Applied Mathematical Modelling 40 (2016) 9594-9614

Contents lists available at ScienceDirect

Applied Mathematical Modelling

journal homepage: www.elsevier.com/locate/apm

Coordination of a three-level supply chain @CmssMark
(supplier-manufacturer-retailer) with permissible delay in
payments

Salem M. Aljazzar®*, Mohamad Y. Jaber?, Lama Moussawi-Haidar®

2 Department of Mechanical and Industrial Engineering, Ryerson University, 350 Victoria Street, Toronto, ON M5B 2K3, Canada
b Olayan School of Business, American University of Beirut, P.O. Box 11-0236, Riad El Solh, Beirut 1107-2020, Lebanon

ARTICLE INFO ABSTRACT
Article history: Different trade credits can be used to coordinate a supply chain. One of the well-known
Received 16 November 2015 mechanisms that is widely used in practice is the permissible delay in payments. This pa-

Revised 18 May 2016
Accepted 14 June 2016
Available online 23 June 2016

per proposes models for coordinating a three-level (supplier-manufacturer-retailer) supply
chain with permissible delay in payments, with its length (time to settle a payment) being
a decision variable. It investigates the permissible delay among the three players, where
the supplier offers a delay in payment to the manufacturer and the manufacturer offers

I;%z;);ﬁam management another one to the retailer. The paper investigates nine different scenarios of permissible
Joint economic lot sizing problem delay among the three players. A simulation study was performed and a thorough analy-
Multi-level supply chain sis of the results was used to identify the limitations of all scenarios and to draw some
Permissible delay in payments managerial insights and findings.
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1. Introduction

Supply chain management is considered as one of the most useful management practices for industries to increase their
sustainability and competitiveness. In today’s globalized economy, supply chain sustainability is key to ensuring business
continuity and managing operational costs [1]. With the growing focus on sustainable supply chain management, firms
realize that inventories across the entire supply chain can be more efficiently managed through greater cooperation and
better coordination. The collaborative paradigm in supply chain management is a crucial source of competitive advantage,
as it can increase the impact and efficiency of the supply chain. As collaboration increases among supply chain players, the
total costs reduce by up to 30% [2,3].

Coordination in supply chain management is based on centralized and decentralized decision making. The objective of
supply chain coordination is to minimize the total supply chain cost. In a decentralized supply chain, each player tries to
maximize his/her own performance, resulting in an inefficient supply chain. In centralized decision making, coordination
allows supply chain players to work closely to streamline their decision making, with the objective being to maximize the
entire supply chain performance. Inefficiencies reduce throughout the entire supply chain, with better matching of supply
and demand. As a result, costs reduce and sales increase, leading to increased supply chain profitability.

Permissible delay in payments or trade-credit option is one of the coordination mechanisms that can be used to entice
the buyer (retailer) to buy in larger lots than his/her Economic Order Quantity (EOQ), whereby the buyer is allowed by
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the vendor (manufacturer) to settle its balance by a certain time at no additional charges (interest-free period). Wal-Mart
supplier reduced its capital expenditure by 1.2% by offering Wal-Mart a one month delay in payment [4]. In addition, the
buyer will benefit from the permissible delay by investing his/her owed balance in a risk-free investment during the interest-
free period. However, interest charges will be applied to the buyer if the settlement occurs after the permissible period. The
benefits for the vendor when offering the permissible period for the customer are increasing its sales and moving the
inventory to the buyer.

The EOQ inventory problem faced by a retailer under the assumption of permissible delay in payment offered by the
supplier has been widely studied in the literature. In this problem, the supplier grants the retailer a certain amount of time
during which the retailer needs to settle his/her account. No interest is charged during the permissible delay period, beyond
which interest is charged under the terms agreed upon, and interest is earned on the revenue from sales received during
the credit period. Among the earliest work in this field is that of Haley and Higgins [5], who consider a retailer’s lot-sizing
problem with trade credit financing, and find the optimal order quantity and optimal credit settlement time. Many research
studies on inventory control and delay in payment followed, the most notable is the work of Goyal [6] who develop an EOQ
model with delay in payment, and show that the optimal quantity and replenishment interval increase when the retailer
can delay the payment without paying any interest. Other research work that analyze the lot-sizing problem faced by a
retailer under permissible delay in payments for different inventory situations and/or assumptions include, but not limited
to, Aggarwal and Jaggi [7]; Chung and Liao [8]; Luo [9]; Jaber [10]; Chung [11]; Gupta and Wang [12]; Teng [13]; Balkhi [14].

Joint economic lot sizing (JELS) between the players in the supply chain is one of the most efficient mechanisms to
reduce the total costs in a supply chain [15,16]. JELS models determine the order, production and shipment quantity from
a supply chain perspective, with the objective being to minimize the total supply chain costs [15]. JELSP initiated in the
literature by Goyal [17]. However, not all players involved in JELSP will benefit from the savings generated, as some play-
ers will not operate to their optimal policies. In this case, a profit-sharing policy could be used to compensate the losing
players. Utilizing permissible delay in payments with JELS enriches the benefits gained from coordination. The first paper
that considered coupling permissible delay in payments with JELSP was Goyal [6], where the length of the permissible pe-
riod was fixed. Similar approaches were explored in the literature with different assumptions, such as considering defective
items, stochastic demand, deteriorating items, to name few. Among the important work in this area is Jaber and Osman
[18] who develop a two-level supply chain model with permissible delay in payments and profit sharing. They show that
coordination results in larger orders for the retailer, with savings to the entire supply chain. Abad and Jaggi [19] consider
a supplier-retailer channel and assume demand is price sensitive. They develop policies for the buyer and seller under co-
ordination and no-coordination. Viswanathan and Piplani [20] analyze the benefit of coordinating supply chain inventories
through the use of common replenishment epochs. The recent work of Moussawi-Haidar and Jaber [21] and Moussawi-
Haidar et al. [22] incorporate cash management into the inventory lot sizing problem under delay in payment.

Recently, Aljazzar et al. [23] propose the coordination of a two-level (manufacturer-retailer) supply chain with permissi-
ble delay in payments as a decision variable. They study the effect of implementing three well-known production policies,
Goyal’s [24], Hill's [25] and Jaber et al.’s [26], and conclude that the minimum total cost was obtained when Hill’s [25] pro-
duction policy was adopted. Other research work on supply chain coordination include those of Chen and Kang [27], Lu
[28] and Goyal [29]. Readers may refer to Jaber and Zolfaghari [16] and Glock [15] for a detailed review. For more details on
the literature of permissible delay, see, for example, Chang et al. [30], Seifert et al. [31], and Molamohamadi et al. [32].

The main contribution of this paper is that it investigates the coordination of a three-level (supplier-manufacturer—
retailer) supply chain, using the permissible delay in payments as a decision variable. Although in real life practices, the
length of the permissible delay in payments is not considered as a decision variable, treating it as such will shed the light
on the optimal permissible period that would minimize the total cost of the supply chain. Coordinating a three level sup-
ply chain with permissible delay in payment between every two levels has not been considered in the literature. Such a
situation is very common in real life and a thorough analysis of the real scenarios involved would allow us to provide use-
ful recommendations that more accurately reflect the structure and practices of a three-level supply chain. In this model,
the manufacturer purchases raw material from the supplier and converts it into finished goods, following Hill’s [25] policy,
according to which the manufacturer produces and ships to the retailer during the production period. Specifically, we con-
sider a supplier, a manufacturer, and a retailer coordinating their decisions through delay in payment. During each period,
the supplier offers the manufacturer a delay in payment period, after which the supplier starts charging interest to the
manufacturer on any outstanding balance. Also, the manufacturer offers the retailer a permissible delay in payment period
during which the retailer pays no interest on any outstanding balance, and after which the manufacturer starts charging the
retailer an interest on any outstanding amount. We consider a centralized decision making model with delay in payment,
in which the three players coordinate their decisions of how much to order from the upstream player, and how to set the
length of the permissible delay in payment. In our paper, the duration of the delay in payment period is a decision variable
to be determined by the upstream player. Nine real-life scenarios are considered in this study to cover all possible real
situations that might occur in practice, when permissible delay in payments is integrated into the supply chain.

The problem in this paper is modeled and solved, first by assuming a common cycle length for all the three different
players, and then, by assuming uncommon cycle length. Using simulation, we compare the performance of the two models
corresponding to each of the two assumptions, and conclude that adopting the common cycle length assumption consider-
ably reduces the total supply chain costs when compared to uncommon cycle length. Adopting the common cycle length
assumption, we ran simulation for 10,000 numerical examples that were randomly generated and solved for each of the
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nine scenarios, with the independent variables varying randomly in specific ranges. First, we compare the total supply chain
cost of the case when no delay in payment is offered and each of the nine scenarios of the model with delay in payment.
We observe that the total supply chain cost is the highest when no permissible delay in payment is offered. Among the
nine scenarios of the delay in payment model, the total cost is the lowest in the case when the manufacturer settles its bal-
ance to the supplier beyond the permissible delay period and before receiving the next shipment from the supplier, and the
retailer settles his/her balance by the end of the delay in payment period. We then analyze the effect of each independent
variable on the total supply chain’s cost under each scenario, and identify the variables with insignificant effect on the total
cost. Finally, we perform sensitivity analysis for each of the nine scenarios, by varying the interest rates and holding costs
of each player, and the demand to production ratio. For each sensitivity case, the total cost is obtained for all the different
scenarios and the lowest cost is identified. This allows the different players in practice to identify the best scenario that
will optimize the entire supply chain cost, based on the specific values of their interest rates, holding costs, and demand to
production ratio.

The remainder of this paper is organized as follows: Section 2 introduces the notations and assumptions. Section 3 pro-
vides the mathematical models for all scenarios. Section 4 provides a numerical example, the simulation results, and sensi-
tivity analysis. Section 5 is for managerial insights. Finally, the conclusion and discussion are provided in Section 6.

2. Notations and assumptions

The following notations have been used to develop the mathematical models:

i Corresponds to the supply chain member as indicated by the subscript (i.e. ‘s’ for supplier, ‘m’ for manufacturer

and ‘v for retailer)

j Corresponds to the inventory level at the supply chain member as indicated by the subscript (i.e. ‘w’ for raw
material and ‘f’ for finished goods), where j = 0 when the member has a single inventory e.g. As stands for the
setup cost for the supplier and Ap, stands for the order cost of the manufacturer’s raw material.

i Setup/order cost for player ‘7’

i Production/purchasing cost per item for player ‘7’

Financial holding cost per item for the player 'i’

Physical (storage) holding cost per item for the player ‘i’

Order quantity for the buyer

Number of shipments delivered by the supplier to the manufacturer per the manufacturer’s raw material cycle

ny Number of shipment delivered by the manufacturer to the retailer per retailer’s cycle

A Number of raw materials required to produce one finished product

t; Permissible delay in payments offered by player ‘7’

T; Time of balance settlement by the player ‘7’

k; Return on investment for player 7’

P Manufacturer’s annual production rate

D Retailer’s annual demand rate, D < P

T Common cycle length= %

Ts Supplier’s cycle length= %

Tw Manufacturer’s raw material cycle length= ':12]—%
Tm Manufacturer’s finished goods cycle length= %
T; Retailer’s cycle length:%

This paper considers the following assumptions:

o A single supplier, a single manufacturer and a single retailer.

e Demand at the manufacturer and retailer is deterministic and constant over time.

Production rate of the supplier is greater than the demand of the manufacturer for raw material, and the manufacturer’s
production rate is greater than and retailer’s demand.

Shortages are not allowed.

All shipments in this supply chain are equal-sized shipments.

The system has a single product.

The holding costs consist of two components: financial and physical holding costs.

A permissible delay in payment is offered by the supplier to the manufacturer and by the manufacturer to the retailer.
o The permissible delay is assumed to be a decision variable.

o The manufacturer and the retailer invest what they owe to their vendors (supplier or manufacturer) in a risk-free invest-
ment during the permissible period.

The retailer and the manufacturer pay the balance on their account in a single payment by 7.

o The manufacturer has two individual warehouses: one for the raw materials and the other for the finished goods.

The system that is presented in this paper is a three-level supply chain (supplier-manufacturer-retailer), as illustrated in
Fig. 1. The retailer orders a lot size Q from the manufacturer at the beginning of each retailer’s cycle, and the manufacturer
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Fig. 1. Inventory behavior for the supplier, manufacturer and the retailer under a common cycle assumption.

produces and then delivers an equal lot size shipment by the end of each retailer’s cycle %. The retailer is permitted by the
manufacturer to delay the payment of each shipment for an interest-free period (t;;). Accordingly, the retailer will not pay
anything at the time of receiving the shipment. Similarly, the manufacturer orders from the supplier % at the beginning
of each raw material’s cycle, and the supplier ships the equal lot size shipment accordingly. The manufacturer will not pay
the supplier at the time of the receiving the raw materials due to the permissible delay that is offered by the supplier. To
investigate all the possible scenarios that could be encountered in a real-life setting, this paper considers nine scenarios as
illustrated in next section.

3. Mathematical model

This section provides the mathematical models of a coordinated three-level supply chain, with the permissible delay in
payment considered as a decision variable. In order to adequately compare between the scenarios, two major assumptions
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considered in the calculations, a common cycle length between the players, and an uncommon cycle length. Then, the
assumption with the minimal resulting total cost will be adopted for the rest of the paper.

3.1. Common cycle length

In this case a common cycle length is considered when formulating the mathematical models, where the cycle length is
T= % . Fig. 1 shows the inventory and the common cycle length.

The manufacturer adopts the production policy of Hill [25], where the manufacturer delivers shipments of equal sizes at
equal intervals of produced items to the retailer over its cycle including during the production segment. The manufacturer
builds inventory, to a maximum, after the first shipment, where the manufacturer’s inventory hits zero after it is shipped out
to the retailer. The next manufacturer’s cycle starts once all shipments are delivered to the retailer. The different scenarios
under this assumption are as follows:

3.1.1 Scenario I-I: 0 < ts = Tm < % and0<typ=1 <%

In this scenario, it is assumed that the supplier grants the manufacturer ts units of time to settle its payment with-
out interest charges. The manufacturer pays its balance by the end of this period (7,;). In addition, it is assumed that the
manufacturer grants the retailer tp, units of time to settle its payment without interest charges; however, the retailer may
find it beneficial to settle it payment by time t.. For this scenario, we consider the case when t; = t; and t, = 7, (refer
to Appendix A for detailed derivations). Therefore, the supplier’s total annual cost, that includes setup, production, physical
and financial holding costs, can be written as follows:

S1’1 _ AsD +GaD + (ny — 1) (hs + Ss) anyQD
an 2Pn1

It is assumed that the manufacturer invests Gy waQ, which is owed to the supplier, in a risk-free investment. Correspond-
ingly, the manufacturer’s raw material annual cost, which includes order, purchasing, storage and financial holding costs and
interest earnings, is as follows:

+ hsTaeD + (G — Cs) auDekss — Gy yorDeks (=), (1)

hmw @PmiD(t2) S, ,an,QD
2n,Q 2Pn,

-1 nlAm,wD

hmYWOlanD
Wm,w W T o9pn.

ZPTH

+CnwotD+ — hmwattsD + + G waeD (b (n=te) - — gl

(2)
In addition, it is assumed that the manufacturer allows the retailer a period (interest-free) to settle its payment C-Q. How-
ever, this will cost the manufacturer the opportunity to invest the money he should have received from the retailer. Accord-
ingly, the manufacturer’s annual cost, which includes setup, production, holding and losing opportunity costs, is:

An D 2D+ (P—-D)ny, — P
r[n_[f = r’:;{l + Cm,fD + (hm,f + sm,f) (Q( ( T ) 2 )) + hm,fTrD + (Cr _ Cmyf)Dek"'[m _ CrDe"'”(f"t’"). (3)

Similarly to the manufacturer’s raw material outstanding balance, it is assumed that the retailer invests the balance owed
GQ to the manufacturer in a risk-free investment. Therefore, the retailer’s annual cost, which includes order, purchasing,
holding costs (storage and financial) and interest earnings, is as follows:

2
i AD (h(Q=Dtm)*)  5.Q

r ? +GD+ T + 7 + CrD(ekm(Iritm) — ekrtm). (4)

Accordingly, the total annual cost of the system, - = w1+ w,l,{ L+ r[n_} + L s

D
= (As+ mAnw + Ap g + Ariz) o (Gt + Gnwe + G g + G)D

+(hstm — hmwts)aD
N (ny — 1) (hs + S5) anyQD + hypwaenyQD + S waena QD

2Pn,

2 _ 2
+(Cnw — Gs) aDekst 4 hmw oPniDtg 4+ hyny (Q — Dtin)

zan

2D+ (P—D)ny —P)(hy, ¢+ S +S,P
—Cpn.wotDekm™m 4 & ( )2 )( m. f mf) PQ
2P

+hm pTeD + (Cr - Cmvf)Dekmrm — C,Delrtm. -

Eq. (5), %1, has a joint minimum for Q, ny and n, (refer to Appendix B). The optimal order quantity (Q'-') that mini-

mizes .1 is found by setting its first partial derivative equal to zero and solving for Q to get

_ Al-! (m, ng, ts, tm)
-1 _
¢ = \/h”(nl,nz) +S-1(ny)’ ©
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where

)

nihmwPt?  nyhDt2 | D
A (N1, ny, ts, ty) = |:A5+Am.f+nlAm,w+”2Ar+a o + = mi|

2 2 ny

osz

h'- I(nl nz)_[hmw+ Smaw + (M _1)(h5 +Ss)]

Sl (ny) = SP+hP+ (hy ¢+ S f) (2D + ny (P — D) — P)
2 2p .

3.1.2. Scenario I-1I: 0 < tg =Ty < % and0 <ty <7 < %

This scenario assumes that the manufacturer settles its balance with the supplier by the end of the permissible period
given by the supplier, and the retailer settles its balance payments with the manufacturer beyond the permissible period
given by the manufacturer, and before receiving the next shipment. In addition, the retailer invests the balance it owes to
the manufacturer (C-Q) in a risk-free investment. Therefore, the annual retailer’s cost is as follows:

AD hQ-D1)* S Q
- _ D4 =~ r C.D(ekn(m—tn) _ gkitn) .
= TPt T g +GD(e ) (7)
The expressions for ¥, ¥/} 1 and wl M "are the same as that for scenario I-I. Thus, the total annual cost for the system

D
= (As +n1AmW+Amf+n2A) +(csa+cmwa+cmf+cr)n

((hs + Ss) (ng — 1) + R + Smw)t12QD

2Pn1

hm’WOan1Dt52
2n,Q

(b g+ S ) (FEPEC P o (b — ) oD

2

—hmwotD + + hytmaeD

+(Cnw — Cs)aeDeksts — Cn.worDekmn™

+(C — G g)Defrim +

The optimal order quantity, Q"", that minimizes Eq. (8), ¥, can be found in a similar manner to Eq. (5) and it is given

as:
Al-lI (nl’ ny, s, Tr)
-

¢ \/hl I(ny, np) +S-1(ny)° ®

where
h'-1(ny, ny) and S'™-'(n,) have been defined earlier after Eq. (6)

anihyPt?  nyh,Dt? | D
A (N, ny, s, 7)) = |:As +Am s+ MAnw + A + ]2W s 42 rz r]n-
2

3.1.3. Scenario I-III: 0 < tg = Ty < ”2Q and0<tym<%<t

The assumptions under this scenarlo are 51m11ar to the previous scenario’s assumptions, except that the retailer settles
its payments to the manufacturer after receiving the next shipment. Accordingly, the total annual cost of the retailer cost is:

_m_ AD 5Q ~
; m_ A +CD + or +CD( ekm (Tr—tm) _ekr[m)‘ (10)
Q 2
Ay and 1//;;}“ for this scenario are the same as that for scenario I-I. Subsequently, the total annual cost of the

system 1[f' " can be written as follows:

1111

D
s = (As+ mAmw + A+ 12Ar) =5+ (Gt + Gt + G g +G)D

n,Q
Ry wattsD + ((hs + Ss)(ny — 1) 4+ hyw + Smw)nQD + hyTyaD
2Pn1
hm WC{PTHD[’

+(Cnw — Cs)arDeksts + — Cn.woeDekn™m

2n,Q
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+(hm_f + Sm»f) (Q(ZD - (Pz; Dynz —P) ) + hm’fTrD

5Q
2

+(Cr = G ) Defrtn 4 2= — GDetm, (1)

The optimal order quantity, Q'-", that minimizes Eq. (11), ¥=™ | can be found in a similar manner to before and it is
given as:

B AI—III (nlv ny, t )
-1 __ s
Q"= \/ () 1 ST (ny)” (12)

where
h'=1(ny, ny) has been defined earlier after Eq. (6)
2 ny’

P2 D
AT (ny,np, t) = [As + A+ WA + WA + OM”’W}

SH”(n ) _ SrP + (l’lmf + Smf) (ZD + 1y (P — D) — P)
2 5p .
3.14. Scenario II-I: 0 < t; < Ty < % and 0 <ty =717 < %

In this scenario, it is assumed that the manufacturer settles the balance (CnwaQ) it owes to the supplier after the
permissible period has passed and before receiving the next shipment from the supplier. The retailer settles its balance (GQ)
by the end of the free-interest period that is permitted by the manufacturer. The total annual cost for the manufacturer’s
raw material can then be written as follows:

hm,WOlanD
ZPTI]

hmwaPniDT2  SpmwonaQD
2n2Q 2Pn1

-1 _ MAmwD

mw an

+CwotD+ — hnwQTD + + Cm,WaD(e“‘s(f'"*fs)) - e("mfm)).

(13)
Yl=1 wrlrll_fl and ¥ for this scenario are the same as that for scenario I-I. Accordingly, the total annual cost of the
system Yl is:

D
sléil = (As + mAmw +Am,f + n2Ar) — + (Ga + Cpwa + Cm,f +G)D

nQ
_hwal—m.wD + ((hs + 55)(Tl1 — l) + hm,w + Sm_W)OlleQD n hs‘fm()[D
2Pﬂ1
hinwotPnyDT2
+(Cnw — Cs)aeDeksts + ’“WTém — Gy watDeknn
Q2D+ (P—D)n, — P)
+(hm s+ Sm,f)( >p ) + hy 7D
+(G — Gng) Defrt + % — GDetkrtm). (14)

The optimal order quantity that minimizes Eq. (14) is determined in a similar manner to the previous ones and is given

as:
_ Al-l(ny, ny, Tmw, tm)
-1 — mw m , 15

Q \/ hl_l(TI],le)-i-S(le) ( )

where
h'=1(ny, ny) and S'-'(ny) have been defined earlier after Eq. (6)

hin wat T2, N nzhrDt,Zn] D

2 2 |ny

Al (N1, N2, Tyws tm) = |:As +Am + MAmw + MAr +

3.15. Scenario II-: 0 <t < Tnw = B2 and0<tm <7 = §

This scenario assumes that the manufacturer settles its payments for the raw materials to the supplier (CnwoQ) beyond

the permitted period and before receiving the next shipment. Similarly, the retailer settles its payments that owed to the

manufacturer (C-Q) past the permissible delay offered by the manufacturer and before receiving the next shipment. Both the

manufacturer and the retailer invest their owed balances in free-risk investments. Subsequently, the retailer’s total annual
cost becomes as follows:

h((Q — (D1))?
rHiH = % +GD+ W + % + CrD(e(k"'(rritm)) — ek’tm), (16)
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Y- and 1//“*“ are the same as that for scenario I-1. Moreover, ¥l for this scenario is the same as that for scenario
1I-I. Accordingly, the total annual cost of the system (1), can be written as follows:

D
= (As +n1AmW+Amf+n2A) +(Csa+mea+Cmf+Cr)D

((hs + Ss)(ny — 1) + hinw + Smw)anQD
2Pnq
hm Woan]Dr2
2mQ
Q2D+ (P—-D)n, —P)

(g +Smg) ( — )+ (g — hi)eD
(hy +S)Q? + he(Dy7r)°
2Q
The optimal order quantity that minimizes the total cost of the system is:

Qnu:\/AH”(nL o, Tmw, Tr)
h(ny,ny) +S(ny)

—hmwotTinD + + hsTmaD

+(Cnw — Cs)aeDeksts + — C.woDekm™m

+(G — Gy ) Dekrtm + — G:Detkrtm), (17)

(18)

where
h(nqy,ny) and S(n,) have been defined earlier after Eq. (6)

2 2

anhmwPt2 nyh.DT2 | D
AN (g, 1, T, Tr) = [A5+Am,f+n1Am.w+nzAr+ 1mw” w220 }n.
2

3.1.6. Scenario II-1lI: 0 <ts < Ty < % and0 <ty < % <71
The assumptions of this scenario are similar to the assumptions of the scenario II-II, where the retailer settles its balance
payment (G-Q) that is owed to the manufacturer beyond the permissible period and after receiving the next shipment. Thus,

the total annual cost of the retailer (") can be written as follows:
AD S Q
- _ Ar r (ki (r=tm)) kvt
! ' +GD+ =5 +GD(e elitm). (19)

Note that, =1, - apq wr'r'l‘f'” in this scenario are equivalent for those in scenario II-Il. As a result, the total annual
cost of the system (yIl-") can be written as follows:

D
W = (As+ mAmw + A + nzAr) + (Gt + Cowt + G + GD
((hs +S5)(ny — 1) + hmw + Smw)an,QD

~hmwortnD + 2Pn, + hsTmaeD
hm.woPn;DT2
+(Cm,W - Cs)aDeksts + WTQ]TH — Cm,wOlDek'"T’"
Q2D+ (P-D)ny — P)
+ (g + Sm,f)( 5p ) + (Mg — hr)w:D
+(C —C )Dek"’tm —+ & -G De(krtm) (20)
T m, f 2 r .

The solution of Eq. (20), after taking the first derivative with respect to Q, and then setting it equal to zero is as follows:

Al-(ny | ny)
1111
Q \/h(nl ) 1 S (ny)” (21)

where

D
Ay gy = [AS +An s+ MAnw + leAr] ny

3.1.7. Scenario III-I: 0<ts_"T<tmand0<tm_rr_%

This scenario considers that the manufacturer settles its raw materials balance (C,«Q) with the supplier beyond the
permissible period and after receiving the next shipment. In addition, the retailer settles its payments with the manufacturer
by the end of the permissible period (interest-free period). Accordingly, the total annual cost of the manufacturer at the raw
material side (y[II'1) is as follows:

mei _ 1 Am,wD Smwoen,QD

+ CwaD +

ks(Tm—ts) _ pkmTm
YT Qo 2Pn, CmweD (e elnt). (22)
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In this scenario, ! ¥l }I and "1 are similar to that for scenario I-I. Accordingly, the total annual cost of the
system is as follows:

D
i _ (AS + M Amw + Am  + N2Ar) ol + (Gt + Cnw@ + Cy f +C)D

((hs +59) (M — 1) + Smw)n2QD
2Pn,
+(Cm.w - Cs)OlDekstS — Cm,WOlDek'”T"‘
2D+ (P—-D)n, — P
+(hm‘f+s’"'f)<Q( = 2P = )> + hy s D

+(Gr — G y) Denr + % — GDelkrtm), (23)

+hstmaD +

The optimal order quantity found by solving Eq. (23), after setting the first derivative equal to zero and solving for Q, is
as follows:

B A]H—l (n1’ n2, tm)
-1 __
= \/h"(nl, ny) +S-1(ny)’ (24)

where

nyh.Dt2 | D
A" (ng, ny, tw) = |:As +Am s+ MAnw + Ar + 2rmj|

2 |ny

3.1.8. Scenario IlI-1I: 0 < ts < % <tpandO0<tym <7 <T;

This scenario considers that the manufacturer settles its balance of purchased raw materials with the supplier after re-
ceiving the next shipment and after the permissible period has passed. Also, it assumed that the retailer settles its payment
with the manufacturer after the permissible period has passed and before receiving the next shipment. Therefore, the total

annual cost of the retailer that includes the order cost, purchasing cost, holding cost and interest charges is given as:

2
L hr@-Dw)” | 5Q G D(ekn(Tr=tn) — ghitn), (25)

A:D
-1 r
= Q +GD 3 5

¥l is the same as that for scenario I-I. Also, ¥y, and /! }" are the same as that in scenario I-II. The total annual

cost of the system can be written as:

D
Slél—ll = (As + nAmw + Am_f + nzAr) @ + (G + Cpwer + mef +G)D

((hs + Ss)(ny — 1) + Smw)an,QD

+hsTmaD + 2Pn, + hytmoeD
+(Cm,w - Cs)aDekS[S — Cm’WaDekam
Q@D+ (P—D)ny —P)
(g + Sm,f)< >p ) + (A — he)TD
(hr +5)Q” + hy (Dr7r)° kot SrQ
+ 2Q + (Cr - Cm,f)D(?( g + 7

—CDelkrtm). (26)

The solution to Eq. (26) is obtained as before and it is:

lel:\/ AT (my, np, 7) (27)

R (ny, nz) + S1(nz)

where

n,Dt? | D
Ay ony, ) = |:A5 +Am f + MAmw + m2Ar + hy et i|

2 |ny

osz

=1 (ny, ny) = [ Spw + (11 — 1) (hs +SS)]W'
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3.1.9. Scenario III-III: 0<t5_2—?<7:mand0§tm§%§tr

Here, the manufacturer is assumed to settle its payment for purchased raw material with the supplier after receiving the
next shipment and after the permissible period has passed. Also, the retailer settles its payment after receiving the next
shipment from the manufacturer. Thus, the total annual cost of the retailer is given as:

JUESII AD STQ

=nar__ Km (Tr—tm) — Krtm
r=T +GD+ == +GD(ekn( elitm). (28)
Yl I g 1//“' I for this scenario are the same as that for Case III-I. Subsequently, the total annual cost (y1-11)
of this supply chain can be written as follows:
-1t D
W= (A +n1Amw+Amf+n2A) + (Gt + Cmw + Gy f + D
hs +Ss)(ny — 1) +Sy)an,QD
+hsTmaD + (Chs +35)( 12Pn) +Sw)anQ + hytaD
1

+(Cnw — Cs)OtDekS[S — Cm_WOtDek’"r’"
2D+ (P—-D)ny, — P
+{tng +Sn) <Q( S )) + (hm s = hr) D

2P
50
2

+(Cr _ Cm,f)Dekmtm 4 _ CrDe("’['"). (29)

The optimal order quantity that minimizes Eq. (29) is:

AT (0 ny)
1111
Q \/h'" T(ny,ny) + S (ny) (30)

where
-1 D
A (ng, np) = [As +Am,f +mAnw + nzAr] n—z
3.2. Uncommon cycle length

The purpose of this section is to illustrate the adoption of an uncommon cycle length approach in constructing the
mathematical models. In this case, the total cost model per cycle for each player has to be divided by the cycle length of
the player. For illustrative purposes, the total cost model per cycle of the supplier under scenario I-I is as follows:

-1 mm—1) an3Q? kst ks (Tm—t5)
W =Ag+ GanQ + ———= 3 (hs +S5) o hsTmanzQ + (Crw — Go)anaQess — Gy yyornp Qe (=) (31)
1

The total cost of the supplier per unit per year is determined by dividing Eq. (31) by the cycle length of the supplier
(Tnw = %) that becomes as follows:

i _ AP
s nQ

The mathematics for the other scenarios can be easily determined following the same procedure as in Eq. (32), and for
keeping the paper concise they were left out. Fig. 2 shows the different cycle lengths for each player involved in the supply
chain.

anyQ
2

+CaP+ '“(”%])(hs +ss)<
1

> + TP + (Cw — Cs)arPeksts — Gy yyor Peks (in=ts) (32)

4. Numerical results

In this section, numerical examples are presented to differentiate between all scenarios that were developed in
Section 3, when a delay in payments is considered as a coordination mechanism in a three-level (supplier-manufacturer—
retailer) supply chain. The length of the permissible period and the time of the payments are considered as decision vari-
ables. The purpose of the numerical examples is to identify the best scenario that gives minimal total cost under permissible
delay in payments. In order to set the ranges for the input parameters of the numerical examples that would be generated
and solved, we surveyed many published papers that investigated coordination of a three-level in a supply chain, and looked
closely into their numerical examples, to have an idea of the numerical example ranges. In addition, we considered the sug-
gestions of Waters [33] with regard to the financial and physical holding costs. The number of simulation runs was decided
to cover a wider range of possible numerical examples. Also, it was mentioned in Burton et al. [34] that the number of runs
varied from 100 to 100,000 runs. Increasing the number of runs in a simulation reduces the error percentage. For example,
in our numerical analysis, we have varied the annual demand for a thousand run, which gave an error range of 0.34-4.08%
with a standard deviation 1.12%. Then, we ran the simulation for 5000 times and found that the error range was from 0.32%
to 3.92% and a standard deviation of 1.17%. Finally, we ran it for a 10,000 times, and the error ranged from 0.35% to 1.61%
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Fig. 2. Inventory behavior for the supplier, manufacturer and the retailer under uncommon cycle assumption.

Table 1
Ranges of the independent variables.
D P As Amw Amg Ar hs Ss hin,w Smw g Smyf hy Sr ks km kr
Min 1000 1100 50 50 50 50 2 2 3 3 5 5 7 7 0% 0% 0%
Max 5000 10,000 500 500 500 500 6 6 9 9 15 15 20 20 10% 10%  10%

Average  3009.7 5485 247 243 274 276 4 4 6 6 9 9 13 13 5% 5%

with standard deviation of 0.46%. Accordingly, we decided to consider the 10,000 runs in the numerical example to increase
the accuracy of our analysis; the ranges of the independent variable parameters are shown in Table 1. The physical holding
cost ranges between 9% and 20% of the unit cost and the financial holding cost ranges between 10% and 15% of the unit
cost. One of the assumptions in this paper is to avoid shortages; to satisfy this assumption the production rate was always
kept greater than the demand rate. In addition, the value of the product increases as it moves down the supply chain. This

assumption is kept when solving the numerical examples by having the financial and physical holding costs of the supplier
the lowest and those of the retailer the highest of the three levels.
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Table 2
An illustration of assuming common cycle rather than uncommon cycle.
I-1 I-11 [-111 11 111 1-111 M-I -1 HI-111
Worst numerical Common cycle 526,993.30 526,907.55 529,167.18 526,855.30 526,900.78 528,993.78 528,198.22 528,370.79 529,682.59
examples Uncommon cycles 634,660.30 634,571.13 636,478.42 634,418.65 566,986.96 636,245.32 567,756.20 567,890.99 568,892.18
Difference 16.96% 16.97% 16.86% 16.95% 7.07% 16.86% 6.97% 6.96% 6.89%
Best numerical Common cycle 107,734.73 107,738.73 108,012.61 107,722.76 107,726.76 107,999.49 107,861.25 107,870.47 108,174.00
examples Uncommon cycles 129,729.74 129,733.74 129,987.56 129,708.11 129,71211 129,966.22 129,954.37 129,958.39 130,209.27
Difference 16.95% 16.95% 16.91% 16.95% 16.95% 16.90% 17.00% 17.00% 16.92%
Table 3
Input parameters of the numerical example.
D P o As Amw  Amg  Ar G Cow Cnf G hs Ss hmw Smw R Smy Sr ki kr
3069 4720 1 441 206 175 384 20 30 50 70 3 3 3 75 12 9 133 77 8% 4%
Subscript: s=supplier, w=manufacturer’s raw material, m=manufacturer, r=retailer, and u=unit.
Table 4
Results of the numerical example.
Scenario n n, Q ts Tm tm T Supplier ~ Manufacturer  Retailer Supply chain total cost
No delay 1 2 294 0 0 0 0 2268.37 99,184.59 221,926.17 77,859.13
I-1 1 2 296 01019 01019  0.0181 0.0181  3143.53 98,721.48 221,092.51 77,437.52
I-II 1 2 296 01020 01020 0.0081 0.0181  3143.71 98,501.52 221,349.11 77,474.34
I-1II 1 2 296 01046 01046  0.0964 01064  2744.56 102,786.84 219,296.22  79,307.61
1I-1 1 2 296 0 0.1068  0.0181 0.0181  3050.09 98,784.13 221,091.23 77,405.45*
1I-1I 1 2 297 0 0.1068  0.0080 0.0181  3050.09 98,563.07 221,349.10 77,442.27
II-11I 1 2 290 0 01297 0.0944 01043 286143 102,481.08 219,372.60  79,195.12
-1 1 2 290 0 0.1391 0.0182 0.0182  3373.42 98,482.75 221,113.57 77,449.75
I-1I 1 2 301 0 0.1440  0.0082  0.0181  3332.48 98,335.59 221336.03  77,484.11
TII-111 1 2 304 0 01798  0.0990 01089  3178.34 102,546.02 219,254.9 79,403.90

Note: Asterisk (x) indicates the optimal values.

4.1. Comparison between uncommon and common cycle length

Using simulation, the worst and best numerical examples were used to compare between common and uncommon cycle
in each scenario, it is illustrated in Table 2. The results show that adopting a common cycle length for the player in the
supply chain will reduce the total cost of the supply chain. Accordingly, the numerical examples and the discussion from
here and afterwards will be based on the common cycle length assumption.

4.2. Detailed examples for common cycle length

For illustrative purposes, a numerical example was selected randomly and is presented in this section, where Table 3
shows the input parameters for this numerical example. Solver is one of the analysis tools available in Microsoft Excel that
is used for optimization problems. It was used to find the minimum total cost by setting ny, ny, ts, tm, Tm and t, as decision
variables. In the calculations of the numerical examples, the purchasing of raw materials and the production costs (some of
the fixed costs in the system) at the manufacturer have been neglected, to clarify the difference between the total costs.

Table 4 illustrates the results of the numerical example for nine scenarios, and a scenario without the permissible delay
in payments. The results show that the supplier achieves its minimum cost when no delay in payments is offered to down-
stream players. The reason is that the supplier’s rate of return is very low. The manufacturer attains its minimum cost under
scenario III-II because it does not incur a financial holding cost, generates profit from investment during the delay period,
and receives interest from the retailer on a delay balance. The retailer achieves its minimum cost under scenario III-III, since
the retailer does not incur a financial holding cost for items in its inventory and has more time to invest its money before
paying the manufacturer. As this paper considers a centralized system, the decision of the best scenario is made based on
the scenario that minimizes the total system cost (i.e. scenario II-I), wheren; =1, ny =2, t; =0, 7, =0.1068, ty, = 7 =
0.0181, Q* =296 and the total cost is 77,405.45%/year.

To verify the reliability of Solver’s results, 1000 numerical examples were solved in MATLAB and Solver. When comparing
the results obtained using both software, a small insignificant error that ranges between —1.036% and 0.309% was noted,
thus we decided to use Excel Solver enhanced with Visual Basic for Applications (VBA) in our simulation. Ten thousand
numerical examples were randomly generated and solved under the nine scenarios. The results are summarized in Table 5.

To form a conclusion about the most preferable scenario, we ran a regression analysis for the 10,000 numerical examples
when the dependent variables being the permissible periods, the number of shipments and the total cost of the supply
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Table 5

Summary of the 10,000 numerical example.
Optimal Best minimum  Average Difference between the average total cost and the average of the optimal scenario R
scenario cost

No delay I-I I-11 I-111 11 1-11 I-111 jug! II-11 II-111

No delay 170 41542352 - 123918 113636  2513.68 1235.02 1033.33 2448.65 1900.52 1725.96 3541.86 6
I-1 2017 311,089.31 738.84 - 117.84 83254 4032 128.05 82045 789.69 929.99 1800.08 2
I-11 108 327,435.63 569.11 11746 - 112472 148.77 20.96 110797 91024 79470 211644 7
I-11I 0 315449.55 (123.32) (923.91) (852.72) - (1011.47) (946.00) (125.63) (667.63) (582.93) 40211 10
1I-1 6978 312,577.04 974.58 99.68 203.61 1000.64 - 106.46 87195 31826 44240 1362.10 1
1I-11 1032 318,466.73 806.04  227.02 12041 123221 128.23 - 1074.57 389.56 293.87 156558 3
1I-111 1 319,541.29 27347 979.44 93439 24767  754.28 70910 - 46291 34381 39609 9
-1 249 315,764.79 139296 423.05 51669  1379.09 23893  353.61 114541 - 108.36 111459 5
-1 301 336,213.39 1954.85 633.69 56110 1580.72 399.29 109742 1280.47 23889 - 1065.44 4
HI-111 2 177975.00 423138 52815 61410 612.87 416.79 562.58 78793 26116 115 - 8

Note: R = ranking based on the number of achieving the best minimum cost from the simulation run.

Table 6
The strong effect of independent variables on each scenario.
Nodelay I-I I-II -1 0O-I O-1 -1 Q-1 MI-I0 IHI-IO
D N v v Y v v N N v v
p N v X N, X N v v
As v v v NV N N v v
hs N v v Y v v N N v v
Ss N v vV v v N N v v
ks X X X X X X X X X X
Anw v vV v v N N v v
hnw X X X X X X X X x
Smw Y/ Y Y N N Y Y A
Ang N Y N N N Y VA
hmg Y Y Y Y N Y Y Y N
Smf Y N N N Y Y AV
X NN N N v v v
N v v Y v v N N v v
N v vV NN N N v v
N v v NV N N v v
X X X Vv X X Vv X X N

Note: / = significantly affects the supply chain’s cost, X = insignificantly affects the
supply chain’s cost.

Table 7
A sample of the sensitivity when varying interest earnings and holding costs.

Interest rates -1 I-11 I-111 1I-1 1I-11 1I-111 1I-1 I-11 HI-11T

kr > km > ks 76,298.29  76,324.71 76,517.38 76,098.39  76,124.96 76,283.48  76,084.86  76,097.36  76,290.84
km > ke > ks 76,517.50 76,529.81 77,395.18 76,110.98 76,324.94  77,067.63 75,665.94  75,576.47  76,153.57
ks > ki > kr 77,625.84 7763044  79,167.18 77172.75 7717746 78,537.97 77,161.76 77,148.97 78,590.80
ks > kr > km 77,252.28 77,270.81 7781743 77,101.11 77119.64 77,651.30 77,254.90 77,266.05  77,898.89
ks = ki = kr 77,141.48 77,156.89 77902.75  76,796.28  76,811.82 77,488.01 76,784.47 76,771.31 77,519.04

chain. The regression analyses show that the following independent variables, D, As, hs, Ss, Aw, Sw,» Am,» hm, Sm, Ar, hy and s;,
significantly affect the total cost in all scenarios. Moreover, the holding cost of the raw materials (hy,) has a significant effect
on the total cost when delay in payments is not offered in a supply chain. In addition, the retailer’s interest rate (k;) has a
significant effect in the following scenarios, I-III, II-1Il and III-IIl. However, the analysis shows that the supplier’s interest rate
(ks) has an insignificant effect on the total cost in all scenarios. The production rate (P) is one of the independent variables
having an insignificant effect in scenarios I-Ill and II-III. In addition, the manufacturer interest rate (k;;) has an insignificant
effect when there is no delay in payments applied in coordinating the supply chain and in scenario I-IIl. Table 6 summarizes
the effect of each independent variable in all scenarios.

In the simulation run, different cases have been considered. First, the ratio of demand over the production rate is varied
between 0.1 and 0.99. Also, all scenarios are tested under five possible cases of interest as illustrated in Table 6. The first
case, kr > km > ks, is when the interest rate of the manufacturer is between the supplier’s and the retailers’, with the
retailer having the highest interest rate. The second case, ki > k- > ks, is when the interest rate of the manufacturer is the
highest, and so on. Moreover, different possible cases of comparing the holding cost between the players are considered in
Tables 7 and 8.
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Table 8
A sample of the sensitivity when varying interest earnings and holding costs.

Holding costs I-1 I-11 I-111 1I-1 1I-11 1I-111 11-1 MI-11 HI-11T

hy > hp > hs  76,327.63 76,331.32 77156.77 76,327.33 76,297.70 77,061.31 76,323.99  76,324.91 77,218.08
hps>he>hs  76,691.05 76,703.44  79,019.63  76,658.24  76,670.63 7890746  76,687.58 76,684.90  79,058.00
hs > hys>he 7558555 7560094  77,510.96 75,605.84  75,621.23 77,531.25 78,888.69  78,934.90  81,013.90
hs > hy > hyy  74,735.01 74,743.14 74,835.82 7475530  74,763.42  74,856.10 78,114.02 78,162.35 78,385.97

Table 9
Summary of the performance for all scenarios when varying D/P.

D[P Interest case  I-I I-11 [-111 II-1 1I-11 1I-111 11-1 HI-11 HI-11T

025  kr > ki > ks 75,156 75,183 75,401 75,074 75,101 75,296 75,072 75,096 75,316
km > kr > ks 75,802 75814 76,899 75,647 75,7730 76,742 75,468 75,457 76,461

ks > ki > kr 76,409 76,413 78,215 76,224 76,228 77,983 76,222 76,220 78,029

ks > kr > km 75903 75,921 76,547 75,839 75,858 76,476 75907 75909 76,569

ks =k = k- 75964 75979 76,824 75,822 75838 76,644 75820 75818 76,658

0.5 kr > ki > ks 75,881 75,907 76,108 75,723 75,7750 75,919 75,715 75,733 75,936
km > kr > ks 76,254 76,266 77,258 75,943 76,105 76,993 75,613 75,576 76,441

ks > ki > kr 77,180 77,185 78,848 76,824 76,829 78417 76,817 76,809 78,500

ks > kr > ki 76,760 76,778 77,351 76,640 76,658 77,218 76,763 76,770 77,413

ks = kim = kr 76,710 76,726 77,505 76,439 76,454 77172 76,432 76,423 77,203

0.75  kr > ki > ks 76,569 76,595 76,783 76,342 76,368 76,522 76,324 76,333 76,520
km > ky > ks 76,596 76,608 77319 75,987 76,319 76,955 75,449 75330 75,839

ks > ki > kr 77915 77,920 79,256 77383 77,388 78,536 77,362 77,335 78,588

ks > kr > km 77,970 77,989 78,430 77,400 77,419 77934 78,783 78,844 79273

ks =k = k- 77,421 77,437 78,152 77,029 77044 77,603 77,014 76,997 77,594

1 kr > kim > ks 77,457 77,484 77,097 76,549 76,576 76,706 76,507 76,481 76,621
km > kr > ks 76,281 76,294 76,875 76,173 75,834 76,407 74,221 73,576 73,668

ks > ki > kr 78,886 78,890 80,076 77,413 77,419 78,389 77364 77,293 78,364

ks > ki > ki 79,845 79,863 80,478 78,630 78599 78,753 79,753 79,898 80,368

ks = ki = kr 78,070 78,085 78,684 77111 77127 77,593 77,073 77,014 77,490

Table 9 shows that scenario II-I achieves the minimum total cost in around 70% of the 10,000 examples in all cases while
the ratio of % was varied between 0.1 and 0.99. When the ratio % is 0.25 all scenarios achieved their best minimum total
annual costs when the interest combination is k; > kp > ks. When % = 0.50 all scenarios achieved their best minimum costs
under the case of kr > kpy > ks, except scenarios IlI-I and III-Il where they achieved their minimum when the interest rates
combination is k;, > kr > ks. When the ratio of % = 0.75, four scenarios achieved their minimum total cost under case
kr > km > ks and the remaining five scenarios got their minimum cost when kp, > kr > ks. When setting the ratio % =1.0,all
scenarios achieved their minimum total cost under the case kp, > k; > ks. Although that scenario II-1 has the best minimum
total cost in most of the numerical examples, however, the difference between the best and worst scenario is just 1.44%.

On the other hand, all scenarios got their highest total cost when % was 0.25 and 0.50 and when ks > ky; > k;.

5. Managerial insights

Permissible delay in payments has been widely implemented as a business practice as it is a coordination mechanism
that helps companies in reducing their total cost. For instance, Wal-Mart has achieved a 1.2% reduction in its capital expen-
ditures by having a one month delay in payment [4]. The permissible period varies across companies, from just a few weeks
to months, as in the case of Wal-Mart. The scenarios and cases presented in this paper considered the delay in payments
offered between adjacent players in a supply chain as a decision variable. One may argue if such an approach is practical.
However, the suggested approach provides some guideline to decision makers in a supply chain when negotiating credit
terms and payments schedules. For instance, it is best when the three players coordinate using a permissible delay in pay-
ment and operate under scenario II-1, i.e. when the manufacturer settles its balance beyond the permissible delay period and
before receiving the new shipment from the supplier, while the retailer settles its balance before the end of the permissible
delay period. This can be achieved by sharing the additional supply chain profit proportionally among the three players, so
all of the players have an incentive to operate under the best scenario.

Our results are insensitive to the demand to production ratio, as the best scenario is mostly the same for different
values of the ratio. An important outcome of the analysis is to provide decision makers with insights into which parameters
significantly affect the total cost, so a closer look at these parameters is required, versus the ones that can be ignored.
For instance, the raw material holding cost does not have a significant effect on the total cost, unlike manufacturer’s and
retailer’s holding cost parameters. Thus, actions and best practices towards reducing the holding costs at the manufacturer
and retailer are important to keep the supply chain cost low. Also, the supplier’s and retailer’s interest rates can be ignored
as they are insignificant in affecting the supply chain’s cost, unlike the manufacturer’s interest rate. The production rate is
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another parameter that needs to be closely monitored as it significantly affects the cost, in addition to the fixed setup costs
for each player. A sensitivity analysis is also performed to study the effect of the relative comparison of the interest rates on
the best scenario. Based on the relative ranking of the interest rates, decision makers can simply identify the best scenario
and work together to operate under this specific scenario to minimize the total supply chain cost.

6. Summary and conclusions

This paper considers a three-level supply chain (supplier-manufacturer-retailer) with permissible delay in payments as
a decision variable. The supplier offers a permissible delay in payments to the manufacturer who in turn, offers the retailer
a permissible delay. The paper investigates nine different possible scenarios that occur in real life when permissible delay
in payments is used as coordination mechanism.

Ten thousand numerical examples were considered to compare between all nine scenarios. In addition, we have consid-
ered the case when no permissible delay is assumed. A numerical example was selected randomly out of these 10,000 to
illustrate the behavior of each scenario. For the supplier, it is better not to have a permissible delay between the players
in order to minimize its total cost. The manufacturer reduces its total cost to the best minimal cost when the supply chain
follows scenario III-II. The retailer gets its best minimal cost when the supply chain follows scenario I-Ill. However, the best
scenario that generates the minimal total cost for the whole supply chain is scenario II-L.

Regression analyses were conducted to analyze the simulation run of 10,000 numerical examples, to illustrate which
independent variables have a significant effect in each scenario. The independent variables that do not have a significant
effect were D, As, hs, Ss, Amr, Smr, Am, hm, Sm, Ar, hy and s.. Ranking the best scenarios, we observe that scenarios II-I, I-I and
II-II are the best three. The worst three performing ones are I-III, II-IIl and III-IIl. A sensitivity analysis was implemented to
check the limitations of the proposed model. All scenarios were tested under five different interest rates cases of interest
rate comparison, besides varying the ratio of demand to production rate. The total cost of all scenarios increase by increasing
the ratio of %. Under each interest case and for each ratio considered, the scenario that attains the best minimal total cost
is scenario II-I.

In summary, we conclude that the best scenario to follow is II-I when coordinating a three-level of supply chain with
permissible delay in payments. First, it has achieved the best minimal total cost in 70% of the cases of the simulation run.
Second, this scenario helps the manufacturer in managing its financial flow, as the manufacturer would first receive the
payment from the retailer and then pay the supplier. Third, although the total cost difference between all scenarios is small,
it is better to execute a single scenario instead of alternating between multiple scenarios, which could cost more effort and
time; a positive result could be achieved by getting all players in the chain to agree upon the scenario II-I.

The models that are presented in this paper can be extended in different possible directions. First, one option is to
investigate the effect of the permissible delay in payments under different production polices rather than Hill’s [25]. Second,
assuming a stochastic demand and including a production policy at the supplier is another possible extension. One can also
consider multiple un-identical retailers and suppliers.
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Appendix A
At the supplier

Total cost per cycle
As: Supplier’s setup cost per cycle.
Csan,Q: Supplier’s production cost (supplier’s cost of raw materials per cycle).

1 an2Q?
PR (hs 459 (3

hstman,Q: Supplier’s financial holding costs that are incurred until the balance is paid by the retailer.

(Cn.w — Cs)anyQeksts: Offering a delay in payments by the supplier for 'ty’ period will cause him/her to incur a losing
opportunity cost of investing the profit in a risk-free investment.

Cm.wornyQeks(fm=ts): Interest charges that would be paid by the manufacturer if the payment is made beyond the permis-
sible delay in payments.

): Supplier’s holding cost per cycle.

nl(nl — 1)
2<hs+ss)<

an3Q?

= As + GanyQ +
s s S ZQ Pn%

) + hsTnan2Q + (Crw — Go)arnzQekss — G warn, Qels(Tn=5),

(A1)
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Total annual cost: Divide Eq. (A1) by the common cycle length (%)

= AsD +Ca D+n1(n1 1) omz(le
Pny

] 5 + hsTmaD + (Cw — Cs)aeDekst — Gy e Deks (=6, (A2)

(hs +Ss)

At the manufacturer’s raw material

Total cost per cycle
nAw: Manufacturer’s order cost per cycle.
Cn.wanyQ: Manufacturer’s purchasing cost of the raw materials per cycle.
_aPtsn;)? a?n2Q?
him,wiy %# =hmw 2aPn1 — hm wanyQts + him w

ter the settlement of the balance payment is made by the manufacturer.

Sm, Waznpn Manufacturer’s physical holding cost per cycle.

"“"P maPt : Manufacturer’s holding cost per cycle that is incurred af-

Cm,waan(e"S(fm ~ts) _ ekmTm): Interest charges that would be paid by the manufacturer and the interest earnings gener-
ated from investing the balance in a risk-free investment during the permissible period.

1)[/[,[ = A + 11CnwornyQ hm,wnlazn%Qz _ himwniony Qts n hm,wrlIOlPts2
mw ,

ny Zoan% ny 2
N1 Smwan2Q? MGy wanyQ (eks(in=t) — ekntn) (43)
2Pn? mn '
Total annual cost: Divide Eq. (A3) by the cycle length (%)
g N AmwD N Cmwctn2QD N hnwo?n3Q2D iy wanyQtsD  hywhioPE2D
™ mQ nQ 2aPnin,Q nQ 2n,Q
SmWom%QzD GnwotnQD (ekS(Tm—ts) _ ekml’m)’ (A4)
2Pnyn,Q n,Q

At the manufacturer’s finished product

The holding cost function has been adopted from [25] page 496.

Total cost per cycle
Am: Manufacturer’s setup cost for finished goods per cycle.
G, sM2Q: Manufacturer’s production cost per cycle.
(him, +Sm,f)[W]: Manufacturer’s holding costs for finished goods.
hy, sTrn2Q: Manufacturer’s financial holding cost resulting from offering the retailer a delay in payments.
QG — Gy, f)e"mtm: Opportunity cost per cycle of investing the manufacturer’s profit in a risk-free investment.

CrnyQekm(tr—tm): Retailer’s interest charges per cycle that would be paid for the manufacturer when the retailer settles its
balance beyond the permitted period.

n2Q2 (2D + (P—D)ny — P)
2DP

+n2Q(Cr _ Cm_f)ekmtm _ Cranekm(frffm)‘ (AS)

-1 _ Am + Cm.fn2Q + (hm,f + Sm,f)[ ] + hm,fTrTlZQ

Total annual cost: Divide Eq. (A5) by the common cycle length (%)

_ AnsD Q(2D; + (P—D)ny — P
= %‘i‘cm_fD'f‘(hm,f"‘Sm,f)l: S (2P e )]+hm,fer
+(Gr = G,y Dekntn — C,Dekn(Fr=tm) (A6)

At the retailer

Total cost per cycle
n,Ar: Retailer’s order cost per cycle.
Gn,Q: Retailer’s purchasing cost per cycle.

2
nzhr%: Retailer’s holding costs incurred after settling the payments with the manufacturer.
25-Q?: Retailer’s physical holding cost per cycle.
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n,QCr(1 — ekrtm): Retailer’s interest earnings of investing his/her balance during the permitted period.

Q- Drtm)2 ny Sy

r171 =mAr +GnyQ + Tl2hrT + 5D Q2 + leQCr(l - e"'t’“). (A7)
Total annual cost: Divide Eq. (A7) by the cycle length (%)

. AD (Q —Dtpn)* s _

I-1 r m ket

r = Q +CrD+hrW+jQ+CrD(l —e ) (AS)

Total annual cost of the system
Can be found by summing Eqs. (A2), (A4), (A6) and (A8)

o= (As+ mAnw + Ap g + Amy)

ot (Gt + Gnwet + G g + G)D

+(hsTm — hmwts)aD
N (m1 — 1)(hs +Ss) anyQD + hpy wan,QD + Sy worn, QD

2Pn,
h PniDt2 +h — Dty)?
+ (G — Gs) arDekts 4. lmw CPMDE + Ry (@ = D)
2n,Q
2D+ (P—D)ny — P)(hy. s + Sp.f) + SrP
—Cm.wOlDek"’fm + Q( ( ) 2 )( mr me) ! Q
2P
+hy 7D + (G — G ) Dekntn — G Dekm,
0 1 D
A —(As + mAmw + An +Arn2)w
" (111 — 1)(h5 =+ SS) osz —+ hm,wﬂlnzD + Sm,w()lnzD B hm.w OanlDfsz
2Pn1 2n2Q2
+hr n,Q  hynyD2t2 N (2D + (P = D)ty — P)(hpy  + Sms) + SiP 5)
2n, 2n,Q 2P '
Hence, the second derivative with respect to Q is:
32 -1 D hm,w C(PTHDI'Z hr ny h,nzDth
9Q2 "¢ = (As + niAmw +Am,f +Arn2) 1,04 2,04 2 2, 2n2Q2m > 0.

Therefore, there is an optimal Q that minimizes the total system cost and it is convex, which can found by setting
a5 Wic' =0 and solving for Q:

o AT (g, G, tm)
Q _\/ h(ny,ny) +S(ny) (6)

where

anghmwPt?  nyhDt3 | D
Alfl (n]’ Ny, ts, tm)z |:AS+Arn.f+n1Am,w+n2Ar+ 1imwltg + 21t mi|

2 2 n,’
any,D

h(ny, n2) = [hmw + Smw + (11 — 1) (hs +Ss)]my

S(ny) = |:SrP+hrP+ (M. + Sm.p) (2D + ny (P — D) — p):|.

2P

Appendix B
Joint optimization procedure

It was not possible to show that Eq. (5) is jointly convex in Q, ny, and n,. So we followed the procedure suggested by
Grubbstrom and Erdem [35] and Zanoni and Grubbstrom [36] to prove that the system allows a joint optimization for Q, n,
and n,. The total cost for the system is equal to
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D
QN1 ny) = (As+ mAmw + Ap g+ Arlla) ot (Gt + Cwex + Gy + G)D
(BT — Bt} + (n1 — 1) (hs +Ss) aanDz;)—nhmywaanD + SmwaenyQD
1

h PniDt? +h — Dtp)?
4 (Cnw — G5) auDelits 4 2mw aPny 52‘; énz Q m)” Con wetDebrTe
2

Q2D+ (P—-D)ny —P)(h,, r+S +S.PQ
N ( ( )y = P) (Mg + Smg) +Sr thy 7D
2P
+(G — G g)Dekntn — C.Dekt.
The optimum order quantity that minimize the system’s total cost is written as follows:

_ AT (ng, ny, ts, tm)
I-1 _ s> tm
Q7 (m.ny) = \/h”(nl,nz) S T(ny)”

where

2 2
ANy, ny, ks, ty) = [As +Am 5+ N1Amw + N2Ar + anlh;'WPtS + leh;Dtm i| HB’
2
-1 anyD
h (nhnz) = [hm,w+ Sm,w+(nl _1)(hs +Ss)] 5
2Tl1P

» StP+ hyP + (hy, 5 4 Sy f) (2D + ny (P — D) — P)
S (ny) = .
2P
Now, let

anihy wPt?  nyh.Dt2 | D

S(m, mp) = |:A5+Am<f+n1Am.w+n2Ar+ ! r2n.w S+ 2 ; mj|,
n
and
anyD SsP+hP+ (hyr+S 2D +ny(P—-D) - P

H(n, n3) = [ + sm,w+(n1—1)(hs+ss)]2nfp [r P+ (M s méfp)( 2(P - D) )}‘

Then, the total annual cost of the system is written as:

(i, ny) = 2/S(ny, np)H(mi, ny) +C,

where
C = (Ga + Cnwe + G g+ G)D + (hsTm — hiwts)otD + (G — Gs) aDels®

—CnwatDek™ + hy 7D + (G — Gy g) Defnn — G Delrt.

The total variable costs (TVC_;), joint optimization procedure for Q, ny and n,

TVG1(Q* (. n2),ny, ny) =2y/S(mi. my)H(ny, ny),

him wPt2 h.Dt3 | D
(TVG(Q (1. m).ny. mp))? =4<<[As+Am,f+wxm,w+nzAr+"‘”1 sy '"]n)
2
an,D

([hm,w + Smw+ (n1 — 1) (hs +S5)] 2P
+[STP+hTP+(hm,f+sm,f)(2D+n2(P—D)—P)D>

2P

e Forny=1and n, =1

2 2
(TVG(Q*(1, 1),1, 1))* = 4<[A5+Am,f 4 Amuw + Ar + % + hrgtm}D)

aD S;P+h.P+ (h, s+ S D
([hm,w + Sm’w]ﬁ + |: ;Pm.f m.f) i|)
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Thus,
(TVG(Q*(1. 1)1, 1))’ > 0.

e Forn; >1and n, =1

2 2
(TVG_(Q*(ny, 1),ny, 1)) = 4(<|:As +An.f + MAmw +Ar + “"]hg-wpts + hrgtm}n)

D P P D
<[hm,w+ Sm,w-i-(n]—1)(hg+55)]zo:llp+|:sr +hr +(hm+sm) i|)>7

2P

2 D+ 2

aD N SrP+hiP+ (hy ¢+ Sy f)D
2n,P 2P ’

2 2
(TVG1(Q (my, 1),y 1)) = 4<<ASD + A D+ MAmyD + AD 4+ CfimwPl py | DL D>

— (hs +Ss)

aD oD

(hmw + Sm, w) + (hs +S5) ==
2P
Since (TVG_;(Q*(ny, 1),nq,1))2 =an; + % + ¢, from the equation above

ahy,Pt?
2

)

a=4D [Am.w +

b = 2$[hmw + sm,w - hs - SS]7

An D 2 SiP+ P+ (Ry  + Sy f)D
c:4<ASD+ m.f +ArD+hrDtmD)((h )ozD + P+ (hy g+ mf)>

ny nyp ny 2 s ﬁ 2P
Therefore,
b @[hm w+ Smw—hs—Ss] . . . . . .
n=,/20= [T e , where hpw + Smw > hs +Ss, which is a valid constraint due to a basic assumption
2D[Amw+ T

in the supply chain that the value of a product increases while moving down the chain. The minimum total variable costs
equal to

TVG(Q*(m, 1),m, 1) =+/2V/ab+c

¢ A, D 2
= |2,/ (20 Anw+ PPED) (Pt Sy~ =) )24 A2 4 AmaD  AD DDl
2 P ny ny ny 2

oD SrP +hP+ (hy g+ Sy f)D
<(h +5) == 2P P .

For n; = 1 and n, > 1, the variable costs function is written as:

hwPt?  nyh.Dt2 | D
(TVG1(Q*(1, na), 1, mp))? =4<<[As+/\m,f+Am,w+nzAr+a VZV s 42 ; m}n)
2

osz StP + heP + (i + Spf) (2D + ny (P — D) — P)
((hmw+ Smw) +[ 5p D)

since (TVG(Q*(1, mp), 1, my))? = any + & + ¢, therefore,

((hmw+ Sn)5p [(hm”s;l{)(') D)D,

2
b= 4<[As +An s +Anw+ (thzvpts ]D),

_ h,Dt2, StP + hyP + (hy ¢ + Sy 1)2D (ho s+ Sm.p)
o ([aor gt o) ([P [ P2 ]))

where (hy +S;) > (hm + Sm).
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Accordingly,
h Pt;
AD[As+A . ++A +”‘"“‘”5 . .
nt=/b = (As A, +Am.w ! , where P > D and the minimum variable costs equal to
2 a o i f+sm Rl
A((hmwt Smaw) 9D +[ Lm0

(TVGL(Q*(1. m3).1, n3)) = v2vab+c

2,/ [4((hmow+ Sy %P + [ 5D ][ 4D A+ Ay + A+ 257 ||

4
(([ Ay + 1Dt ]D) ([srmhrm(gg ,mﬂw] _ [ (5. 1) ] ))
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