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ABSTRACT

Supply chain management issues faced by a manufacturing company are coasidered in this paper.
The supply chain consists of a manufacturing company and its suppliers, The manufacturer preduces
multiple products with inputs (e.g., raw materials) from the suppliers, but each product needs a dif~
ferent mix of these inputs. The market demand for the preducts is uncertain. We develop a mathe—
matical model and algorithm, which can help the manufacturer to solve its procurement decision
problem: fow much of raw material to order from which supplier. The model incorporates such fac—
tors as market demand uncertainty, product’s input requirement, supplier's as well as manufacturer's
capacity, plus other costs comparable with those in a typical newshoy preblem. Numerical examples
are presented to see the interacting effects among critical parameters and variables.

1. INTRODUCTION

It is an important issue in supply chain management for a manufacturing com-
pany to satisfy the market demand as much as possible by balancing the over-
stocking and understocking costs (Ellarm and Cooper 1990, Rockhold, et al. 1998,
Fisher and BRaman 1996). For effective supply chain management, however, there
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is more to consider than just the manufacturer’s ability to match its supply with
the market demand. In this paper, we consider three levels of a supply chain: the
market, the manufacturing company, and suppliers for the manufacturer. The
manufacturer's efforts to match the supply with the demand might turn out to be
futile unless its suppliers support the manufacturer’s strategy in some way.

Qur research was motivated by the problem of deciding appropriate stocking

and/or production levels of products for a manufacturing company: the manufac-
turer procures raw materials from multiple suppliers and sells the final products
to the market. The market demand is uncertain by nature. Because of this uncer-
tainty, the manufacturing company has to deal with issues of overstocking and
understocking simultaneously. In addition, the manufacturer must take into ac-
count its suppliers’ production/supply capacity. That is, no matter how much ea-
ger the manufacturer is to procure from a particular supplier (possibly due to low
price and/or high quality of the supply), it can not get all of what it wants unless
the supplier’s capacity permits.

Consider a computer assembler. Customers in the computer market demand
diverse specifications such that the market demand uncertainty is very signifi-
cant. Since each computer consists of different components, the computer assem-
bler has to procure from multiple suppliers, each supplying all or part of the com-
ponents at varying prices. When making decisions for appropriate stocking or
production levels, the computer assembler also needs to take into account its sup-
pliers’ supply capacity. Here the computer assembler must decide how much of
which component to procure from which supplier for each decision horizon. This is
the kind of context we focus on in this research.

This paper is organized as follows. In the next section, we briefly review the
literature. Section 3 develops a mathematical model to solve the decision problem
for the manufacturing company (such as the computer assembler in our example
above). We also propose an algorithm for solving the mathematical problem more
efficiently. Numerical examples are provided in Section 4. Two sets of numerical
examples are considered: the first aims to demonstrate how to apply the mathe-
matical algorithm to a complex supply chain problem, while the other tries to de-
rive concrete answers to a real-world problem faced by a computer retailer. Fi-
nally, we suggest critical managerial implications along with future directions for

this line of research.
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2. Literature Review

There is an extensive literature on supply chain management: in this section, we
focus on the research directly relevant to cur model. Nahmias and Schmidt (1984)
developed a heuristic algorithm for solving the multi-item newsboy problem by
setting up a mathematical model, which dealt with only one constraint, a single
resource {capacity) constraint. Since it examined only the manufacturer’s capacity
constraint, it effectively ignored other external factors, e.g., the supplier’s capac-
ity constraint. Our mathematical model can be regarded as an extension of Nah-
mias and Schmidt's. Although like Nahmias and Schmidt’s our model takes into
account the stochastic nature of the market demand and other relevant cost fac-
tors such as understocking and overstocking costs, there exist some significant
differences between the two models. That is, we consider multiple constraints
including not only the manufacturer’s capacity constraint, but also the product’s
input requirement and the supplier’s capacity constraint.

Researchers have tried to develop mathematical models, exploring the simi-
- lar extension. In a context similar with ours, Harrison and Van Mieghem (1999)
studied dynamic capacity investment decisions, focusing on an operational hedg-
ing under demand uncertainty. They considered a firm, which markets multiple
preducts, using several resources and facing product demand uncertainty: see
also Li and Tirupati {1994). Concentrating on the contractual aspects of supply
chain management, Anupindi and Bassok (1999) suggested several mathematical
models, each of which deals with such issues in supply chain management as
quantity commitment (incorporating the manufacturer’s and supplier’s capacity
constraints), market demand uncertainty, flexibility, pricing, quality, information
sharing, so forth. For a more general literature review, see Kapuscinski and Ta-
vur {1999).

In a more general context, we review references focusing on such issues as
stochastic market demand, coordination and information sharing, and strategic
success factors for supply chain management. Fisher (1997) suggested that the
supply chain strategy should be differentiated according to the characteristics of
products demanded in the market: for instance, he emphasized such factors as
‘demand stability, predictability of the uncertain market demand, inventory, and
stockout costs. In fact, the market demand uncertainty has been widely studied in
the literature. Davis (1993} postulated that there exists uncertainty at each stage
of the supply chain. Agrawal and Nahmias (1997) tried to determine the optimal
number of suppliers when there exists a supply uncertainty by balancing the
tradeoffs between economies of scale and the stockout risk due to the limit on
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supply capacity.

In relation to the uncertainty, managing information in the supply chain has
been a critical issue as well. Lee, et al (1997a, 1997b) extensively surveyed the
information distortion phenomena in the supply chain management and suggest-
ed a few practical remedies that can be used to cope with such situations. Viewing
the supply chain management as an issue concerning multiple supply chain par-
ticipants rather than the manufacturer only, many researchers have underlined
the importance of coordination among the chain members. Based on their case
studies, Lee and Billington (1992) put forth that the supply chain is a network
coordinating various chain participants in the value creating activities from raw
material procurement, transformation, to distribution to the customers. Hines
(1998) proposed that the first-tier suppliers should receive the highest attention
because of their critical role in helping the manufacturer coordinate more effec-
tively among suppliers in different tiers. By loocking into the sensitivity of the
value of information, Gavirneni, et al. (1999) explored the effect of information
sharing between supply chain partners. Lee and Whang (1999) suggested meas-
ures to optimize the supply chain performance even when the decision-making
rights are decentralized.

In a broader context, Beamon (1998) reviewed various issues in supply chain
management: Mabert and Venkataramanan {1998) were more specific in casting
the supply chain management as an issue of managing supply chain linkages.
Monczka, et al. (1998) surveyed companies in strategic supplier alliances and
provided a list of success factors for such cooperative relationships. In order to
determine the variables that affect the supply chain performance, Narasimhan
and Jayaram (1998) investigated manufacturing firms in North America, using
statistical approaches. In a similar vein, Ross, et al. (1998) employed DEA (Data
Envelopment Analysis) to reconfigure a supply network in a real world case.
Other researchers used a wide range of mathematical tools: an LP model was
adopted by Kalakota, et al. (1998), while Arntzen, et al. (1995} utilized the mixed
integer programming.

Our research proposes a supply chain model that includes such factors as
market demand uncertainty, product characteristics like different input composi-
tions, capacity limits of suppliers as well as the manufacturer, along with other
cost elements. In effect, we are taking into account multiple factors for effective
supply chain management: most of these factors have been identified as critical in
the literature.
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3. A Mathematical Model for Supply Chain Management

Before developing the mathematical model, we elaborate more on the research
context for the analytical model.

3.1 A Supply Chain Context

Suppose there is a manufacturing company. The company manufactures (e.g.,
assembles) and sells & different products using n different kinds of raw maten-
als that are supplied by m suppliers (Figure 1). The decision problem faced by
the manufacturer is to determine how much of each raw material to procure from
which supplier in order to maximize its profit during the current decision horizon:
in fact, this is the manufacturer’s objective. The problem gets complicated if the
market demands for the producis are probabilistic, i.e. demand uncertainty is
involved. One can find this kind of supply chain setting easily in the real world
gituation. For instance, the manufacturer can be a computer company that sells
assembled computers to its customers, by assembling parts procured from multi-
ple suppliers.

For a complete decision model, we need to consider relevant variables and
parameters associated with such factors as supply costs, suppliers’ capacity,
manufacturer’s own production capacity, information regarding market demand
for the products, overstocking and under-stocking costs, and the like.

Retailer/Wholesaler

Finished Goods

Manufacturer

Intermediate
(raw matertals, parts, - )

Suppliers

Figure 1. Research context — the supply network in this research
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3.2 Variables, Parameters, and Other Notations

Figure 1 shows the supply network context for which we build our analytical
model. In order to develop the mathematical model, we continue to elaborate on
the supply chain setting laid out in the previous section. As mentioned already,
the manufacturer produces y, units of product [, each of which generates the
net sales revenue of 55, [=1,---,k. One unit of product ! requires b, of raw
material ¢, i=1,---,n . That is, the manufacturer needs n different types of raw
materials. There are m suppliers available, who provide the manufacturing
company with the needed materials: we denote each supplier with j, j=1,--,m.

Another key decision variable for the manufacturer is x., which represents the

i
amount of raw materal i purchased from supplier j. For each unit of raw ma-

terial : supplied by ;, the manufacturer pays c;.
Assembling one unit of product ! inside the manufacturing company con-
sumes productive resources’ by #;, which can represent either production cost or

necessary space, for instance. We further assume that such resources are limited
by €. In addition, we take into account the suppliers’ resource constraints: v
represents the amount of supplier j’s internal resources, that are required to
process/produce one unit of raw matertal ¢ for supplying it to the manufacturer.
We assume that such resources owned by supplier j are limited by g;.

Asg already mentioned, market demands for the assembled products follow a
probability distribution. Let Z, denote the random variable of the demand for

product . For the purpose of our analysis, we assume that the probability den-
sity function of Z;, fZ, (z;), follows a normal distribution with mean & and

standard deviation o; (Nahmias and Schmidt 1984). That is, Z; ~ N(cf,;, crig).
Suppose z; is the actual amount of market demand for product [ and y
the amount of product ! produced by the manufacturer. If it turns out that the
manufacturer produces too little of product I, it is left with an unsatisfied de-
mand of z-y;. On the other hand, if it produces too much, it ends up with an
amount of y -2z, as unsold goods. Each of these cases ia undesirable: the first
situation involves goodwill costs due to understocking, while the latter over-
stocking costs. Let u; represent the unit understocking cost and w; the unit
overstocking cost associated with product . Definitions of key variables, pa-

rameters, and other notations for the research model are summarized in Appen-
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dix 1.

Before developing our mathematical model and algorithm, summarizing key
assumptions in this paper is in order. First, the decision making process is as-
sumed as follows. At the beginning of the current decision horizon, the manufac-
turer knows only the stochastic distribution of the market demand for each as-
sembled product without knowing the actual demand quantities. Then, the com-
pany has to decide how much of each raw material to order from which supplier(s),
conditioned by the constraint on its internal processing capacity. Receiving orders
from the manufacturer, suppliers process the ordered amounts of supply, the
maximum amounts being constrained by their own capacities. Thus, even before
placing orders, the manufacturer has to take into consideration the capac-
ity/resource constraints not only of its own, but also of its suppliers. After ob-
taining all of the ordered materials from the suppliers, the manufacturing com-
pany assembles the products. Now at the end of the current decision horizon, the
actual market demand for the products becomes realized. Without loss of gener-
ality in the context of our supply network, factors such as lead-time and delivery
delay from suppliers to the manufacturer are not considered in our model. Since
our current research is more focused on the dynamics among the manufacturer’'s
and suppliers’ capacity constraints facing the stochastic market demand, informa-
tion asymmetry and distortion are not considered here although very important
for supply chain management in general.

3.3 Defining the Mathematical Model

With the notations developed above, we can formulate the decision problem, P,

as follows. Note that in this mathematical model, the manufacturer’s objective 1s
to maximize its profit-by optimally deciding how much of each raw material to
procure from which supplier during the current decision period.

kot =0
P: Maximife Y ﬂr,zl —wi(y, -z Flz)dzy + j[rlyi —uy(z; -y f(z)dz
I ;

=)
N . 0 2
xyi=ln =1 m

= 2. 2L (D
i=1j=1
k I
Subject to by sy x,, i=1-n (2)
1=1 Jj=1
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Zquuiqw J=L-m @)
=1
13
171
x;20, y20for i=1,--,n,
j=Ll-m, I=1-k ®)

The objective function in (1) consists of three paris. The first part is the ex-
pected value of the profit from product ! when the realized demand of the pro-
duct is less than the actual quantity produced, whereas the second part repre-
sents the expected profit when the manufacturing company underproduced prod-
uct [. The first two parts are summed over the entire products. The last part of
the objective function represents the total costs the manufacturing company pays
to its suppliers for the raw materials. Thus, it is subtracted from the sum of the
net profits. .

The first set of constraints, (2), relates to the resource requirements for pro-
ducing and/or assembling the products. Constraints in (3) show the capacity limi-
tations faced by the suppliers. Finally, the third constraint in (4) captures the
- manufacturer's own capacity limitation. In addition, we have the nonnegativity

constraints in (5).

3.4 Characterizing the Saolution

In theory, we can solve P by using the Karush-Kuhn-Tucker (KKT) conditions.

However, as it turns out, it is practically inefficient to try to get a cloged solution
of the problem by applying the KKT conditions in earnest. The primary motiva-
tion for us to identify the KKT conditions is not to find out the optimal solution,
but to gain valuable ‘mathematical insights,” with which we can improve our
analytical algorithm. We will be able to do that by thoroughly examining the dy-
namic relationship among key parameters and variables {or, characterizing the
optimal solution), which is revealed by the KKT conditions.

Keeping in mind the motivation or reason why we first lock at the KKT solu-
tion, we derive the first order necessary conditions for an optimal solution. We

need to establish the Lagrangian as follows:
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i=l j=1

a—

L= Z{H’“ﬂt —wi(yy -~ 2)]fy, (z)dz; + Hrlyi ~w @ -ty (Zz)dzl} —ZZ%X,;
4]

=1 ¥
LI k m " k

DI DETEDNTEE BN TP SR N2 W LR (®)
=1 =1 I=1 =1 =1 1=

where /; is the Lagrangian multiplier for raw material ¢, u; for suppher j,

and n for the manufacturer. With L defined above, we can obtain the following

set of first order conditions for optimality. Assuming Z;(z)=0 for 2 <0,

8L
éy— = -w;F(y,g)-k(r, +u,)(le(y3))—Z/1ibﬂ —f]hl <{ and Y >0 (7)
! i

By rearranging (7), we obtain (8):

ntuy - Z"Libiz —nhy
: < F(y) (8)

r3+ul+wl

Thus, the first KKT condition for the optimality is

!:{r] +ul—ZRibﬂ —??h;}—(w,+r, +ul)F(y,,)}yI =0. (9)
N+t = 2 Abg -l
Condition (9) implies that if y, > 0, then L =F(y) (10)
o+ U+

1f (10) holds, we can evaluate y, as follows:

1wy = by — iy
n=F" ’ (an

hot Uy Fuy

Another key first order condition is obtained by partially differentiating L with
regard to x;;, i.e.

oL

o =—cyt A — v <0, x; 20, (zll- — ¢ _ﬂjvij)xij =0. (12)
i

J L1

When x; >0, it must hold that 4; =¢;; + pjy .

Before continuing to derive the remaining parts of necessary conditions, we
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would like to characterize the optimal solutions based on (11} and (12).

Observation 1: Characterizing yf*. In order for (11) to be meaningful, it needs

to hold that r+u; 2> Aib, +nhy . (11b)
i

Referring to Appendix 1 for relevant definitions, we can posit that r, +u; repre-

sents the incremental benefit the manufacturer could earn by producing one more
unit of y;, assuming the additional unit is sold in the market. That is, by selling

the additional unit, the company will receive r; from the customer, and save

because of avoiding the stock-out for the additional unit. The right hand side of
(11b) denotes the marginal cost to produce the additional unit. Since A; is the

unit marginal price of material i, ) Ab; represents the total cost of resources
i

needed to produce one unit of ;. In addition, the manufacturer has to consume
h; of its own internal resources (e.g., preduction process and/or plant space) who-
se unit marginal value i1s 5. Therefore, we can conclude the right hand side of
(11b) is the total cost, both external and internal, to produce one unit of y, .

In essence, (11b) postulates that unless the marginal value of y, is larger

than the marginal cost, the manufacturer should not produce the last unit of y,.

Finally, y, is determined after the adjustment related with the overstocking cost,

wy, 1s done as in the denominator of (11). We can see that as the overstocking cost

*

ayl

ncreases, y; decreases, 1.e., P < 0. Similarly, we can easily show that
Wy

By, By By, By, . . . .

o >0, o >0, 9 <0, and A 0 : the interpretations are consistent with

5?"1 aLLI abil ahl

the observation above.

Observation 2: Characterizing x;, As shown in (1)-(5), the manufacturer's

optimal solution is affected by not only its own production decision but also its
suppliers’ cost structure and production capacity. From (12), we have another
necessary conditions that must hold for an optimal solution, 1e., 4 =c; +uu;,

given that the supply i supplied by the supplier j has a positive economic value.

The condition 4; =¢; + u;v; ensures that at the optimal solution, the manu-

facturer procures x, from the suppliers so that the supplier j’'s marginal supply
p i p g
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cost for a unit of supply [ becomes equal to the manufacturer’s marginal value of
supply i, for j=1,..,m. Recall that v; is the supplier j's internal cost of re-
sources needed to produce a unit of supply i, u; the marginal price of the inter-
nal resources, and ¢; the manufacturer's procurement cost for supply i from

supplier j. In effect, the manufacturing company’s production decision becomes

intricately connected with the suppliers’ production constraints.
Now we continue to derive the remaining necessary conditions associated
with 4, u;,and 7 as follows.

L
For /11', _—= inj—ZbﬂyIZO, ALZO, /‘Li inj—Zbﬁle=0 (13)
aﬂl j { i i
if /1i>0' zxij:ZbﬂyI.
i i
oL
For u;, a—#—ij—Zuij;;cij20, 4;20, mlg; -y vsx; =0 (14)
i [ i
If ’Hj>0, qj:ZUl,jle'
i
: 8L k k
Finally, for n, a—:Q—Zh;y,,ZO, 20, n Q-3 hy |=0 (15)
- n i=1 -1
k
If f])o, Q—Zhlyl::().
i=1

Equations (7)-(158) constitute the KKT first order conditions for the optimal
solution.

As pointed out already, we should be able to solve P so that we derive a set

of optimal values of the decision variables and Lagrangian multipliers that satisfy
the first ordey conditions. However, doing so could involve so much computational
effort that it takes an enormous amount of time and cost even with a highly capa-
ble computer.

If we carefully look at each of the necessary conditions, we can see that each
needs to satisfy a type of complementary slackness condition. For instance, from

(13), we have %20, A; 20, and A [in]- er”y[]:O. Therefore, for (13) we
' i {

2

need to think about two separate cases, g/% =0 or 4; =0. Considering the num-
i
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ber of equations we have to take into account for our problem is k+

mxn+n+m+1, we must evaluate 25741 cages simultaneously. Assuming

the problem has a moderate size of k=m =n =10, the total number of cases to

2131

assess becomes =10% . Thus, it will take quite a long time for even a reason-

ably efficient computer to solve this size of problem.

3.5 Problem Partition and a Mathematical Algorithm

Because of this potentially excessive requirement of computation, we had better
seek for a simpler way to solve the problem. One possibility is to partition the
original problem into smaller, more manageable, ones. It is possible because P

has a special structure. That is, we can separate P into two, P, and P, as fol-

lows, assuming that we obtain y; s in the first part, P, .

P ] «©
P, Maximize > [z —win — 2Dl fGdz + [l w2 - y))f (z)dz,
Bl i=t{5 5
k
Subject to Shy <@
i1

y»z0for I=1,. k.

-

By solving P,, we obtain yf s. We can use these y;’ s in constructing the second

part of the original problem, ie., P,.

P, Minimize > Zci;‘xij
i i=1 j=1

k ., m

Subject to Souyi ¥ x;,  i=l--n
i=1 j=1
il .
2 vy% <4; , J=L-m
i=1
xl-j20 for 1':=1,"',]L, j:l,---,pn

The special structure of the original problem makes it possible to work with
such a partition. The solution procedure is as follows: first, we solve P, and ob-

tain y; s, which are used in the constraints of P,. Once we attain yl* s and plug

them in P,, the second part of the problem, ie, P,, becomes just an ordinary
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linear programming problem. As long as feasible, solving P, given y; s should be
straightforward. Even when P, appears to be infeasible, we can eventually ob-
tain optimal solutions satisfying both P, and P,, by adjusting @ in P, so that

we get smaller y; a. This procedure 1s described in Figure 2.

However, the solution derived through this algorithm is an approximation at
best. Recall the original problem, P, and its constraints in (2)~(5). The truly op-

timal solution has to consider the revenue and cost parts in the objective function
simultaneously, not sequentially as in our partitioning approach: the optimal

amount of production, i.e., y; , should depend on not only the revenue, but also

the material cost side. Thus, partitioning the whole problem into the revenue and
the cost-related ones may not be as accurate as the holistic method. Nevertheless,
we think our approach engenders a good approximation: it should be true, espe-
cially when the limit of suppliers’ capacity is not reached, that is, the constraint
(3) 18 not binding. As shown later in our numerical examples, this is not an un-
usual requirement. But, one must be more cautious in interpreting the algo-
rithm’s implications when the constraint (3) becomes binding.

Solving P1
Calculate y*

L

Use y*
Solving P2

Adjusting Q

N
ible? —» .
Feasible? in P1

Y

Get near optimal
solution y*, x*

Figure 2. The mathematical algorithm
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Before proceeding to the numerical examples, we elaborate more on our nu-
merical analysis technique solving P,. First, we employ the most widely-used

method, Newton-Raphson method, when solving the nonlinear equations. In order

to simplify the solution process, when deriving the KKT conditions for P,, we

k
implicitly 1mpose Zhi ¥ = & . Imposing this enables us to reach the near-optimal
I=1
solution much faster. This method should not distort the solution significantly as
long as € 1is a valuable resource so that the firm tries to utilize it as much as
possible.
Once we solve P, the rest of the algorithm progresses straightforward since

P, isjust an ordinary LP problem.

We recapitulate the entire solution procedure as follows.
Step 1. Partition P into two, P, and P,.
Step 2. Use the Newton-Raphson method to solve P, and calculate y;.

Step 3. With y; , solve P,.If P, isinfeastble, go to Step 4. Otherwise go to Step 5.
Step 4. Adjust @ . Reduée it by a predetermined magnitude. Go to Step 2.

Step 5. Calculate x .

Step 6. Report an optimal solution (y;, x ).

4. Numerical Examples and Analysis

This section shows how we can utilize the mathematical algorithm laid out in
the previous section. In order to demonstrate the capability of the algorithm, we
first present an example with multiple products, raw materials, and suppliers.
Then, we focus on a real world case so as to highlight the practical applicability of
our model, and thus draw managerial insights as well.

Using the mathematical algorithm developed in the previous section, we can
present many different types of numerical examples by changing the parameter
values. For the purpose of our paper, however, we concentrate on the following
relationships:

(1) (how the optimal value of the objective function changes as the manufac-
turer’s capactty (@ ) changes;
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(1) moanufacturing company’s procurement amount from each supplier given a
particular @ ;

(1) total material (procurement) cost of each product;

(1v) production quaniity of each product given a particular @ ;

(v) how the change in a product’s demand uncertainty affects the other products’
production quantities;

(vi) how the change in a supplier’s capacity affects the manufacturer’s procure-
ment amounts from other suppliers.

4.1 Numerical Examples

Applying the mathematical algorithm, we present numerical examples of a supply
network consisting of 5 products, 5 suppliers, and 5 different raw material types.
For the following numerical examples, we use the parameter values in Table 1
and Appendix 2.

Table 1. Product—relaied Parameters

[ 1 2 2 4 5

] $150 200 C220 230 250
hy 1 2 2 2 3
i 200 160 180 160 200
oy 80 60 70 60 80
1y $100 90 50 90 150
wy 860 40 20 10 100

Firét, we calculate the optimal objective values by varying the manufacturer’s
production capacity, @ . Figure 3 shows that at about @ = 2150, the largest op-
timal value is obtained, and after that point the objective value remains the same.

For the remaining examples, thus, we are mainly concerned with the capacity
range of @ <2150. Figure 4 shows the amounts of the manufacturing company’s
procurement from the suppliers, given € = 2100 . It is interesting to observe that

each raw material is procured from one supplier only. It is consistent with the
industry practice: manufacturing companies select the most efficient (e.g., low-
cost) supphier among many for one type of supply when there are no other qualita-
tive considerations such as strategic importance, long-term relationship building,
and the like (Rosenblatt, et al. 1998). But, as we will see later in this section, this
pattern of ‘one supplier for one material type’ will change as the suppliers’ capac-
ity limit is reached.
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Note : For the simple representation (for better contrast), we use the short bars (with the
height of 1) to represent the case that ‘mong’ is procured.

Figure 4. Supply Quantities from Suppliers
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Unit Reverue (17) | Internal Resource Total Supply Reuvenue-Cost
» $150 1 $a7 3.19
¥y $200 2 $51 3.92
Y3 $220 2 $53 4.15
¥4 $230 2 $56 4.11
¥s £250 3 £68 3.68

Note: The ‘total supply cost’ in this table is a simple summation of the raw material costs,
and different from the ‘actual total cost’ of the product. The ‘total cost’ of a product
should also mclude costs related with production capacity and associated opportu-
nity costs. Here we simply focus on the ratio between a product’s revenue and the
cost of necessary raw materials,

Figure 5. Material Cost for Each Product

Using Figure 4 and tables in Appendix 2, we can calculate the total cost of
materials supplied by the suppliers for each product. Figure 5 tabulates the total
supply (material) cost along with the unit revenue for each product. The ratio of
revenue to supply cost can be regarded as the measure of each product’s relative
proﬁtability: the higher the ratio, the more profitable. For instance, if we just look
at the revenue-cost ratio, product 3 is the most profitable. But, we also need to
take into account the internal resource requirement denoted by #;: although

product 1 seems least profitable, it can still be preferred once its low value of £,

is considered.

Figure 6 shows how the production amount of each product varies as the
manufacturer’s capacity changes. First, we can see that product 1 is produced in
the largest amount, whereas product 2 1in the smallest amount. This is somewhat
surprising should we just consider the revenue-cost ratio in Figure 5. But, as we
pointed out already, product 1 consumes the least amount of the manufacturer's
capacity, & . Thus, if the marginal value of @ is very high, the total production
cost (including raw material cost and the opportunity cost of the manufacturer’s
capacity) of product 1 can be cheaper than others.’

This explanation seems plausible since the increasing rate of product 1’s pro-
duction amount is flatter than other products’ as @ increases: an increase in ¢
implies that the marginal value of the manufacturer’s production capacity de-
creases. On the other hand, the increasing rates of production of product 3 and
product 5 are steeper than others: we conclude that as @ increases, it becomes
more attractive to produce product 3 and 5 which consume more manufacturer’s
capacity, although more profitable according to their revenue-cost ratios.

It is interesting to see that product 5 is produced more than product 3 and 4.
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The revenue-cost ratio clearly indicates that product 3 and 4 are more profitable
than product 5, and also product 5 consumes more internal production resources
than the others do (le., hy; =3 while hy; =2 and h,; =2). In order to grasp this

counterintuitive phenomenon, we need to consider the demand characteristics:
the average demand for product 5 is higher than those for the other two, ie.,
Hs =200 whereas g4 =180 and pu, =160 .

28

—— Y1

o
24 -
—— Y3
‘Xkr"‘/‘d ~>
22

;‘-\ //v +)‘5
5
T 20 -
s 18
£ 18
14
iz +

1500
1550
1600
1850
1700
1750

i 1800
1850
1900
1950
2000
2050
2100
2150

funim)

Figure 6. Each Product's Production Amount as a Function of @

In order to see how the demand uncertainty represented by its standard de-
viation affects the production decision, we vary the standard deviation of product
4 and show the optimal production amounts of the products in Figure 7. It is al-
ready expected that the product whose demand uncertainty increases (e.g., y,) is

produced less: but, it is intriguing to observe that its effect on other product's pro-
duction amount differs across the products. It seems that product 3 and 5 are tho-
se that receive the most benefit from the increasing demand uncertainty of prod-
uct 4. We can infer that the situation observed in Figure 7 is qualitatively similar
with that in Figure 6: the fact that the production amount of product 4 decreases
due to its increased uncertainty is equivalent to that the portion of € available

to other products increases. Now, as the effective amount of @ increases, we can

expect the manufacturing company to produce product 3 and 5 more than others
as in Figure 6.
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Figure 7. Each Product's Production Amount as v, ’s Demand Uncertainty Varies
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Figure 8. Supply Quantities from Suppliers as Supplier 4's capacity Changes
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When discussing Figure 4, we mentioned that the manufacturing company
tends to choose a supplier for each particular supply. But, this kind of restrictive
selection seems to disappear as a supplier’s capacity decreases. Figure 8 shows
how the reduction in supplier 4’s capacity affects the manufacturer’s procurement
from other suppliers. Because of its capacity limit, the supplier is unable to satis-
fy all of the requirements from the manufacturer. As a result, the manufacturer
has to transact with additional suppliers (e.g., supplier 1 and 2) for the particular
supply (e.g., material 1) despite possible disadvantages such as high cost and poor
quality.

4.2 A Case Study

In order to highlight the interaction between important parameters in the re-
al world setting, we use the data from the case study on a computer manufactur-
ing company. This company assembles and sells two models of computer, Model C
and Model P. We conducted a field study for this company and estimated neces-
sary data as follows. Input requirements for the products are in Table 2: we are
focusing only on the components in which the two models differ. We can see that
one unit of Model C consists of three components, one Celeron, one Motherboard,
and one 4.3MB HDD (hard disk drive), while one unit of Model P needs one Pen-
tium I, one Motherboard, and 6.4MB HDI).

Table 2. Product Specification — input Requirements

Component
Supplier Celeron Pentium IT Motherboard HDDA4.3 HDD& .4
(1) (2) (3) (4} (5)
Model C
1 1

(=1 !

Model P
1 1
(1=2 !

We summarize the supply cost information in Table 3. There are four suppli-
ers supplying components to the assembler. Intel supplies three components,
Samsung two components, and others only one component at the prices given in
the table. Finally, based on the company’s historical data, we estimate the pro-
duct information as in Table 4: data such as sales revenue, mean and standard
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deviation of market demand, understocking and overstocking costs, capacity re-
quirements are estimated for each product, based on the previous 2 years’ sales
data.

Table 3. Supply Costs

Component — Supply (1)
Supplier (/) Celleron Pentium Il | Motherboard |  HDD4.3 HDD6.4
(I (2) {3) {4) {5)
Intel (0 115 285 155
S0Y0 (2 135
LG (3) 147
Samsung (4) 171 181

Table 4.-Product Information

Product L hl 27 ay u, W,
[=1" 525 80 25.1 3.972 10 100
i=2 720 80 25.15 3.747 12 170

Outcomes of the numerical analysis for the case are presented in Figure 9 to
12. We can suggest similar interpretations given for the previous numerical ex-
amples in Figure 3 to 8. Figure 9 is comparable with Figure 3: the most desirable
production capacity for this computer assembler is about 3400. Figure 10 shows
the product mix between product I and product 2 as the manufacturer’s assembly
capacity, @, changes: as the capacity increases, the manufacturer increases the
production of product 1 faster than that of product 2.

In Figure 11, we can see that as the market demand uncertainty for product
2 increases, the production amount of product 1 increases whereas that of product
2 decreases as we already observed in Figure 7. Finally, Figure 12 shows that the
assembler’s total profit consistently decreases as the market uncertainty of prod-
uct 2 increases.
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5. Managerial Implications and Discussion

In this paper, we have developed a mathematical algorithm to solve a supply
chain management problem faced by a manufacturing company that assembles
and sells multiple products using materials from several suppliers. In order to
show the utility of this algorithm, we presented numerical examples using an
example set of parameters and data from a real world case study.

The result of our research indicates that the manufacturing company has to
reach an optimal supply decision by taking inte account such key factors as its
production capacity and understocking and overstocking costs, market demand
uncertainty, supply costs, and suppliers’ capacities.

The manufacturer’s procurement decision is dependent on not only 1ts own
capacity but also its suppliers’. We also observed there exist tradeoffs between
products as their demand uncertainties change unequally: a product’s demand
uncertainty has an adverse effect on its optimal production amount. It is not just
the manufacturer who has to pay close attention to its supply chain partners, i.e,,
suppliers. Each supplier also has to consider the manufacturer’s capacity (ie.,
) since that could determine which supplies the manufacturer procures from
which supplier.

Based on the results, we can state that in order to optimize the supply chain
performance, decisions made by the manufacturing company and its suppliers
need to be integrated fully.

We already mentioned some of the limitations in our research. For instance,
our approach to partition a complex nonlinear mathematical problem into two
more easily solvable ones is an efficient way to solve the kind of problem we are
dealing with in this paper. As alluded already, however, the algorithm might
work in a slightly less accurate way when the suppliers’ capacity limits are
tightly binding. Thus, developing a more effective algorithm to alleviate the po-
tential problem is a definite improvement. Although the specific context of our
research is more relevant to the case of a single decision period, investigating the
case in a more dynamic decision context should be an important extension of our
research.
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Appendix 1. Definitions of Variables and Parameters

in the Mathematical Model

e [ =1, n, raw material index

L, , supplier index

.-+, k, product index

amount of raw material ¢ from supplier J

production quantity of product I

amount of raw material i required for producing one unit of
product

supplier j’s cost (e.g., production cost/space) to provide one
unit of raw material 7 to the manufacturer

supplier J’s resource (budget/space) lim1t, associated with Uy

[T

n
thus, > v;x; <g; must hold
i1 .

manufacturer’s cost (e.g., production cost/space) to produce one

unit of product !

manufacturer’s resource (budget/space) limit, associated with
product [; thus, ih; ¥ £@ must hold

I=1
unit cost of raw material ¢ from supplier j
sales price of product !
unit understocking cost of product |
unit overstocking cost of product {
random variable for the demand of product !
probability density function of Z,
Lagrangian multiplier for raw material i
Lagrangian multiplier for supplier j

Lagrangian multiplier for the manufacturer
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Appendix 2.
Table Al: b,
i H 2 3 4 5
I 2 1 3 1 3
2 1 3 2 1 2
3 3 2 1 4 1
o4 2 1 2 3 4
5 1 3 2 2 3
Table A2. Cij
i 1 2 3 4 5
1 £8 8 12 6 15
2 10 15 8 10 5
3 5 7 14 g 8
4 9 5 10 13 8
5 12 9 5 7 6
Table A3. Uy
i 1 2 3 4 5
1 1.5 2 3 1 3
2 2 1 1 3 1
3 2 1.5 1 3 2.5
4 1.5 3 2.5 2 3
5 3 2 3 2 1.5
Table Al: g;
J I 2 3 4 5
q; 10,000 7,500 9,000 6,000 12,500




