in order to demonstrate the effects of uncer-
tain demand.

As discussed in Chan and Chan [25], the retailer announces
an invitation for bids so that all suppliers are able to submit a
proposal for the invitation. The suppliers will base on their own
inventory and outstanding orders to come up with the proposed
bids. Essentially, all suppliers can submit a bid but the lead time
is different for different suppliers. Without loss of generality,
transportation lead time is incorporated in the production lead
time so that the former is assumed to be zero. This is a common
assumption in the literature. After the retailer receives all the
bids, the one with the shortest delivery due date will be selected.
One may notice that this model is equivalent to considering the
four homogenous suppliers as a single supplier with capacity
equals to the sum of the capacity of all the four suppliers. To
a certain extent this is true if the proposed early order comple-
tion contract is not taking into consideration. The reason that
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four suppliers are treated independently is because once a con-
tract is completed earlier (decision model to be discussed later),
the order cycle will be reset and hence the interaction is more
complex than a single supplier, single buyer model. Therefore,
four heterogeneous suppliers are assumed (and this assumption
is more realistic in fact).

The simulation program is written in JAVA. Length of simu-
lation is 465 periods while the first 100 periods are ignored for
calculation in order to minimize the start-up effect. The final
performance measures are based on the last 365 periods. If one
period is equal to one day, then the effective length of simula-
tion run is one year. Each simulation setting will be run with ten
different random seeds and the average is reported in order to
minimize the random effect.

B. Cost Structure

Total cost of the system is calculated for each simulation run.
As mentioned above, the cost structure of this study is similar
to the one presented in Zhao and Xie [12], and Zhao et al. [13],
[14]. In fact, the effects of demand uncertainty that will be pre-
sented in the subsequent sections are in line with the findings
of their studies. Therefore, the model in this study is supported
indirectly. The total cost consists of several components which
can be stated as follows.

— Product cost: it is charged per unit basis.
— Ordering cost: it is charged to the retailer whenever an

order is placed by the retailer.
— Transportation cost: it is charged to the retailer whenever

an order is sent to the retailer. In other words, it can be
treated as another part of the ordering cost.

— Setup cost: it is charged to the supplier whenever an order
is confirmed.

— Inventory holding cost: it is calculated per unit per day.
— Back order cost: it is calculated whenever inventory is not

enough to cover demand and is calculated per unit per day.

C. Demand Generation

As mentioned in Section III-A, demand is generated in every
period. The demand is calculated base on (2) that is similar to
the one used in Zhao and Xie [12], and Zhao et al. [13], [14]:

(2)

where is a random variable of standard normal.
In fact, more parameters have been included in Zhao and

Xie [12], and Zhao et al. [13], [14] studies like demand with
increasing and decreasing trends, with seasonality factors, and
combinations of them. All these factors, including additional de-
mand distributions other than normal distribution (like Poisson
distribution), have been considered in this study as well. How-
ever, simulation results indicated that similar results could be
achieved by employing the proposed early order completion
contract approach. Therefore, the results are omitted here in
order to simplify the presentation, and we could be more fo-
cused on the results of employing the coordination mechanism.

In this study, demand uncertainty is modelled as a Normal
probability distribution. The mean and standard deviation of the
function is equal to the demand error and demand variation in
(2) respectively. The two parameters will be varied, i.e., they
are the independent variables in this study. Demand error is as-
sumed to be varied from 30% of the base value to 30% of
the base value, at 10% interval (i.e., seven levels). Demand vari-
ation will be varied from 0% of the based value to 30% of the
base value, also at 10% interval (i.e., four levels). In fact, more
levels of uncertainties have been varied and tested but the re-
sults are consistent with different uncertainty levels. Therefore,
simulation results against those levels mentioned above will be
presented.

D. Performance Measures

In order to analyse the effects of demand uncertainty and the
usefulness of the proposed coordination system, some suggested
performance measures (i.e., dependent variables) are recorded
as follows.

— Total system cost.
— Total management cost total system cost

total product cost.
— Total retailer cost.
— Total suppliers cost.
— Total inventory cost.
— Total back order cost.
— Fill rate of the whole system (i.e., fill rate of the retailer).
Traditional mathematical solutions (like the EOQ model)

could optimize one of these performance measures only.
Therefore, optimizing the total cost is usually the sole objec-
tive. However, in distributed supply chains (like the one in
this simulation study), retailer and suppliers are independent
units. Saving obtained from optimizing the total cost may not
imply that all of them are better off. In fact, some of them are
conflicting with each other (like the objective to minimize in-
ventory cost and the objective to maximize fill rate). Therefore,
individual performance measurements are also evaluated in this
study.

E. Details of Coordination Mechanism With Early Order
Completion Contract

If the demand of a supply chain is uncertain, the system is
suffering from additional cost, and deterioration in fill rate. Par-
ticularly, when the demand error is positive, the inventory level
would not be able to cover the required demand. Consequently,
a large back order would be accumulated, which in turn induces
a higher cost. In fact, this argument would be proven in the simu-
lation results as shown in the following Section IV-A1 and Sec-
tion IV-A2. In this connection, it is wise to implement a dynamic
inventory replenishment policy to reduce the back order. In this
study, a coordination mechanism is developed to reduce the im-
pact of demand uncertainty by lowering the back order quantity,
hence cost, and to improve the fill rate at zero demand error (de-
tails will be discussed later in Section IV). The procedures are
highlighted as follows.

1) Instead of requesting a fixed quantity (i.e., the EOQ value)
from the retailer as in the EOQ model, a contract is made
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between the retailer and supplier. In fact, it is a tuple which
consists of a number of ordered pairs as shown in (3):

(3)

A contract consists of a number of ordered pairs as shown
in (3), while each ordered pair is composed of two param-
eters—the Early Order Completion Quantity (EOCQ) and
the corresponding due date. They are indexed by (where

to I). Without lost of generality, the ordered pairs
are assumed to be arranged according to the due date (i.e.,

). In this study, a linear
structure of the contract is assumed and hence the due date
could be calculated by (4):

(4)

where refers to period and hence
is the current period when the contract as in (3) is set up.
In this connection, it is no need to change the invitation for
bids and later decision models for both the suppliers and re-
tailer as reflected in Fig. 1 if the coordination mechanism
is employed. The only difference is that the set of quantity
(i.e., ) has to be included as
they are part of the contract. These values, as calculated
by (3) and (4), are determined once the contract is estab-
lished. Please be reminded only values are related to
the values, the values are not correlated
so that they could be chosen by decision-makers according
to different situations. For example, in a two ordered pairs
contact, and may be set to 10% of
and 50% of respectively. In fact, sensitivity anal-
ysis has been conducted on various settings, while some
of them will be presented in Section IV.
Physical meaning of a particular ordered pair is that once

reaches, the retailer is allowed to request the supplier to
complete the contract by supplying to the retailer.
If the supplier has enough inventories to fulfill the request
(i.e., inventory larger than ), the supplier will ship
that quantity to the retailer and the contract is ended. The

is an important factor in this study which will be
varied and be examined later. The objective is to determine
when to complete the order ( or any one of the )
and how many ( or any one of the ) to be
shipped subject to the inventory constraints. In addition,
the simulation study will consider both single ordered pair
and multiple ordered pairs as sensitivity analysis.

2) Specifically, when a period is elapsed, inventory of the re-
tailer will be deducted according to the demand of that pe-
riod by (2), and inventory of the suppliers will be increased
according to their capacity. The retailer then calculates a

variable called “inventory tightness” to reflect the uncer-
tain situation, using (5). The variable is monitored contin-
uously at the beginning of each period:

(5)

where is the number of days to receive the next order
as scheduled.

3) Two scenarios may be encountered as follows.
i) If the variable “inventory tightness” is higher than

1, it is very likely that the inventory is enough
to cover the actual demand before arrival of next
order. No action will be enforced and the retailer
will not send any message to the supplier, or vice
versa. The flow will go back to step 2 for next
period.

ii) On the other hand, if the variable is less than 1,
the retailer will send a message (say “release early
order”) to the supplier to request for early order
completion. The flow will continue to the next step
4.

4) Upon receipt of the request from the retailer, a supplier will
check its contract and determine whether it has enough in-
ventory to supply , which corresponds to the or-
dered pair such that .
Two possible actions are listed as follows.

i) If the inventory level of the supplier is less than
the corresponding , the supplier will send
a reject message (say “reject”) to the retailer.

ii) On the other hand, if the inventory level of that
supplier is higher than the , the supplier
will send a accept message (say “ok”) to the re-
tailer.

5) Once the retailer collects all the replies from the suppliers,
she will select the supplier who could supply the highest
quantity, and then that quantity of inventory will be shipped
to the retailer. Any costs that are incurred in this transaction
are charged to the retailer. The ordering cycle will then be
reset.

6) Above steps will be iterated and if there is no need to
complete the order earlier, the order will be completed ac-
cording to the traditional EOQ model at eventually.

Effects of above coordination mechanism were evaluated
through a set of simulation study, and the results will be pre-
sented in Section IV.

IV. SIMULATION RESULTS

As mentioned in Section III-C, there are two independent
variables—demand error and demand variation. The former is
modelled as seven levels and the latter is modelled as four levels.
Therefore, there are combinations for each simula-
tion run. Important results are summarised below.

A. Effects of Demand Uncertainty

1) Effects of Demand Variation on Total System Cost: Fig. 2
shows the effect of demand variation on the percentage increase
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Fig. 2. Impact of demand variation on total system cost (at zero demand error).

Fig. 3. Impact of demand error on total system cost. (a)Demand variation =
0%. (b) Demand variation = 30%.

in the total system cost, at zero demand error. Please be re-
minded that the percentage increase in total system cost is refer-
ence to zero demand error and zero demand variation, which is
an ideal situation without any uncertainty. An increasing trend
is observed with increasing the magnitude of the demand varia-
tion. Only one setting is shown because similar trend can be ob-
served for other settings (i.e., at various levels of demand error).
Results of other settings are available on request through the cor-
respondence author.

2) Effects of Demand Error on Total System Cost: Fig. 3
depicts the simulation results of percentage increase in total
system cost against different demand errors of the system.
Again, the percentage increase in total system cost is reference
to zero demand error and zero demand variation. Although only
the results when demand variations equal to zero [Fig. 3(a)] and
30% [Fig. 3(b)] are included, the trend is similar for different
values of demand variation (i.e., 10% and 20%) so that they are
omitted for simplicity.

Obviously, the total system cost is increasing with the abso-
lute value of the demand error. From both Fig. 3(a) and 3(b),
the effect is more significant on the right hand side (i.e., positive
demand error) than on the left hand side (i.e., negative demand
error). Back order costs are the main contribution to the system
cost increased on the right hand side, whereas inventory costs
account for the system cost increased on the left hand side. In a
long run, increasing suppliers’ capacity, or equivalently, intro-
ducing more suppliers can reduce the effect of the system cost
increased due to positive demand error. However, the additional
cost due to this shift should be kept at minimal in a short run by
adopting some remedy actions.

It can be concluded from Fig. 2 and Fig. 3 that both the de-
mand error and demand variation affect the total system cost
considerably, although the effect of demand error is of greater
magnitude than the effect of demand variation. Therefore, the
difference between Fig. 3(a) and Fig. 3(b) may not be visible. If
the demand error and demand variation are treated as distorted
information, Section IV-A1 and IV-A2 support the bullwhip ef-
fect indirectly as discussed by Lee et al. [16], and also the con-
clusion of Kimbrough et al. [23] that agents can play the beer
game.

On top of these findings, similar analysis has been conducted
on management cost, retailer costs, suppliers cost, inventory
cost, backorder cost, and fill rate, etc. Since the trend of the re-
sults is similar and trivial, they are not presented here. In later
section, only the improvement on the associated metrics by em-
ploying the proposed contract approach will be presented.

B. Simulation Results With Coordination—With Single
EOCQ Value

Since the coordination mechanism as discussed in Section III
has already pinpointed the impacts of positive demand error,
the procedure will not be triggered if demand error is negative.
Therefore, only the data obtained by varying positive demand
error will be presented. As mentioned above, the EOCQ is a cru-
cial parameter that will be varied. In fact, EOCQ will be set as a
percentage of the quantity from EOQ model in this study. Dif-
ferent settings have been tested as sensitivity analysis and more
than one EOCQ values (i.e., as in the contract) have been
studied. Selected representative results in terms of percentage
improvement of the performance measures will be presented in
the following sub-sections. In this sub-section (Section IV-B),
results with one ordered pair (i.e., ) in the contract will be
evaluated first. Since only one EOCQ value gets involved, the
subscript in this sub-section is omitted. In Section IV-C, re-
sults with multiple EOCQ values (i.e., ) will be presented.

1) Total Unit Cost and Management Cost: Instead of com-
paring the actual total cost, Table I shows the percentage im-
provement of using the coordination mechanism with different
EOCQ values. Negative value means improvement (i.e., cost
decrease), while positive value means cost is increased. Same
definition will be applied in the following sections, except Sec-
tion IV-B4. Improved values are highlighted (bold and italic) as
well to improve readability. Unit cost is used because the total
output quantity is different after the coordination mechanism is
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TABLE I
PERCENTAGE IMPROVEMENT IN TOTAL UNIT COST

imposed. Therefore, it is only fair to compare different situa-
tions by the unit cost.

Results indicate that if the EOCQ value is sufficiently large
(greater than 20% of EOQ values in this study), unit cost would
be decreased when demand error is nonzero. This is because
whenever the rule is triggered, part of the inventory from sup-
pliers will be shipped to the retailers to recover any back order
immediately. This action leads to reduction in supplier inventory
and retailer back order, and hence the total system cost. When
the EOCQ is set at 60% of the EOQ quantity, the improvement
is the best among the settings under evaluation. In fact, this is
related to a dilemma that when the rule is triggered, back order
cost can be reduced while additional management costs are in-
curred. Therefore, if the EOCQ value is too low, the additional
management cost cannot be compensated by the reduction in
back order cost.

Similar to the total unit cost, improvement in unit manage-
ment cost is reported in Table II instead of the actual value. Sim-
ilar findings from the total unit cost can be observed in the man-
agement cost. Again, the best improvement among the EOCQ
value is set at 60% of EOQ quantity. In fact, this measure is a
better index than the total unit cost to reflect the actual improve-
ment of the proposed rule. It is because the product cost, which
is the largest portion of cost, is not involved in the management

TABLE II
PERCENTAGE IMPROVEMENT IN TOTAL UNIT COST (a) EOCQ value =

20% of EOQ; (b) EOCQ value = 40% of EOQ; (c)
EOCQ value = 50% of EOQ; (d) EOCQ value = 60% of EOQ;

(e) EOCQ value = 80% of EOQ

cost. In Table II(d), it can be observed that the maximum im-
provement can be found is more than 9% when demand error is
10%.

Another observation can be drawn from both Tables I and II
is that cost is increased regardless of the demand variation and
EOCQ value, when demand error is zero. This is understandable
because when the demand error is zero, the absolute back order
quantity would not be too high. As mentioned above, the pro-
posed coordination mechanism will add extra management cost
but the reduction in back order cost is not significant in this case
to compensate the extra cost. It seems that the proposed coordi-
nation mechanism is not applicable when demand error is small.
However, another improvement can be found in fill rate at zero
demand error. This will be discussed in Section IV-B4.

2) Retailer Cost and Suppliers Cost: With respect to retailer
cost, similar improvement can be found if the EOCQ value is
sufficiently large, and the best improvement can also be found
when the value is set at 60% of the EOQ quantity. In fact, sim-
ilar findings and discussions can be applied to the retailer cost
as stated in Section IV-B1. Therefore, the numerical results of
retailer are omitted here.
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TABLE III
PERCENTAGE IMPROVEMENT IN TOTAL UNIT SUPPLIERS COST.

(a) EOCQ value = 20% of EOQ; (b) EOCQ value = 40% of EOQ;
(c) EOCQ value = 50% of EOQ; (d) EOCQ value = 60% of EOQ;

(e) EOCQ value = 80% of EOQ

Table III shows the improvement in suppliers cost. The re-
sults are not the same as the total unit cost, management cost, or
retailer cost as reported previously. Improvement can be found
regardless of the demand error and variation, and EOCQ value.
This is because whenever the rule is triggered, part of the sup-
plier inventory will be reduced and hence the overall suppliers
cost is decreased. The higher the frequency to trigger the rule,
the higher is the saving. Hence, the best improvement is found
when the EOCQ value is set at 20% of the EOQ quantity.

3) Inventory Cost and Back Order Cost: Results of inven-
tory cost are similar to the supplier cost as discussed in Sec-
tion IV-B2. This is because the inventory cost is related to the
suppliers’ side when back order is encountered—the retailer has
no or little inventory in such situation. Therefore, numerical re-
sults and discussion are not repeated for inventory cost.

Improvement in back order cost is summarised in Table IV.
Since the proposed contract approach aims at reducing back
order quantity, and hence back order cost, percentage improve-
ment can be found regardless of the demand error and deviation,

TABLE IV
PERCENTAGE IMPROVEMENT IN TOTAL UNIT BACK ORDER COST

(a) EOCQ value = 20% of EOQ; (b) EOCQ value = 40% of EOQ;
(c) EOCQ value = 50% of EOQ; (d) EOCQ value = 60% of EOQ;

(e) EOCQ value = 80% of EOQ

and the EOCQ value. Again, the smaller the EOCQ value, the
higher the back order cost can be reduced because back order
can be eliminated in a faster pace. Therefore, maximum im-
provement can be found when the EOCQ value is set at 20%
of the EOQ quantity.

4) Fill Rate: The results of the fill rate are quite different
from the above performance measures and they are listed in
Table V. First of all, improvement is presented as positive value
since the higher the fill rate, the better is the performance. As
mentioned before, when demand error is too large, the system
is unable to recover the back order quantity. Therefore, no im-
provement can be found when demand error is more than 10%.
However, the proposed contract approach would not worsen the
performance of the system in terms of fill rate. Nevertheless,
attention should be paid on zero demand error. Improvement
can be found at any EOCQ values when the demand error is
zero. That means at zero demand error, the proposed contract
approach succeeded in improving the fill rate. Fig. 4 illustrates
the fill rate at different EOCQ values.
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TABLE V
PPERCENTAGE IMPROVEMENT IN FILL RATE. (a) EOCQ value =

20% of EOQ; (b) EOCQ value = 40% of EOQ;
(c) EOCQ value = 50% of EOQ; (d) EOCQ value = 60% of EOQ;

(e) EOCQ value = 80% of EOQ

Fig. 4. Impact of demand variation on fill rate of the system with different
EOCQ values (at zero demand error).

C. Simulation Results With Coordination—With Multiple
EOCQ Values

Similar study as stated in Section IV-B has been conducted
with two EOCQ values. The results are summarized in Table VI.

TABLE VI
PERCENTAGE IMPROVEMENT IN TOTAL UNIT COST WITH TWO EOCQ vALUES

(a) EOCQ values = 30% of EOQ AND EOCQ value = 50% of EOQ;
(b) EOCQ value = 30% of EOQ AND EOCQ value = 70% of EOQ;
(c) EOCQ value = 30% of EOQ AND EOCQ value = 90% of EOQ;
(d) EOCQ value = 50% of EOQ AND EOCQ value = 70% of EOQ;
(e) EOCQ value = 50% of EOQ AND EOCQ value = 90% of EOQ

Again, to ease the analysis, the two EOCQ values (should be
and with respect to (3)) are expressed in per-

centage of the EOQ value as discussed in Section IV-B. Only
total cost is listed because similar findings as in Section IV-B
could be found in the cases with multiple EOCQ values. There-
fore, they are omitted.

Refer to Table VI, improvement could also be found when
two EOCQ values are considered. However, improvement is
more significant if all the two parameters are set higher than half
of the EOQ values. This can be illustrated easily if Table VI(a)
to VI(c) are grouped as GROUP 1 while Table VI(d) to VI(e)
are grouped as GROUP 2. Main characteristic (and hence dif-
ference) of the two groups is that of each table in
GROUP 1 is lower than half of the EOQ value; while in GROUP
2, all and values are higher than or equal
to half of the EOQ value. From GROUP 1 (i.e., Table VI(a)
to Table VI(c)), it could be concluded that if the contract can
be completed more easily because of the small value,
improvement could only be found in high demand errors set-
tings regardless of the demand variation. In fact, the same argu-
ment as discussed in Section IV-B1 applies—this is related to a
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dilemma that when the rule is triggered, back order cost can be
reduced while additional management costs are incurred. There-
fore, if the value is too low, the additional management
cost cannot be compensated by the reduction in back order cost.
Therefore, low EOCQ values are not desired, which could be
proven in GROUP 2 [i.e., Table VI(d) and (e)].

In fact, more sensitivity analysis has been conducted with
multiple EOCQ values (like three and four EOCQ values). How-
ever, similar conclusion as discussed above could be drawn so
the numerical values are omitted.

V. CONCLUSIONS AND SUGGESTIONS OF FUTURE RESEARCH

A. Discussions and Conclusions

A coordination mechanism with early order completion con-
tract is proposed in this paper to react with demand uncertainty
in a distributed supply chain. Simulation results show that dif-
ferent performance measures can be improved against different
EOCQ value of the proposed algorithm. However, as a rule of
thumb, the EOCQ value can be set approximately as half of the
EOQ quantity, i.e., 40% to 60%, in order to gain the maximum
benefit when demand error is non zero. When demand error is
zero, a dilemma has been encountered to improve the fill rate
by adopting the algorithm or do nothing to maintain a relatively
low costs impact due to demand variation. This rule of thumb,
however, is concluded according to the simulation results that
are presented in this paper. In order to strength this conclusion,
it is worth to perform sensitivity analysis in the future to simu-
late different settings (e.g. cost structure).

In fact, the simulation result in this paper is just a piece of ev-
idence to support the proposed algorithm. The most important
implication that can be derived from this paper, with support by
the simulation results, is that introduction of flexibility (in the
form of contract in this paper) is able to reduce the impacts of
uncertainties. With flexibility in order quantity as established in
the contract, demand uncertainty can be “digested” through the
interactive coordination procedures. This is because the flexi-
bility in the contract overcomes the variations of demand (or in
general, local situations). As a matter of fact, such uncertain-
ties are not easy to be represented by mathematically model-
ling which means traditional optimization techniques are not
applicable to improve the performance of such systems effec-
tively. With distributed configuration as in this simulation study,
the situation can be more complex because independent agents
(i.e., companies) may not be cooperative because of self-in-
terest. Through the contract approach, behavior of agents is con-
fined by contract which does not require complete information
sharing. Therefore, a compromised solution can be reached in-
teractively through the coordination mechanism.

B. Limitations and Suggestions of Future Research

One of the limitations of this research is that participating
companies in the supply chain under study are willing to be co-
ordinated according to the proposed algorithm. In fact, the algo-
rithm only enforces some managerial actions and hence this as-
sumption is easy to achieve. Another limitation is that only EOQ
policy is compared with the proposed coordinated approach.

On one hand probabilities-based policy can be studied as men-
tioned. On the other hand, the proposed coordination algorithm
does nothing in system optimization. It serves as a fine adjust-
ment from the optimized setting, which can be obtained from
any optimization techniques, in order to reduce the degree of
deterioration of the system under uncertainty, which is usually
not considered in traditional optimization approaches as found
in the literature. In this connection, the concept can be adopted
by any optimization techniques.

From the implications of the research as discussed above, fu-
ture research can take the following factors into consideration.

— More sophisticated demand patterns (e.g., like Markov
Chains) and more sensitivity analysis could be performed
in order to verify the usefulness of the concept;

— Include more uncertain parameters—Since this study pin-
points the impacts of positive demand error, other uncer-
tainties like error and variation in suppliers’ capacity level
can be added on top of this study for evaluation. In addi-
tion, performance of the contract approach under combi-
nations of demand and capacity variation is also an inter-
esting environment to be studied.

— Compare the coordination mechanism with stochastic
(i.e., probabilistic-based) inventory policy, instead of
EOQ policy. In principle, stochastic inventory policy
makes use of probability function to add safety stock in
the system as a buffer to counter react with uncertainties.
Therefore, stochastic inventory policy should work better
than EOQ policy subject to uncertainties as set in this
study. It is valuable to evaluate the performance of the
proposed contract approach with the stochastic inventory
policy.

Since the contract can be defined as a constraint, or a set
of constraints, the philosophy is in line with solving Con-
straint Satisfaction Problem (CSP). An application of CSP
by taking above factors into considerations could be found
in some preliminary studies by the authors [27], [28], who
formulate and solve above problems through a CSP-based
coordination mechanism. Another possible extension of this
research is to incorporate fuzzy logic into consideration (e.g.
[8]). Fuzzy logic is a well-known tool to taking uncertainty into
consideration by modelling uncertain parameters by linguistic
values like “less,” “more,” “most,” and “full,”,while the EOCQ
values in the proposed contract approach in this study is just
like the linguistic values. However, decision-making is based
on fuzzy membership functions, which should be determined
beforehand. In distributed environment, it is not possible to
send complicated fuzzy membership functions among members
since there are too many varieties of the functions. Chan and
Chan [29] took an initiative to discuss a multi-agent based
framework for sending fuzzy membership functions to other
members in a supply chain for making decision. Although
their proposed framework can reduce the information to be
transmitted among agents by using a generic representation of
the fuzzy membership functions, associated decision-making
algorithms have not been discussed in determining the EOCQ
values in their study. This is certainly a research direction for
further study in finding such values based on fuzzy logic tools.
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