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Abstract

This paper investigates an alternative way to reademand uncertainty in an integrated inven-
tory model, namely the variation of the productrate that enables the manufacturer to reduce
lead times and the corresponding demand uncertdintynvestigate the impact of variable pro-
duction rates on the supply chain, this paper camsia single-vendor single-manufacturer inte-
grated inventory model where the vendor ships Hieisproducts in multiples of full truckloads
to the manufacturer. The objective of the modébisoordinate both production and distribution
of the product in such a way that the total co$tthe supply chain are minimized. A solution
procedure is suggested, and the behaviour of theelhs analysed in numerical examples. Our
results illustrate that the total supply chain desteduced when the manufacturer’s production
rate is included as a decision variable in the moldeese savings can generally benefit both the
vendor and the manufacturer. However, in situatiwhsre coordinated decision making is ini-
tially not beneficial to the vendor, the supply ichmembers can benefit from a revenue sharing
contract that supports the sharing of the totainggsv

Keywords: Integrated inventory model, variable production rate, stochastic demand, full truck-
load shipments




A single-vendor single-manufacturer integrated inventory model with
stochastic demand and variable production rate

ABSTRACT

This paper investigates an alternative way to réaaemand uncertainty in an integrated
inventory model, namely the variation of the pradutrate that enables the manufacturer to
reduce lead times and the corresponding demandtamtg. To investigate the impact of
variable production rates on the supply chain, gaper considers a single-vendor single-
manufacturer integrated inventory model where tlemder ships finished products in
multiples of full truckloads to the manufactureheTobjective of the model is to coordinate
both production and distribution of the producsuth a way that the total costs of the supply
chain are minimized. A solution procedure is sutggsand the behaviour of the model is
analysed in numerical examples. Obviously, thel wt@ply chain cost is reduced when the
manufacturer’s production rate is included as asitat variable in the model. These savings
can generally benefit both the vendor and the nstufer. However, in situations where
coordinated decision making is initially not bewg&fl to the vendor, the supply chain
members can benefit from a revenue sharing contihattsupports the sharing of the total
savings. The model proposed in the paper at hapdosis both the determination of an
optimal production rate as well as the distributodrcoordination benefits among the supply

chain members.

Keywords: Integrated inventory model, variable production rate, stochastic demand, full
truckload shipments

1.0 INTRODUCTION

Supply Chain Management (SCM) describes the managieof materials, information
and financial flows along the entire supply chartending over suppliers, manufacturers,
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distributors and customers (see Evans, 1995). Ttimate goal of SCM is to alleviate
uncertainties and risks in the supply chain anfhtditate a smooth flow of materials, error-
free production and an on-time delivery of produotthe supply chain’s customers.

To support managers in coordinating suppbirt$) researchers have developed so-called
integrated inventory models in the past that, girtmost basic form, aim on finding order
and production quantities that minimize the totakte of the supply chain, instead of
minimizing the costs of individual supply chain mwers. Starting with the work of Goyal
(1976), a research stream has emerged over reeard that focuses on the coordination of
operational decisions in supply chains, with a meéceview of integrated inventory models
being the one of Glock (2012).

The paper at hand studies a two-echelonesinghdor single-manufacturer supply chain
where a vendor produces an intermediate produdt ithahipped in multiples of full
truckloads to a manufacturer. The manufacturerstoams the intermediate product into a
final product subject to stochastic end customenated. While the vendor’s production rate
is fixed, the manufacturer has the opportunitydoyits production rate, which may result in
a faster or slower completion of the lot size, dejieg on how the production rate is varied.
By speeding up the production process, the manufaciay reduce its own delivery lead
time, which helps to shorten the period during \Wwhive manufacturer is at risk to run out of
stock. This, in turn, reduces safety stocks and affset the additional costs associated with
varying the production rate.

The scenario studied in this paper is mtgidaby a case we observed in practice. A
vendor supplies polymers (raw material) to a mactufer in multiples of full truckloads.
The manufacturer faces random demand by its cussorard hence keeps inventory of raw
material in its warehouse. The manufacturer camease/decrease its production rate via

accelerating/decelerating the production processciwmainly includes blending and filling



processes. This paper contributes to the literabyeproviding an integrated stochastic
inventory model with a variable production rate tae manufacturer, which, to our

knowledge, has not yet been addressed in thetliterdn addition, the paper considers a full
truckload shipment constraint that frequently gogelogistics processes in practice. The
paper finally proposes a solution technique fordaeeloped model and illustrates the impact
of the variable production rate and the full tredd constraint on the integrated inventory
model via numerical examples.

The remainder of the paper is structuredoisws: The next section summarizes the
related literature, and Section 3 describes thdleno studied in this paper formally and
proposes a mathematical model. An efficient sofutiechnique is presented in Section 4
along with numerical illustrations of the proposeddel. Section 5 presents future research

opportunities and concludes the paper.

20LITERATURE REVIEW

The supply chain management literature spapkethora of topics, ranging from daily
operations scheduling and control to strategic sieci problems such as facility location
planning. This section discusses two streams @areb that are of special relevance to the
work at hand, namely I) works that study variabledoction rates in inventory models and
II) works that investigate the coordination of nmi# echelons in supply chains. In
discussing the second stream of research, the f@dube on single-vendor single-buyer

integrated inventory models.

2.1 Inventory models with variable production rates
Determining optimal production rates for a manufdaoly system has started to attract the

attention of researchers many years ago. Khouja4)l&as among the first to extend the



basic Economic Production Quantity (EPQ) modeldnsider production volume flexibility
by assuming that the production rate can be varen to the start of a production run. The
model suggested that in volume-flexible manufaomsystems, the optimal production rate
is smaller than the production rate that minimizles unit production cost. Khouja and
Mehrez (1994) extended the work of Khouja (1994) dasguming that a change in the
production rate does not only affect the unit paiotun cost, but also the quality of the
product. The result of the paper indicate thatdases where an increase in the production
rate causes a sharp decline in product qualitypgitenal production rate is smaller than the
production rate that minimizes the unit productomst. For situations where product quality
does not depend on the production rate, the optmualuction rate might be larger than the
rate that minimizes the unit production cost. Klao(1j999) extended Khouja’'s (1994) model
by assuming that the production process may shiftad control with a probability that
depends on the production rate. The author sholadricorporating product quality into the
EPQ model with a variable production rate leada sthorter cycle time and a smaller optimal
lot size. Eiamkanchanalai and Banerjee (1999) dgeel a model that determines both the
optimal production cycle length and production ritea single item. In contrast to earlier
works, the authors added a desirability term todbgective function (that could express a
desire for unused capacity, for example), and skdawat the optimal production rate can be
larger or smaller than the production rate thatimizes the unit production cost.

Giri et al. (2005) introduced a variable gwotion rate EPQ model in which the stress
level of the machine varies with the productiorer@te., a higher production rate implies a
higher stress level and thus a higher failure rateg unit production cost was expressed as a
function of the production rate, and an EPQ modas weveloped under general failure and

repair time distributions. This model was lateregxted to consider stochastic demand (Ayed



et. al. 2012), inspection sampling (Bousalah ef@ll3), and stochastic repair time (Singh
and Prasher, 2014).

Larsen (2005) introduced an EPQ model whbee groduction cycle is composed of
multiple runs at different production rates; theoqurction rates and their corresponding
runtimes were treated as decision variables in thaxlel. The author showed that the
production rates should adopt values between theadd rate and the production rate that
minimizes the unit production cost, and that itidbddoe increased over the production cycle.

Glock (2010, 2011) studied the effect of ahke production rates on a two-stage and a
multi-stage EPQ model with either equal- or uneguzdd batch shipments. The author
investigated how production rates should be setitomize the total costs of the system.

Finally AlDurgam and Duffiaa (2013) provides new application of the Partially
Observed Markov Decision Process by modelling ahmmacwith multiple machine and
quality states, where in each time period, the sieci maker determines the optimal
production rate and the optimal maintenance actmmmaximize the Overall System’s
Effectiveness (OSE). OSE was defined as the pramfuetailability, process rate, and quality
rate. The model captured the impact of the prodaatate on the machine failure and scrap
rates. In addition, the impact of the maintenarate on the time the machine is down due to

maintenance and enhanced availability were invat&dy

2.2 Coordination of single-vendor single-buyer integrated inventory systems

Integrated inventory models (which are also fredjyereferred to as Joint Economic Lot
Size or JELS models) have enjoyed an increasedlgmtyuin recent years. This section
presents some integrated inventory models thabfaspecial relevance to the work at hand,

namely JELS models with different lot-sizing stgags and JELS models with stochastic



demand and/or stochastic lead time. For a compsaremneview of the JELS literature, the

reader is referred to Glock (2012).

The first single-vendor single-buyer integchinventory model was proposed by Goyal
(1976), who illustrated the economic advantage aftjlot-sizing in a simple two-stage
supply chain. Banerjee (1986) extended Goyal’'s add relaxed the assumption of an
infinite production rate. The author implemented sa-called lot-for-lot policy for
coordinating the production and consumption cyolethe vendor and the buyer. Lu (1995)
extended the work of Banerjee (1986) to accounéfpral-sized batches that the vendor ships
to the buyer. Goyal (1995) extended the works oheBge (1986) and Lu (1995) by
assuming that subsequent batch shipments increasiee according to a geometric series,
which led to another reduction in total system cé8li (1997) generalized this model by
assuming that subsequent batches first increaseenaccording to a geometric series, and
that batch sizes then remain constant. The optda@h shipment policy, which also consists
of a combination of unequal- and equal-sized shigsjavas later proposed by Hill (1999).
Hoque and Goyal (2000) studied the case of a toahg$acility with limited capacity and
showed that the optimal policy in this case alsostis of unequal-sized batches increasing
by a fixed factor, followed by equal-sized batchpsatents. Other authors who studied the
determination of batch sizes in an integrated itmgrmmodel are Huang (2004) and Wee and

Widyadana (2013), among others.

The JELS models discussed so far all asduime demand is deterministic. Sharafali
and Co (2004) presented one of the first JELS nsod#h stochastic demand. Ben-Daya and
Hariga (2004) assumed a normally distributed amile-dependent lead time and derived
an optimal solution for the model. This paper waterded by Glock (2009), who took
account of unequal-sized batch shipments. Quyarad; €2004) proposed another extension
of this model by assuming stochastic demand wittrtages allowed during lead time. In
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addition, the authors assumed that the lead timebeashortened at an additional cost. Jha
and Shanker (2009) proposed a JELS model with clteidie lead time and a service level
constraint. The service level constraint guaranteasa certain level of demand is satisfied
in each cycle. Glock (2012) considered a singledeensingle-buyer JELS model with
stochastic demand and variable lead time. In thigleh lead time can be shortened by
reducing the lot size, by increasing the productate, or by crashing a constant delay time.
The author investigated how the three lead timeiggon methods should be combined to
minimize the total costs of the system.

The works discussed above have shown tlaing from a scenario where one of the
supply chain members dominates the supply chainsteenario where a centrally coordinated
solution is obtained for the supply chain improtes cost position of the supply chain as a
whole. A coordinated solution may, however, plawgividual members of the supply chain
at a cost disadvantage. To induce all members cu@ply chain to participate in a
coordinated solution, the supply chain may use dination mechanisms that distribute the
cooperation gain among the parties involved. Therdture discusses a plethora of
coordination mechanisms that may be used in a gughain, including information sharing
mechanisms (e.g., Li, 2002; Kelle and Akbulut, 20@be design of special contracts (e.g.,
Panda, et. Al., 2015; Modak et. al., 2016), ris&rgilg mechanisms (e.g., Hou, et. Al., 2010;
Linh and Hong, 2009), or strategic alliances such vandor managed inventory or
consignment stock (e.g., Zavanella and Zanoni, 2@¥n-Daya et. al., 2013). For a
comprehensive review of the supply chain coordamatiterature, the reader is referred to

Kanda and Deshmukh (2008) and Sarmah et al. (2006).

2.3 Synthesis of both research streams



Our review of the literature showed thatiafale production rates have thus far only very
infrequently been studied in the context of angraéed inventory model. In addition, we
found that shipment constraints that very frequeratpply in practice have not been
considered in JELS models with stochastic demantaisorhe work closest related to the
paper at hand is the one of Glock (2012), who Hwlyever, neither consider shipment
constraints nor raw material purchases in his motak paper therefore contributes to the
literature by proposing a JELS model with stocltasttmand and a shipment constraint
where the production rate at the manufacturer eandried. A detailed description of the

proposed model is provided in Section 3.

3.0THE MODEL

3.1 Problem description

This section develops a mathematical model fomglsivendor single-manufacturer supply
chain with stochastic demand and a shipment cansti@gure 1 illustrates how inventory
develops at the supply chain parties over timethe scenario considered here, the vendor
produces a raw material at a constant r&te) @nd sends full truckload batch shipments of
sizeq to the manufacturer (Figure 1 — Part A). The maotirer, Figure 1 — Part B, initiates
production immediately upon arrival of the firstimhent at its premises (i.e., after a lead
time of lengtht; + A, wheret; represents the production lead time of the venéedad to
produceq units andA is the transportation lead time) by depleting th@ material received
at a rate that is proportional to its productioter@P). In each cycle, the inventory of raw
material accumulates in the warehouse of the matwrfer to a maximum level,,,,. The
manufacturer faces random end customer demantiddinal product and uses a continuous
review (Q, R) inventory control system (Figure 1 — Part C), Nibi&t when the finished items

inventory of the manufacturer drops to the reortlrelR, the vendor reinitiates its



production process. This pattern is assumed toatepeevery cycle. The objective of the
model proposed in the following will be to determithe production rate, the number of full
truckload shipments, the re-order point, and thlaglpction lot size that minimizes the total

costs of the supply chain.



Net inventory Level of
Finished Items I(t)

Inventory Level of Raw
Material Ir(t)

Inventory Level of Raw
Material Ir(t)
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Part C: Production Process at the Manufacturer

Imax

aP

Time

—>|A,< T =!

Part B :Raw-Material Warehouse at the Manufacturer

Pv

Time

In developing the proposed model, the followinguagstions will be made:

Part A : Production Process at the Vendor

Figure 1: Inventory profile of the supply chain
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The production rate of the vendéy,, is known and fixed.

Shipments are made in full truckloads of sjzeand the time to produce a full truckload
ist units of time.

The capacity of the raw material warehouse of theufacturer is limited.

To avoid shortages at the vendor, the productiom o& raw materials at the vendor is
larger than the maximum inventory depletion ratéhefmanufacturer, i.®,, > max(d).
The rate at which the raw material is depleted fittvd manufacturer’s warehouse is
directly proportional to the production rate of thanufacturer, i.ed = oP.

All shortages are backordered.

There is never more than a single production rutstanding, and the average rate of
demand is constant over an infinite horizon (seettfe same assumption, Darwish et al.
2013).

The expected number of backorders incurred per aihitime is independent of the
expected number of production runs per year, peavithat the stochastic process
generating end customer demand is time-homogeneous.

The demand pattern is random and modelled usirayraai probability distribution.

The production rate of the manufacturer has to dterchined prior to the start of the
production run. Such a production system is refen@ as a “rigid system” in the
literature, and it is representative for situatiorteere a machine setup during production
is technically impossible or involves prohibitivetygh cost. Rigid production systems
have been studied by Buzacott and Ozkarahan (188Qkgr (1990), Saka and Babu
(1993), Goyal (1994), Silver (1995), and ViswanatiE995).

The unit production cost is assumed to follow thection proposed by Khouja (1994),

ie.f(p)=C+ % + bPP. Here,C is the unit acquisition cost of raw mater%hepresents

the per unit cost component that is reduced apithéuction rate increases (e.g., labour
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cost), andbP? is the unit cost component that increases in tbeuymtion rate (e.g., tools

and rework costs).

The notations used in this paper are divided inted sets in the following: input parameters,
auxiliary variables, and decision variables. Awatii variables are variables solely needed for

calculating the decision variables.

I nput parameters

Ay . Setup cost of the manufacturer per cycle

A, . Transportation cost of raw material per truck

Ag . Setup cost of the vendor per cycle

b . non-negative parameter of the unit production cost formula as in Khouja
(1994)

B . non-negative parameter of the unit production cost formula as in Khouja
(1994)

C . Unit acquisition cost of raw material for the manufacturer

Cp . Total production cost of the manufacturer per unit of time

E[A] : Expected value of the end customer demand per unit of time

E[Y] : Expected value of the lead time demand, E[Y]=E[A][ t+ t+ A]

f(y)dy : Probability that the lead time is between y and y + dy

g . non-negative parameter of the unit production cost formula as in Khouja
(1994)

h, . Inventory holding cost of the vendor per unit cé finished item per unit of
time

h, . Inventory holding cost of raw material per unit per unit of time

h., . Inventory holding cost of finished goods for themaacturer per unit per unit of
time

Imax - Capacity of the raw material warehouse of the manufacturer

Py . Production rate in units per unit of time of the vendor

q Capacity of a truck

S . Arandom variable representing safety stock

t . The time needed by the vendor to produce a full truckload shipment of size q

T . Production lead time of the manufacturer

X Unit production cost of the vendor

Y Arandom variable representing lead time demand [Y = A(t +t + A)]

z Ordering or administrative cost per cycle

aP . Raw material consumption rate of the manufacturer in units per unit of time,
a is a conversion factor from raw materials to the final product

A A random variable representing demand per unit of time

A . Constant lead time for loading, transporting and unloading a full truck

1) . Standard normal probability density function

s Fixed penalty cost incurred by the manufacturer per unit short

Oy . Standard deviation of the demand per unit of time
Oy - Standard deviation of lead time demand g4Vt +t + A

12



auxiliary variables

AC,, : Total acquisition cost of raw material for the mtacturer per unit of time

AP, . Production cost of the vendor per unit of time

DPC . Direct production cost of the manufacturer per unit of time

H.Mg, @ Total inventory holding cost of finished goods of the manufacturer per unit of
time

M.HC, . Raw material inventory holding cost per unit of time of the manufacturer

M.E. . Ordering and transportation costs for raw material per unit of time of the
manufacturer

M.S; . Setup cost per unit of time of the manufacturer

Se . Expected shortage cost per unit of time of the manufacturer

s . Expected safety stock (s = E[S])

T . Inventory cycle length

T.Cs . Expected average total cost per unit of time of the integrated model

T.C, : Long-run average cost per unit of time of the vendo

T.C, . Long-run average total cost of raw material at the manufacturer’s warehouse
per unit of time

T.Cy . Long-run average manufacturing cost per unit of time

V.S, . Long-run average setup cost of the vendor

V.H. : Long-run average inventory holding cost of the v@nd

Model decision variables

n : Number of full truckload shipments from the vendor to the manufacturer per
cycle

P Production rate of the manufacturer in units per unit of time

Q Production lot size of the manufacturer per cycle

R Raw material reorder point

3.2 Model Formulation

The model proposed in this paper investigates hemahd uncertainty at the manufacturer
influences the manufacturer’s production rate,rttinber of full truckloads shipped from the

vendor to the manufacturer, the manufacturer'sdewolevel, and the manufacturer’s optimal

production quantity. The different components @& thtal system cost function are developed

step-by-step in the following.

1. Setup cost per unit of time at the vendor

13



The vendor incurs a setup cdstfor each production cycle. The long-run averadegseost
per unit of time for the vendor is given S@z%, which can be approximated as (see

Darwish et al. (2013) and Ben-Daya and Hariga (2004

ASE[A]
Q

I

2. Inventory holding cost per unit of time at the vend

The inventory kept at the vendor per cycle equadsarea under the inventory time plots in
part A of Figure 1. Dividing the area by the exgectycle time and multiplying it with the

unit inventory holding cost leads to the inventbo}ding costs per unit of time:

2 2
E[Ald°Q , _ E[Ala®Q h, )

V.H; = =
¢ 2np2p, Y 2nPp,

3. Production cost per unit of time at the vendor

The cost of producing the raw material at the vempao unit of time equals the product of the
unit production cost function multiplied with thetéal quantity produced in a cycle, where the

cycle time is an expected value:

AP, = aXE[A] (3)

4. Long-run average cost per unit of time at the veéndo

The long-run average cost per unit of time at tador equals the sum of Egs. (1) to (3):

T.Cy(Q,n) =V.Sc+V.H+ AP,

2
T.Cy(Qm) = 258 + 8Lk, + aXE[A] (4)

5. Raw material inventory holding costs per unit afai at the manufacturer

The costs considered here are the ordering, traagipm and inventory holding costs of raw

materials at the manufacturer. The inventory h@dicosts of raw materials at the
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manufacturer can be calculated using the area uhéemventory time plots in Part B of
Figure 1. Multiplying this area with the holdingstef raw material per unit per unit of time
of the manufacturer, the long-run average inventmigling cost of raw material per unit of

time can be calculated as:

MHC, = %£4 [ [1——]+ ]hr (5)

2npP

The maximum inventory level at the raw material @aruse of the manufacturer is not

allowed to exceed the capacity of the warehougg,. This can be expressed ag —

(n—1)LaP < I,,,,, Which leads to a constraint on the maximum nunabeshipments per
Py

cycle that can be rewritten as an upper bound:on

Pvlmax - aqP

n= q(1 —aP)

The manufacturer’s ordering and transportation faystaw material per unit of time is

ME, = n?r +§ _ nE[g]Ar + ZEQ[A]
ME, = % [nA, + z] (6)

The long run average total raw material inventasntool cost per unit of time is therefore

given as

C[Q,n, Pl = Zd [na, + 2] + L2 A [n[1 - ] + ] by (7)

Q 2 Py Py

6. Inventory holding cost for the finished product peit of time at the manufacturer

Part C of Figure 1 shows that the expected netnitovg at the beginning of a cycleSst+ Q,
and at the end of the cycle it§s whereS represents the safety stock (Hadley and Whitin,

1963). It is important to note that these are #isoaverage values of the on-hand inventory

15



when the expected number of backorders can be atedleand since the expected demand

rate is constant, the expected on-hand inventoangés linearly fron$ + Q to S. Thus, the

average inventory for the manufacturer’s finisheddpct is% [S+S+Q]=[S + %], and the

inventory holding cost of finished goods at the ofanturer's warehouse [§+§] h,. In

addition, during the manufacturer’'s production rillastrated in part C of Figure 1, the

average inventory holding cost per unit of time floe manufacturer's product meant to be

consumed in the next cycle 3§= x 7 x Q| hy. Given thatr =% andT = %, the average

Al

inventory holding cost for the manufacturer canelpresseds QE[T}””. Hence, the total

inventory holding cost for the manufacturer’s proidper unit of time is the sum of the
inventory holding cost for the average number pélffiproducts on stock and for the average

work-in-progress inventory held during the prodatrun. Thus,
A
H.Mpp = hy |21+ 28] + 5] 8)

Note that the computation of the safety stadtkdepends on the model assumption on
shortages, and thus on whether shortages araesfisbckordered) or lost. In case shortages
are lost, the safety stock, which is a random ¥éeiais unrestricted in sign and can be

computed as follows:
S=R-Y, E[S]=R-E[Y],
since E[Y] = E[A][t + A + t] then E[S] =R — E[A][t + t + 4]

a _aQ

t=—=

Py nP,

Substituting the expression fd@#[S] in Eq. (8), the total inventory holding cost fdret

manufacturer’s product per unit of time is

16



h[2[1 - 2] + R — E[A] [7‘;? +4]] 9)

7. Shortage cost

Shortage cost is the cost associated with stockaiutse manufacturer. Shortage cost occurs
when the demand during lead time exceeds the retedel (R). The shortage quantity is a

random variable, and it is calculated as follows:

Y >R
Y<R

Y—-R
Shortage{: 0
The expected shortage cost per unit of time is ¢inen as

TE[A]
Q

Sc === ["[Y - RIf[yldy (10)

8. Direct production cost at the manufacturer

Direct production cost are the cost of producing thanufacturer’'s product. Similarly to
Khouja (1994), and without loss of generality, theper assumes that the unit production

cost is a function of the production rate.

The direct production cost per unit of time canstbe approximated as
— g B
DPC = E[4] (; +bP ) (11)

9. Total raw material acquisition cost at the manufgat

The manufacturer’s total raw material acquisitiastcis the total cost of purchasingfull

truckloads of raw material in one cycle. This destomputed as follows:

AC,, = aCE[A] (12)

10. Total production cost per unit of time at the mawtfirer

17



The total production cost per unit of time at thanufacturer is the sum of Egs. (11) and

(12):
C, = DPC + ACy, = E[A](2+ bP®) + aCE[A] (13)

11. Setup cost for finished products at the manufacture

This cost is calculated as

AmE[A]
Q

MS, = (14)

The total cost incurred by the manufacturer pet afniime is now given as:

T.Cy[0,n, P,R] = A’“E[

+h, [Q [1——]+R E[A][= +A]] fR°°[Y—
RIf[yldy + ac,E[A] + E[A] (£ + bP?)]

12.Total cost of the supply chain

The total cost of the supply chain is the sum efwbndor’'s and the manufacturer’s total cost:

C.[0,n, P,R] = T.C,(Q,P) +T.C,[Q,n,P] + T.Cy[Q,n P,R] = % [A; + [nA4, + 2] +
An] +E ]“Qh +aE[A][c+X]+Q“E”[n[ ]+—]h + o [2[1 - 2] + R -
EIN[EE + 4]) + 2 [21y = RIf[yldy + E[4] (2 + bP?) (15)

The following constraints have to be satisfied:

ng _
aQ =1
Pvlmax - aqP
n< o ——
q(1 —aP)

n € integers
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4.0 SOLUTION METHOD AND NUMERICAL ILLUSTRATIONS

To minimize the objective function (15), it is nesary to determine optimal values for the
production quantity@, the re-order levelR, the production rate?, and the number of full
truckload shipmentsn. First, assuming that the manufacturer has a diniproduction
capacity, the manufacturer faces a finite rangpassible production rates. We initiate our

solution technique by performing a line search dherfeasible range of values fBr and

Pylpax—aqP

then for each value a?, we perform another line search nre {1, 2 (1—aP)

}. Given the

fixed values ofP andn, Q is obtained from the equality constraint on (13)= "7:’. Finally,

for these fixed values df,n, andQ, notice that the objective function (15) is convexk.
Thus,R can be found by taking the first partial derivatnf (15) with respect t&, while the

other variables are held constant. Setting thisvatve equal to zero giveB=F~1(1 —

hmnq

7TE[A]) . Figure 2 provides a pseudocode of our suggesgedtam that determines the global

optimal solutions in case they exist.

T.Cs = bigM
FOr P = Ppin: step size: P,
. . . Pvlmax—aqP
For n = 1: step size of 1: 7(1—aP)
Q=- X
-101 _ tma
REFTI(1 -0

ComputeT.C,[Q,n, P, R]

if T.C, <T.C"
T.C," =T.C,[Q,n,P,R]
Q"=0Q0,n"=nP =P,R"=R
End if
End for
End for
Q',n*, P ,R" = argmin T.C,"
T.C,"=T.Cs[Q",n*, P*,R"]

Figure 2: Pseudo code of the solution algorithm for the psmal model
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Remark: sinceY is normally distributed with mean E[Y] = E[A][t + 4 + t] and standard
deviation o = g4V7T + t + A, noticing that T = Q/P, which equals nq/ap, the necessary
optimality conditions (obtained by substituting for Q = nq/a, relaxing n and equating the
gradient vector of T. C, to zero) will involve two integral equations (the first derivatives w.r.t
n and P) which will be very complicated to solvein a closed form.

Numerical Examples

To study the impact of treating the manufacturgreduction rate as an additional decision

variable in the JELS model proposed in Eq. (15)dekne two cases, namely:

I) The partially integrated case where the manufacturer is willing to collaboratéhwthe
vendor without deviating from the production ratattyields the minimum unit production
cost. In this case, the manufacturer first deteesiithe production rate that minimizes the
unit production cost (11), then, given this fixedlue, sayP*, the optimal values of
n,Q,and R are determined such that the total supply chast, #@oC,[Q, n, P*,R] in (15), is

minimized (we refer to this minimum &sC,; — partially integrated in the following).

II) The fully integrated case where the manufacturer is willing to deviate frdme production
rate that minimizes the unit production cost (H¢re, the optimal values @f ,n, P,and R
are jointly determined such that total supply chaost,T. C;[Q, n, P, R] in (15), is minimized

(we refer to this minimum &B. C; — fully integrated in the following).

It is straightforward to show thdt. Cs of the fully integrated case is always lower tloan
equal to that in the partially integrated case. pvesent some examples to compare both
cases, the partially and the fully integrated casesl evaluate the savings for the supply

chain and individually for the vendor and the maatidrer.

For the supply chain, we determine the percentagengs of the fully integrated case as

compared to the partially integrated case as falow
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T.Cs partially integrated—T.Csfully integrated
i el e X 100% J16

S
p T.Cs partially integrated

Similarly, for both cases, after dividiriy C, into its componentsI( C, andT.C,,, = T.C, +
T.Cy), we determine the percentage savings for the versdw the manufacturer
individually as in Eq. (16) using. C, andT. C,,,, respectivelyand we refer to these savings

aspsv andpsm for the vendor and the manufacturer, respectively:

T.Cy partially integrated—T.Cyfully integrated
psv = —RATLY NeeTaeC ey LY NIPBTIEC & 100% (17)
T.Cy partially integrated
T.C, artially integrated—T.C,fully integrated

T.Crm partially integrated

While ps is always larger than or equal to zero, noticeé ghpositivepsv value implies that
the fully integrated case is more beneficial to Wieador than the partially integrated case,

and a negativesv value implies the opposite. The same reasoningshorpsm.

Unless stated otherwise, Table 1 introduces thi& lokda used in all numerical illustrations

of this section.

Table 1: Data used for numerical experimentatione@s stated otherwise)

To illustrate the behaviour of our model, we vang @arameter at a time, using some of the

parameters given in Table 1. The results of ouremigal experiment are presented in Tables

2 to 15.

A, 2500 | E[A] 250 z 1000
A, 2000 g 50 A 01
A, 500 h, 3 T 200
b 0035 | h 1 a 2

B 1 he 5 o, 40

c 35 X 15 g 400
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Table 2: Effect of the demand standard variatiothensystem

Partially integrated case Fully integrated case % savings
oa n* P Q" R* T.C T.Cy T.Crp n* P Q" R* T.C T.Cy T.Cop ps | psv | psm
40 3 598 600 | 452 13632.2 1883.3 11748.8 3 389 600 600 12369.6 1883.3 10486.3 9.3 0 10.7
60 3 598 600 | 490 13875.6 1883.3 11992.3 3 433 600 600 12864.7 1883.3 10981.3 7.3 0 8.43
80 3 598 600 | 529 14119.1 1883.3 12235.8 4 402 800 800 13306.6 1675 11631.6 5.8 11.1 4.94
100 3 598 600 | 567 14362.6 1883.3 12479.3 4 435 800 800 13709 1675 12034 4.6 11.1 3.57
120 4 598 800 | 688 14777 1675 13102 4 471 800 800 14131 1675 12456 4.4 0 4.93
140 4 598 800 | 726 15029 1675 13354 4 511 800 800 14578.9 1675 12903.9 3 0 3.37

Table 3: Effect of the demand standard variatiothensystemq = 300

Partially integrated case Fully integrated case % savings
oy | M P Q" R* T.Cs T.Cy T.Com n P* Q" R* T.Cs T.Cy T.Com ps | psv | psm
40 4 598 600 425 13724 1808.3 11915.7 4 365 | 600 600 12359 1808.3 10550.7 | 9.9 0 11.5
60 4 598 600 462 13959.3 1808.3 12150.9 4 404 | 600 600 12808.2 1808.3 10999.9 | 8.2 0 9.5
80 4 598 600 498 14194.5 1808.3 12386.2 5 395 [ 750 749 13260.6 1641.7 | 11618.9 6.6 9.2 6.2
100 4 598 600 535 14429.8 1808.3 12621.4 5 428 | 750 749 13658.7 1641.7 12017 5.3 9.2 4.8
120 4 598 600 572 14665 1808.3 12856.7 5 464 | 750 749 14076 1641.7 | 124343 | 4.0 9.2 3.3
140 | 5 598 | 750 | 673 15014.5 | 1641.7 | 13372.8 | 5 | 503 | 750 | 750 | 14514.3 | 1641.7 | 12872.6 | 33 0 3.7

Table 4: Effect of the demand standard variatiothensystemqg = 200

Partially integrated case Fully integrated case % savings
[ n* P* Q" R* T.C. T.Cy T.Crm n P Q" R* T.C. T.Cy T.Com ps psv_| psm
40 6 598 | 600 397 14023.6 | 17333 | 12290.3 6 344 600 600 125819 | 17333 | 108486 | 103 | 0.0 11.7
60 6 598 | 600 | 4325 | 142503 | 17333 12517 6 378 600 600 12989.4 | 17333 11256 88 | 00 10.1
80 6 598 | 600 468 14477.1 | 17333 | 12743.7 6 416 600 600 13422 17333 | 116887 | 73 | 00 8.3
100 | 6 598 | 600 | 503.5 | 14703.8 | 1733.3 | 12970.4 7 419 700 700 138185 | 16143 | 122042 6.0 6.9 5.9
120 | 6 598 | 600 | 539.1 | 149305 | 17333 | 131972 7 455 700 700 142296 | 16143 | 126153 | 47 6.9 4.4
140 | 6 598 | 600 | 574.6 | 15157.2 | 17333 | 134239 7 494 700 700 146613 | 16143 | 13047.1 33 6.9 2.8

To study the effect of a change in the standardatien of demand on the supply chain and
its members, we consider the base-case scenaameptars (Table 1). Faer,, we consider
different values ranging from 40 to 140 with a ss&e of 20. The results are summarized in
Table 2, where it can be seen that the total sugimdyn savings measured k¢ decrease as
o4 increases. For the fully integrated case, the sysi@n balance an increase in uncertainty
by producing faster and/or increasing the reorantp Starting ab, = 40, as compared to
the partially integrated case, it is beneficial thoe fully integrated system to increa®eo its
maximum value R* = Q* = 600), and, being consistent with Khouja's (1994) resto
deviate from the production rate of 598 units/uritime which, in this case, minimizes the
unit production cost. An increase dry then induces the fully integrated system to further
react to this increase in demand uncertainty byesming the production rate as a second

mechanism to protect itself against shortages.dddtiat the full integration was beneficial
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for both the vendor and the manufacturer dgrvalues of 80 and 100. For the remaining
values ofo 4, only themanufacturer benefited directly from full integoati

Tables 3 and 4 further illustrate the impactaogf for different truck sizesq(= 300 and

q = 200, respectively). As the truck size decreases (Babid), the supply chain performs
better in terms of highers- andpsm-values due to the increasing system flexibilitgp\pded

by smaller trucks. However, thesv-values tend to decrease @slecreases; this is mainly
because the manufacturer is no longer forced tdym® large lots and to use high reorder
points wheng is large in the partially integrated case. As iholja (1994), the optimal
production rate is smaller than the production theg minimizes the unit production cost

(P* =598), withP* tending to further decrease with decreasing vabiigs

Table 5: Effect of the truck capacity on the system

Partially integrated case Fully integrated case % savings

q n P* Q" R* T.C T.Cy T.Crm n P* Q" R” T.C T.Cy T.Crm ps | psv | psm
400 3 598 600 452 13632.2 1883.3 11748.8 3 389 600 599 12369.6 1883.3 10486.3 9.3 0 10.7
440 3 598 660 488 13626.5 1837.6 11788.9 3 381 660 659 12379.9 1837.6 10542.3 9.1 0 10.6
480 3 598 720 524 13664 1804.4 11859.5 3 374 720 719 12444.2 1804.4 10639.8 8.9 0 10.3
520 2 598 520 452 13696 2101.5 11594.4 3 368 780 779 12551.1 1781 10770.1 8.4 15.3 7.11
560 2 598 560 480 13661 2062.9 11598.2 3 363 840 839 12692.1 1765.2 10926.9 7.1 | 144 | 579
600 2 598 600 507 13655.2 2033.3 11621.9 2 447 600 599 12689.5 2033.3 10656.2 7.1 0 8.31

Table 5 illustrates the effect of the truck capaom the system, for both the partially and the
fully integrated cases. As can be seen, given sisamaption that the vendor does not allow
partially filled trucks, an increase in the truckpacity leads to lower lot size flexibility and
consequently to a decreagedvalue. However, the results also indicate someuaiut
benefits for both the vendor and supplier thatltédsom full integration: the vendor'’sasv at
q=520 andg=560 is due to the manufacturer producing largesikes in the fully integrated

case compared to the partially integrated case.

Next, we explain the pattern observed in ffieandR* values. Since we only varied the full
truckload capacityg, an increase in the truckload capacity led to@estese in the number of
shipmentsn, in discrete steps ase integers. Also, due to the equality constramj/aQ =

1, for a given value ofi, an increase ig entails that botl* andR* increaseP* then tends
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to decrease to avoid a (too) fast buildup of ingentAs an example, considet = 3 for the
fully integrated case of Table 5. We notice that; ifncreases from 400 to 56Q," also

increases from 600 to 84R; increases from 599 to 839, aRtidecreases from 389 to 363.

Table 6: Effect of the manufacturer’s holding costthe system

Partially integrated case Fully integrated case % savings
hy, | n* P Q" R* T.Cs T.Cy T.Crm n P* Q" R” T.Cs T.Cy T.Crm ps psv_| psm
4 4 598 800 542 13122.5 1675 11447.5 4 349 800 800 11775.9 1675 10100.9 10.3 0 12
5 3 598 600 452 13632.2 1883.3 11748.8 3 389 600 599 12369.6 1883.3 10486.3 9.26 0 11
6 3 598 600 448 14131.6 1883.3 12248.2 3 384 600 600 12928.5 1883.3 11045.2 8.51 0 9.8
7 3 598 600 444 14626.7 1883.3 12743.4 3 380 600 599 13492.2 1883.3 11608.8 7.76 0 8.9
8 3 598 600 440 15118 1883.3 13234.6 3 376 600 599 14056.5 1883.3 12173.2 7.02 0 8
9 2 598 400 356 15474.7 2300 13174.7 3 373 600 599 14624 1883.3 12740.6 5.5 18.1 3.3
Table 7: Effect of the manufacturer’'s holding costthe systemg = 300
Partially integrated case Fully integrated case % savings
h, [ n* P Q" R* T.Cs T.Cy T.Crpm n* | P* Q" R* T.Cs T.Cy T.Cop ps psv_| psm
4 5 598 750 493.8 13191.6 1641.7 11549.9 5 | 342 | 750 | 7484 | 11777 | 16417 | 101353 | 10.7 | 0.0 12.2
5 4 598 600 424.7 13724 1808.3 11915.7 4 | 365 | 600 | 599.9 | 12359 | 1808.3 | 10550.7 | 9.9 | 0.0 11.5
6 4 598 600 420.2 142209 1808.3 12412.6 4 | 361 | 600 | 599.4 | 12937.2 | 1808.3 | 111288 | 9.0 | 0.0 10.3
7 4 598 600 416.3 14713.7 1808.3 12905.4 4 | 357 | 600 | 599.7 | 13516.1 | 1808.3 | 11707.8 | 81 | 0.0 9.3
8 3 598 450 351 15110 2086.1 13023.8 3 | 405 | 450 | 449.6 | 13977 | 2086.1 | 11890.9 | 7.5 | 0.0 8.7
9 3 598 450 3483 15490.5 2086.1 13404.4 3 | 401 | 450 | 449.6 | 143947 | 2086.1 | 123086 | 7.1 | 0.0 8.2
Table 8: Effect of the manufacturer’'s holding costthe systemg = 200
Partially integrated case Fully integrated case % savings
h, [ n* P Q" R* T.Cs T.Cy T.Crm n* | P* Q" R* T.Cs T.Cy T.Cop ps psv_| psm
4 6 598 600 402 13524.7 1733.3 11791.3 7 [ 333 | 700 | 699.1 | 11991.8 | 16143 | 103775 | 113 | 6.9 12.0
5 6 598 600 397 14023.6 1733.3 12290.3 6 | 344 | 600 | 600 | 125819 | 1733.3 | 10848.6 | 103 | 0.0 11.7
6 6 598 600 392.7 14518 1733.3 12784.6 5 | 363 | 500 | 499.9 | 131552 | 1900 | 112552 | 9.4 | -9.6 | 12.0
7 5 598 500 347.1 14963.9 1900 13063.9 5 | 359 | 500 | 500 | 136417 | 1900 | 117417 | 88 | 0.0 10.1
8 5 598 500 344.1 15379.9 1900 13479.9 5 | 356 | 500 | 499.5 | 141321 | 1900 | 122321 | 81 | 0.0 9.3
9 5 598 500 3413 15793 1900 13893 5 | 353 | 500 | 499.4 | 14622.8 | 1900 | 12722.8 | 7.4 | 0.0 8.4

Table 6 illustrates the effect of an increasé,jnon the system. An increasehp, makes it
more and more expensive to keep inventory (anckthighr safety stock) in the system, which
for a constanf*, induces the fully integrated system to decrehsevhlues ofP* andR*,
which is in contrast to the partially integratedseaHence, in the fully integrated case, the
system benefits from production flexibility by loweg the production speed froRt = 598
that was obtained in the hierarchical case. Heslogying down production allows reducing
the build-up of inventory. The additional unit pumtion cost that result from varying the
production rate fronP* = 598 is offset through savings in inventory holding tc&ill, for
both the partially and the fully integrated cagejrecrease in the manufacturer’s holding cost

leads to a decrease in the lot size, resultinglawar number of shipments.
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The 18.1% savings of the vendor &af,=9 in the fully integrated case is due to the
manufacturer receiving three shipments every cyrlstead of two as in the partially
integrated case; this change, which led to a dser@&a the manufacturer's savings, was
responsible for the cost reduction on the vendsidg. Also, notice that th@*-values were
equal for the partially and the fully integratedsedor all h,,-values, except foh,, =9

(Q* — partially integrated = 400, Q* — integrated = 600 ), which implies a higher setup
cost at the manufacturer in the partially integitatase as compared to the fully integrated
case; this explains the sharp decreasgsin (3% ath,, = 9) compared to the othgrsm-

values of Table 6.

In terms of lot sizing, reorder levels and prodmictrate decisions, Tables 7 and 8 show
similar results than Table 6 for the partially datlly integrated cases. The main difference is
that theps- andpsm-values tend to increase slightly aslecreases (more system flexibility).
However, thepsv-values tends to decrease to the extent of havimegative value in Table

8. Hence, in this case, the reductiomyafas more beneficial to the manufacturer.

Table 9: Effect of the manufacturer’'s setup costhensystem

Partially integrated case Fully integrated case % savings
An n P Q* R* T.Cg T.Cy T.Com n* P* Q" R* T.Cg T.Cy T.Com ps | psv | psm
2500 3 | 598 600 452 | 13632.2 1883.3 11748.8 3 [ 389 600 599 12369.6 1883.3 104863 | 9.3 0 11
7500 4 | 598 800 536 | 153316 1675 13656.6 4 | 345 800 799 14114.2 1675 124392 | 7.9 0 8.9
12500 | 5 | 598 | 1000 | 619 | 16631.6 1550 15081.6 5 | 335 [ 1000 967 15635.8 1550 14085.8 6 0 6.6
17500 | 6 | 598 | 1200 | 701 | 177309 1466.7 16264.2 5 | 335 | 1000 967 16885.8 1550 153358 | 48 | 57 5.7
22500 | 6 | 598 | 1200 | 701 | 18772.5 1466.7 17305.9 6 | 365 | 1200 | 1038 17991.1 1466.7 165244 | 4.2 0 4.5
27500 | 6 | 598 [ 1200 [ 701 [ 19814.2 1466.7 18347.5 7 | 392 [ 1400 [ 1105 18999.9 1407.1 175928 | 41 [ 41 4.1

Table 10: Effect of the manufacturer’s setup costhe systemg = 300

Partially integrated case Fully integrated case % savings
Ay n* P* Q" R* T.Cs T.Cy T.Crp n* | P* Q" R* T.C T.Cy T.Cop | ps | psv | psm
2500 4 598 600 424.7 13724 1808.3 11915.7 4 [ 365 | 600 | 599.9 | 12359 | 1808.3 | 10550.7 | 9.9 | 0.0 11.5
7500 6 598 900 550.5 15416 1530.6 13885.4 5 [ 337 | 750 | 749.7 | 141782 [ 16417 | 125365 | 80 | -7.3 9.7
12500 | 6 598 900 550.5 16804.9 1530.6 15274.3 6 | 320 | 900 | 899.2 | 156857 | 1530.6 | 14155.1 | 6.7 | 0.0 7.3
17500 | 6 598 900 550.5 18193.8 1530.6 16663.2 7 | 343 | 1050 | 958.6 | 16974.9 | 14512 | 15523.7 | 67 | 5.2 6.8
22500 | 6 598 900 550.5 19582.7 1530.6 18052.1 8 [ 365 | 1200 | 1012 | 18090.8 | 13917 | 16699.1 | 7.6 | 9.1 7.5
27500 | 6 598 900 550.5 20971.5 1530.6 19441 9 [ 386 | 1350 | 1061 | 19086.6 | 13454 | 177412 | 9.0 | 121 8.7

Table 11: Effect of the manufacturer’s setup costhe systemg = 200

Partially integrated case Fully integrated case % savings
Ay n pP* Q" R* T.Cs T.Cy T.Com n* pP* Q" R” T.Cs T.Cy T.Com ps psv_| psm
2500 6 598 600 | 397 | 140236 | 17333 | 12290.3 6 | 344 600 600 125819 | 17333 | 108486 | 103 | 00 117
7500 6 598 600 | 397 16107 17333 | 14373.6 7 | 329 700 698.9 | 144762 | 16143 | 128619 | 101 | 69 10.5
12500 | 6 598 600 | 397 | 181903 | 17333 16457 9 | 319 [ 900 875.1 | 15992.2 | 14556 | 14536.6 | 12.1 | 160 | 117
17500 | 6 598 600 | 397 | 202736 | 17333 | 185403 | 11 [ 351 [ 1100 | 949.4 [ 172917 | 13545 [ 15937.1 | 147 | 219 | 14.0
22500 | 6 598 600 | 397 22357 17333 | 20623.6 | 12 | 365 | 1200 | 985.9 | 183987 | 1316.7 17082 17.7 | 240 | 17.2
27500 | 6 598 600 | 397 | 244403 | 17333 22707 13 [ 379 | 1300 [ 1020 193945 | 12846 | 181099 | 206 | 259 | 20.2
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Table 9 illustrates that, as the setup cost of rtt@ufacturer increases, the number of
shipments and the corresponding lot size increabeth the partially and the fully integrated

scenario.

In terms of percent savings, Table 9 highlighte¢hpossible scenarios, namely: I) the total
supply chain savings materialize only at the martufer psv=0 and psm>0), II) both
parties realize savings (bothsv andpsm >0), Ill) the vendor experiences a 5.7% loss. The
5.7% loss for the vendor due to full integrationdat = 17500 is due to the manufacturer
making five shipments every cycle instead of sixthe partially integrated case, which
imposes a loss on the vendor. In fact, sipsdully integrated is always greater thas-
partially integrated, the fully integrated scenariothis case, can still be made attractive to
the vendor by properly sharing the cost savings ¢lcaur at the manufacturer in case the
vendor does not benefit from the cooperation. Tames applies to all other cases with

negativepsm- or psv-values.

Tables 10 and 11 repeat the experiments of TabbeitOwith different truck sizesy(= 300
andq = 200, respectively). Tables 9 to 11 show that for thdiplly integrated case, due to
the fixed production rate of 598, the system ttiesoffset higher setup costs by mainly
increasingQ* and R*, which tend to take smaller values @sdecreases. For the fully
integrated case, Tables 9 to 11 indicate thatjvangi,,, the system has maintained almost
the same&)* andR* levels for the different truck sizes. However,gadecreases, the system
achieved a better performance (i.e., for a givgn asq decreasesps, psm, and psv
increase), which is caused by slowing down the gpectdn rate and sending smaller trucks

more frequently.
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Finally, the reduction in the truck size was veeyeéficial to the vendor and the manufacturer

reflected by the increase in both fhen- andpsv-values.

Table 12: Effect of the vendor’s holding cost oa flystem

Partially integrated case Fully integrated case % savings
h, | n pP* Q" R* T.Cs T.Cy T.Com n* P* Q" R* T.Cs T.Cy T.Com ps psv_| psm
3 3 598 600 452 13632.2 1883.3 11748.8 3 389 600 599 12369.6 1883.3 10486.3 9.26 0 10.7
5 3 598 600 452 13832.2 2083.3 11748.8 3 389 600 599 12569.6 2083.3 10486.3 9.13 0 10.7
7 3 598 600 452 14032.2 2283.3 11748.8 3 389 600 599 12769.6 2283.3 10486.3 9 0 10.7
9 3 598 600 452 14232.2 2483.3 11748.8 3 389 600 599 12969.6 2483.3 10486.3 8.87 0 10.7
11 3 598 600 452 14432.2 2683.3 11748.8 3 389 600 599 13169.6 2683.3 10486.3 8.75 0 10.7
13 3 598 600 452 14632.2 2883.3 11748.8 3 389 600 599 13369.6 2883.3 10486.3 8.63 0 10.7
Table 13: Effect of the vendor’s holding cost oa flystemg = 300
Partially integrated case Fully integrated case % savings
P* Q" R* T.C. T.Cy T.Crm P* Q" R* T.Cs T.Cy ipNeY.., ps | psv | psm

597.6 600 424.7 13724 1808.3 11915.7 365 600 599.9 12359 1808.3 10550.7 9.9 0.0 11.5

597.6 600 424.7 13874 1958.3 11915.7 365 600 599.9 12509 1958.3 10550.7 9.8 0.0 11.5

597.6 600 424.7 14024 2108.3 11915.7 365 600 599.9 12659 2108.3 10550.7 9.7 0.0 11.5

597.6 600 424.7 14174 2258.3 11915.7 365 600 599.9 12809 2258.3 10550.7 9.6 0.0 11.5

597.6 600 424.7 14324 2408.3 11915.7 365 600 599.9 12959 2408.3 10550.7 9.5 0.0 11.5

el L =
Do~ v w|
FN PN PN IS PN PN
N ESENEYENENGA

597.6 600 424.7 14474 2558.3 11915.7 365 600 599.9 13109 2558.3 10550.7 9.4 0.0 11.5

Table 14: Effect of the vendor’s holding cost oa flystemg = 200

Partially integrated case Fully integrated case % savings
h, | n* P* Q* R* T.Cy T.Cy T.Cop n* P Q* R* T.C T.Cy T.Crm ps psv_| psm
3 6 597.6 | 600 | 397 14023.6 1733.3 12290.3 6 344 | 600 | 600 12581.9 17333 10848.6 | 103 | 0.0 11.7
5 6 597.6 | 600 | 397 14123.6 1833.3 12290.3 6 344 | 600 | 600 12681.9 18333 108486 | 102 | 0.0 11.7
7 6 597.6 | 600 | 397 14223.6 1933.3 12290.3 6 344 | 600 | 600 12781.9 19333 10848.6 | 10.1 | 0.0 11.7
9 6 597.6 | 600 | 397 14323.6 20333 12290.3 6 344 | 600 | 600 12881.9 2033.3 10848.6 | 10.1 | 0.0 11.7
1 | 6 597.6 | 600 | 397 14423.6 21333 12290.3 6 344 | 600 | 600 12981.9 2133.3 10848.6 | 100 | 0.0 11.7
13| 6 597.6 | 600 | 397 14523.6 22333 12290.3 6 344 | 600 | 600 13081.9 2233.3 10848.6 9.9 0.0 11.7

Tables 12 to 14 illustrate the effect of the vergltwolding cost on the system. Since the
vendor holds no significant inventory (as compaiethe manufacturer), s/he produces and
ships continuously (Figure 1, Part A), and becafsthe demand satisfaction constraint the
number of shipments do not change. Changés, iandq resulted only in an increase in the
total supply chain cost and decreagasdvalues, whilepsm remained constant. A further

observation from Tables 12 to 14 is that the smétle truck size, the better the performance

of the system in terms @f- andpsm-values.

Table 15: Effect of the vendor’s setup cost ondystem

Partially integrated case Fully integrated case sa¥ngs

A n* | P* Q* R* T.Cy T.Cy T.Cop n* | P* Q* R* T.C T.Cy T.Cop ps | psv | psm
2000 3 | 598 | 600 | 452 | 13632.2 | 18833 11748.8 3 | 389 | 600 599 | 12369.6 | 1883.3 | 104863 | 9.3 0 10.7
7000 4 | s98 | 800 | 536 | 153316 | 32375 12094.1 4 | 345 | 800 799 | 141142 | 32375 | 108767 | 7.9 0 10.1
12000 | 5 | 598 | 1000 | 619 | 16631.6 4050 12581.6 5 | 335 | 1000 | 967 | 15635.8 4050 11585.8 6 0 7.92
17000 | 6 | 598 | 1200 | 701 | 17730.9 | 4591.7 | 13139.2 5 | 335 | 1000 | 967 | 16885.8 5300 11585.8 | 4.8 | -15 11.8
22000 | 6 | 598 [ 1200 | 701 | 187725 | 56333 13139.2 6 | 365 | 1200 | 1038 | 17991.1 | 5633.3 | 123577 | 4.2 0 5.95
27000 | 6 | 598 [ 1200 | 701 | 19814.2 6675 13139.2 7 | 392 | 1400 | 1105 | 18999.9 | 5871.4 | 131285 | 4.1 12 0.08

27



Similar to the impact of the manufacturer’s setapt®n the system, Table 15 illustrates that
an increase in the setup cost of the vendor erdgniiscrease in the number of shipments and
the corresponding manufacturer’s lot size, boththe partially and the fully integrated

scenarios.

In terms of percent savings, there are four possbénarios with respect to the combination
of psv and psm, namely: I)psv=0 andpsm>0, Il) psv<0 andpsm>0, lll) psv>0 and

psm>0, and IV)psv>0 andpsm<0.

If the number of shipments* in the fully integrated case exceeds that of thdiglly
integrated case, thersv will be positive; in case they are equadpy will be zero; otherwise,
psv will be positive indicating that full integratiois more beneficial to the vendor than
partial integration. It can also be observed thathe setup cost increasgsm tends to
decrease, and in some casesn even took on negative values; this effect is duehe
increase in the lot size that the manufacturer teagproduce in every cycle and the

accompanying higher reorder level.

Finally, the experiments of Table 15 were repliddbat with different truck sizesy(= 300
and g = 200, respectively), and all the observations madeieganin Tables 10¢(= 300)
and 11 ¢ = 200) when compared to Table § € 400, baseline scenario as per Table 1),
apply to our results fog = 300 and g = 200 when compared tg = 400 (Table 15).

Hence, to keep the paper short, we decided nefport the additional tables here.

5.0 CONCLUSION

This paper considered the single vendor-single fi@atwrer joint economic lot size problem
under stochastic demand. As compared to previouksyave developed an integrated
mathematical model that investigates the impa& wériable production rate on the system.
A simple, yet fast solution technique was usedtaesthe model and obtain globally optimal
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solutions. In numerical examples, we showed thatctbst incurred in a supply chain system
can be reduced by controlling the manufacturer@dpction rate. This reduction in total

supply chain cost can be beneficial to the venda #the manufacturer. Some examples
showed that varying the manufacturer’s productiate rcan benefit the manufacturer, but
lead to disadvantages on the vendor’s side. Thisseh\dhntages, however, can be offset by

implementing a proper sharing mechanism for tha gtpply chain savings.

The paper at hand showed that in case of full taazkshipments, the truck capacity restricts
the lot sizing decisions strongly, which negativelfjluences the performance of the system.
First, it restricts the integration and may makemibre difficult to coordinate, as the
cooperation gain that can be redistributed is lo&condly, it may imply that the supply
chain should evaluate whether shifting to less-tfnackload shipments or offering quantity
discounts on large trucks is beneficial. In botBesa a variable production rate introduces

additional flexibility into the supply chain, whiehay help to reduce total cost.

As a future work, our model could be extended lmpiporating quality issues resulting from
variable production rates. Prior research has shbaindeviating from the design production
rate of a machine may lead to lower yield ratesciwvivould have to be taken into account
when coordinating the production policies of a vanaénd a manufacturer. Clearly,

investigating maintenance policies or the reworlofgefective items in this scenario would
be promising. A second option to extend our workuldobe the integration of quantity

discounts the vendor could offer to the manufacttoenduce the manufacturer to consider

the vendor’s position in making production and rilisition decisions.
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