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1. Introduction

In highly-competitive industries such as the automobile
and consumer electronics industries, assemblers introduce
new product models every few months. With short product
life cycles, it is risky for an assembler to keep excessive
inventory of finished-products or components for specific
products. Quick response of suppliers is emphasized more
than ever to make sure that the components will be available
when needed and as much as needed. In today’s decentral-
ized environment, a substantial proportion of components are
purchased from external suppliers while some components
are manufactured at the assembler site. As component pro-
curement constitutes a large part of the assembler’s business
processes, the assembler seeks to improve efficiency and
save costs in component supply.
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There are mainly two types of components @ custom and
standard (Ulrich and Eppinger [17]). Cusiom components are
designed and produced for specific products, while standard
components are used for diverse products by different
assemblers. In many cases, assemblers are involved in the
early stage of developing custom components and sometimes
it is an assembler who provides the design and specification
of components. Engine parts, body panels and secats are ex-
amples of custom components in the automobile assembly.
On the other hand, there exist established specifications for
standard components. Multiple suppliers share the market of
a standard component and the price is driven by competition
between the suppliers. Examples of standard components for
car assembly include tires, batteries, belts and so on (Dyer
et al. [3]).

Supply of custom and standard components may have dif-
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ferent impacts on the finished-product assembly manage-
ment. In order to maintain smooth assembly operations, an
assembler needs to prepare for uncertainty in component
supply. The common methods for protecting assembly oper-
ations from component shortage include utilizing multiple
supply sources and keeping safety stocks of standard com-
ponents. However, unlike standard component supply, it may
not be possible nor cost effective to procure custom compo-
nent from multiple sources. In order to keep a steady supply
of custom components, it is essential to maintain a close
relationship with the supplier. Thus, component supply man-
agement requires different considerations, depending on
component types.

Another reason for the necessity of distinguishing procure-
ment management of custom and standard components is the
distinct relationship between assemblers and component
suppliers. Since assemblers can hardly procure custom com-
ponents from other sources, flexibility is one of the most
important factors when an assembler signs supply contracts
with a custom component supplier. In the production of a
custom component with several configurable options, a part
of the customizing process may take place only after custom-
er demand is realized. To serve the customer demand in a
competitive manner, the assembler must have a business part-
nership with a highly flexible supplier who can deliver un-
usually large orders, even on short notice.

While the flexibility of the custom component supplier
has a substantial influence on the performance of assembly
operations, it is not straightforward for the assembler to as-
sess how much to pay for a certain level of supplier fle-
xibility. The cost associated with a certain level of flexibility
is closely related to the supplier’s operation properties, which
are in most cases not known to the assembler. On the other
hand, the assembler can control the influence of standard
component supply on assembly operations by keeping safety
stocks or utilizing multiple sources. Usually the assembler
has the information about how much it costs to keep standard
component inventory or to procure from other suppliers.
From the assembler’s viewpoint, it is easy to analyze the
cost of managing standard component supply. This ob-
servation provides a basic idea of our approach to suggest
guidelines for the assembler’s negotiation with the custom
component supplier. We suggest a framework that evaluates
the influence of the custom component supplier flexibility
by the cost of standard component supply, which can be
more easily assessed.

In our research, we focus on a particular supply flexibility
model that is commonly used in the industry. Assume pro-
jected orders are placed one period ahead of time (in the
amount of O,> 0). By the time of delivery, the assembler
may adjust the actual order O, to other quantity as long as
it is between O,—I, and O+, (I, =2 0,u, = 0). Usually,
higher flexibility (larger I, and/or w,) imposes more cost to
the supplier. Thus, the unit price of custom components may
vary according to the flexibility level that the supplier
provides. It is an important question for some industries to
find a nominal unit price for custom component correspond-
ing to a particular flexibility contract. The additional unit
price that the assembler is willing to pay for an improved
flexibility is referred to as the value of flexibility in our
study.

Several researchers have considered supply chain models
where the buyer is allowed to change order quantities. Moin-
zadeh and Nahmias [9] consider an inventory model in which
the buyer has the option of increasing the delivery quantity
at additional cost just prior to the periodic delivery of a fixed
quantity. They suggest an approximate policy to reduce cost.
Eppen and Iyer [4] consider “backup agreements” in which
the buyer has options of purchasing a certain quantity at no
additional cost but pays penalty for any quantity not pur-
chased. Barnes-Schuster et al. [1] examine a supply contract
with options in a two-period model. In addition to committed
orders, the buyer may purchase and exercise options of in-
creasing orders. They evaluate the option exercise price nu-
merically and study the channel coordination. Huang et al.
[6] also consider a two-period contract with volume flexi-
bility. The buyer may adjust the initial order both upward
and downward at given costs. They find the buyer’s optimal
policy in some special cases and derive the contract exercise
cost. Tsay [15] consider a “quantity flexibility” contract and
studies the coordination of a manufacturer-retailer channel
in a similar setting to the newsvendor problem. Sethi et al.
[12] consider a contract in which the buyer has an option
to increase his order at cost of paying a higher price and
discuss the buyer’s optimal decision to maximize his profit.
Kim et al. [7] study a contract which allows the buyer to
increase or cancel the order within a certain proportion of
the initial order and suggest a procedure to find a final order
quantity which minimize the buyer’s total cost. Wu [18] ana-
lyzes a contract in which the retailer updates demand in-
formation using Bayesian procedure before making the final
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purchase and shows the impact of the minimum purchase
commitment on the profit of the retailer and the manufac-
turer. While most researches regarding quantity flexibility
contracts focus on a single-purchase problem, there are sev-’
eral studies which consider a multi-period problem where
the buyer orders from the manufacturer in a repeated manner.
Bassok and Anupindi [2] study “rolling horizon flexibility”
contracts and propose several heuristics for the buyer’s order-
ing policy in order to reduce cost. Tsay and Lovejoy [16]
analyze a multi-stage supply chain with quantity flexibility
contracts. They examine where to position flexibility through
approximate analysis and extensive numerical experiments.

We consider a two-stage multi-period supply chain model
in which the buyer is allowed to adjust order quantities. The
buyer places advance orders to the supplier with forecast data
on future customer demands. Due to forecast errors, the buy-
er may need more or fewer components to meet actual cus-
tomer demands. If the supplier provides no flexibility, the
buyer cannot increase or decrease the order quantities and
may end up with high costs. With a more flexible supplier,
the buyer can adjust order quantities close to customer de-
mands and reduce costs. Apparently, the supplier flexibility
has a large impact on the buyer’s costs. However, it is diffi-
cult to analyze the flexibility value directly through buyer's
cost changes in multi-period supply chain models. Bassok
and Anupindi {2] and Tsay and Lovejoy [16] address the
value of flexibility issue, but they only provide insights by
way of numerical experiments. In this paper, we suggest a
new approach to estimate the value of flexibility. Our ap-
proach assumes an assemble-to-order system where the as-
sembler does not keep finished-product inventory and there
is no capacity constraint on the assembly operation. The fin-
ished-product consists of two components, one custom and
one standard. To avoid the risk of obsolete cost by keeping
no finished-product inventories, the assembler must have
well-established partnerships with its suppliers to provide a
competitive level of service to its customers. In this paper,
we use average backorders of customer demand as the as-
sembler’s performance metric. Average backorders can be
used to estimate average waiting time until the customer de-
mand is satisfied. It is also used to measure ~-type customer
service level, which is defined as average customer back-
orders divided by average demand (Schneider [10]).

The assembler may want to control the average number
of backorders to be lower than a target level, or the customer
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might specify a maximum allowable backorder level. To ach-
ieve the target backorder level, it is critical to have the com-
ponent supply not to interrupt the assembly operation. When
the backorder level is higher than the target and custom com-
ponent supply causes backorders, the assembler can improve
the performance of custom component supply by signing a
contract for higher flexibility. The assembler may be able
to achieve the same target backorder level by enhancing stan-
dard component supply, if a portion of backorders has been
caused by standard component shortage. In our framework
of estimating the value of flexibility, we assume component
shortages in both types of component supply and first identi-
fy the trade-offs between custom and standard component
supply performance to deliver a target customer service level.
Then the value of the custom component supplier flexibility
is quantified indirectly through the cost of enhancing stand-
ard component supply to achieve the same customer service
level. This framework provides the assembler with a guide-
line for acceptable custom component prices for different
levels of flexibility.

The remainder of the paper is organized as follows. In
the next section, we describe our supply chain model. In
Section 3, we provide the background analysis for the frame-
work of estimating value of flexibility. Section 4 illustrates
how the framework is used to guide practice through exa-
mples. We end the paper with concluding remarks.

2. The Model

We consider a discrete-time model of a system assembling
two components (one custom and one standard) into a fin-
ished-product. The assembler receives customer demand D,
for finished-products at the beginning of period t. One unit
of the finished-product consists of one unit of each compo-
nent. After observing new customer demand, the assembler
places orders for both types of components. Although the
assembler tries to order custom component as much as neces-
sary, sometimes it is inevitable to carry custom component
inventory due to demand forecast error.

When the assembler agrees on quantity adjustment flexi-
bility, its order quantity O, of custom component should sat-
isfy the following constraint;

O,~l, < 0, < O, +u, (1)
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where 5t denotes a projected order quantity given to the
supplier in the previous period. The downward and upward
adjustment parameters measure the flexibility level that the
custom component supplier provides.

Unlike the custom component, there is no boundary con-
straints such as (1) on the order quantities on the standard
component; the standard component order is assumed to be
as much as customer demand. If the supplier cannot satisfy
a standard component order immediately, the unsatisfied
standard component orders are backlogged and delivered
later. The procurement of standard component is independent
of that of custom component in the sense that the customer
component supplier’s flexibility does not affect the standard
component oder quantities.

After component delivery, the assembler assembles as
many products as possible to satisfy the current customer
demand D, and backorders B,. We assume that there is no
assembly capacity limit as long as the components are
available. At the end of the period the assembler delivers
the customer order (unsatisfied customer demand is back-
ordered) and informs the custom component supplier of the
projected order quantity 5;1 for the next period, which is

decided based on demand forecast D,,,=> 0.

3. Upper Bounds on Customer Back-
orders

Identifying an upper bound on the average customer back-
orders is the first step of our framework of estimating the
supplier flexibility. Using the upper bound, we obtain the
combination of custom and standard component supply per-
formances that guarantee a target backorder level. In this
section, we provide general procedures to get an upper
bounds on customer backorders.

The following notation is used throughout the paper.

D, © customer demand quantity of finished- product for

period ¢,

D,  customer demand forecast for period t,

D,- D),
B, : backorders of finished-product at the beginning of
period t, B, =0,

e, : customer demand forecast error (i.e. g :=

O, : projected order quantity for period ¢ given to the cus-

tom component supplier in the previous period,

7| A

O, * actual order quantity of custom component for period ¢,
I inventory level of custom component at the beginning
of period ¢,
I © inventory level of standard component at the begin-
ning of period ¢,
@’ * backorders of standard component at the beginning
of period ¢, @’=
With quantity adjustment flexibility, we find that the fol-
lowing inequality holds between customer backorders and
component supply performance metrics. The proof can be
found in <Appendix>.

Theorem 1 : If the assembler places a projected order from
the custom component supplier every period
using the expected component requirements in
the next period;

5t = Bt +B,~ I,
then

___1 T N
B < lim 7 35(e, ~u)"+ Q" @
where (z)* =

and

@ =1im— ZQt

T—oo

Theorem 1 gives an upper bound on the average customer
backorders B under quantity adjustment flexibility. The first
term of the upper bound in (2) includes the upward flexibility
parameter and demand forecast error. Note that Theorem 1
does not require any assumptions on demand process. When
demand forecast errors follow an identical distribution and
u, =u for all ¢, inequality (2) in Theorem 1 reduces to

B< Ug :=E[(el—u)+}+ Q° (3)

From the proof in <Appendix>, one can easily find that
the equality of (2) holds only when

(g—u)" =0 if @=0 and

(e,—u,)" =0 if @ >0.

Thus, the average amount of customer backorders is equal
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to the sum of the shortages of both type components if at
most one type of component is in shortage every period.

We conduct numerical experiments to see the effective-
ness of the upper bound Uy as w changes (I, is set to u
for all t). We assume the demand follows a moving average
process of lag 1; D,=X+g —0¢_,. The average demand
A is set to 20 and the i.i.d. forecast error is assumed to have
a normal distribution with zero mean and variance o2 . As
for the standard component supply, we assume that the suppli-
er replenishes the inventory using a revised base-stock policy.
The base-stock level is set to 15 and the maximum number
of components delivered in one period has a normal dis-
tribution with mean 25 and variance 35. We provide detailed
description of a revised base-stock policy in Section 4.1.

With the moving average demand process, large o2

£

and
¢ imply a high demand variance (Var[D,]=(1+6%)0?). In
<Table 1>, we obtain the average customer backorders B
with two demand variance levels through simulation. In both
cases the experiment results show that Uy is close to B
particularly when the backorder level is low. As expected,
increasing the quantity adjustment parameter u reduces the
average customer backorders. The assembler can offer a bet-
ter service (less backorders) to the customer when the suppli-
er provides higher flexibility (larger u). However, the suppli-
er flexibility has little marginal value when it is above a

certain threshold. In <Table 1>, for example, B remains al-

(Table 1> Backorder Levels with Quantity Adjustment

Flexibility

High Variance Low Variance™
u | Uy B |8 | U B |8, (%
0 3.77 3.41 16.09 1.36 133 6.63
1 331 2.99 1402 | 092 0.90 448
2 291 2.64 1227 | 060 0.59 2.92
3 2.57 235 10.81 0.39 038 1.87
5 207 1.93 8.68 0.17 0.17 0.08
7 1.75 1.67 739 0.11 0.11 0.53
10 | 152 1.48 6.48 0.09 0.09 0.46
15 | 142 141 6.12 0.09 0.09 0.46
20 | 141 1.41 6.09 0.09 0.09 0.46

Note) " 0% =35,6=05, " o2 =10, 6=0.2.

most the same for u > 15 with higher and v > 10 with lower
demand variance.

The result of Theorem 1 is also useful when the customer
service level is measured by other metricssuch as the unfill
rate which is defined as the fraction of unsatisfied demand,;

- T

8,:=| lim Y min{B,,,,D,}/ T |/E[D,].

T—oot=1

Since B,,, denotes customer demand not satisfied until
the beginning of period ¢, the unsatisfied demand out of D,
can be expressed as min{B,,,, D,}. Thus, 3, represents the
fraction of customer demand which is not met immediately
on average. From (3), it can be easily shown that U /E|[D,]
is an upper bound on §,. <Table 1> shows that the actval
unfill rate 3, obtained by simulation is well approximated
by Ugz/E[D,] when the variance of demand process is small.

4. Estimating the Value of Flexibility

We now describe how to estimate the value of custom
component supplier flexibility using two examples. In each
example, the assembler adopts a different method to improve
the standard component supply : keeping safety stocks or
procuring from secondary sources.

4.1 A Case with Safety Stocks of Standard
Components

In this case, the assembler keeps inventory to cope with
the interruption by standard component shortage. Safety
stocks for unusually high demand or low component supply
allow the assembler to maintain a desirable level of compo-
nent shortage.

In this subsection, we use a base-stock policy to control
standard component inventory. With this type of policy the
assembler first checks the current inventory level and cus-
tomer demand at the beginning of each period and then pla-
ces an order enough to bring the inventory level up to a
predetermined base-stock level. This type of inventory policy
is simple to implement and used widely in practice. Also
the base-stock policy has been studied in a number of re-
searches, and it is known to minimize the long-run average
inventory-backorder cost in certain situations.
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Average inventory level is one of the important perform-
ance characteristics of an inventory policy. Base-stock policy
adjusts the inventory level using base-stock level. Higher
base-stock levels increase average inventory level and in turn
lower average component shortage. It may incur high in-
ventory holding cost to maintain a low shortage level. If the
acceptable level of standard component shortage is relatively
high, the assembler can use a lower base-stock level and
it saves holding cost for standard component. As shown in
Section 3, high flexibility of custom component supplier
makes it acceptable to keep a relatively high level of standard
component shortage. Thus, when the assembler uses a
base-stock policy for standard component supply, the value
of custom component supplier flexibility can be estimated
through savings in holding cost.

Since holding cost is directly related to inventory level,
we first need the distribution of inventory level to compute
average holding cost. We consider a standard component in-
ventory system where the maximum number of component
the supplier can deliver in a period is limited. The initial
inventory level is equal to the base-stock level s and in each
period a new order is placed which is of the same size as
the customer demand. Unsatisfied order is backlogged and
delivered later. In this type of inventory systems, the gap
between the base-stock level and inventory level (s —Z’) rep-
resents the outstanding order, which is ordered but not deliv-
ered yet. When the maximum number of component the sup-
plier can deliver in a period is limited, the gap can be viewed
as work-in-process inventory in a discrete-time production-
inventory system. In heavy traffic the work-in-process in-
ventory has an exponential distribution with parameter v:=
2(u—A)/{o%+07%) when the supplier’s capacity is ii.d.
with mean g and variance o% and customer demand is also
i.i.d. with mean X and variance o%. Thus, the steady-state

work-in-process inventory W, :=s—1imZF can be esti-

t—> 00
mated by an exponential random variable.

Toktay and Wein [14] combine the heavy traffic result
with a corrected diffusion approximation by Glasserman and
Liu [5] to take advantage of both approaches. Specifically,
they suggest the following approximation of work-in-process
inventory distribution;

Pr{W, =0}=1—e"* and
Pr{W,, >z}=e"=" for >0 4)

7| A

where 3=0.5834/0%+0% is the correction term. Toktay
[13] shows that the modified distribution above is more accu-
rate than the heavy traffic approximation. Even though the
heavy traffic results regarding work-in-process have limi-
tation to apply to general manufacturing systems with low
traffic, we use the distribution function in (4) to illustrate
how the framework suggested in this paper can be used when
the standard component inventory is managed by base-stock
policy.

For the numerical experiments in this section, we assume
that customer demand is i.i.d.; D, = A+e, where X =20, and
& ~ N(0,25). Supplier’s capacity is assumed to follow a
normal distribution with p=22 (10% more than X) and
o%,=25. <Table 2> shows several combinations of custom
and standard component supply performance metrics, E|(e,
—u)*| and E, which make U, equal to 2; that is, to keep
the customer backorders within 10% of the average demand.
In <Table 2>, we first compute E[(a1 —u)*] for different lev-
el of flexibility. Then the allowable average shortage of

standard component 5 is calculated using the trade-off re-
sults in (3);

Q= Uy—E[(e;, —u)*]

This is a performance requirement of standard component
supply for each flexibility level. The requirement on the

standard component supply becomes more strict (less Q°)
when the custom component supplier provides less flexibility

(Table 2> Component Supply Performance (7, =2)

Approximation Simulation
u |E[(e;—u)*] E s r oA A% B
0 1.992 0.008 |87.80 | 54.16 - 78.97 - 2.00
1 1.532 0468 | 3694 | 18.04 66.68 |28.56 63.83 |1.91
2 1.149  0.851 |2947|13.05 922 |2147 898 |1.87
3 0.840 1.160 |25.59 1 10.58 4.57 | 1790 4.51 |1.87
5 0.414 1.586 | 21.68 | 8.19 440 | 1442 441 |1.90
7 0.181 1.819 | 19.97 ¢ 7.19 1.84 | 1294 187 (193
10 0.041 1.959 119.04 | 6.66 097 |12.15 1.00 |1.97
15 0.002 1.998 | 18.80 | 6.53 026 | 1195 026 |[1.98
20 0.000  2.000 {18.78 | 6.52 001 |1194 0.01 |198
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(smaller u) and vice versa. The increment of custom compo-
nent supplier flexibility can be considered to have as much
value as the cost savings from the relaxed performance re-
quirements on standard component procurement.

In the next step, we associate the different levels of Q°

with standard component supply cost. Using the approx-
imate distribution of work-in-process inventory in (4), we
compute the average component shortage and inventory level
as follows;

@’ =E[(Wm—s)+] =/°°(:c—s)ue_"(’”+ﬂ)dx

5

= 2 mvist8)

1
v

From the above equation, we get an expression for s in terms

of 55 ;
s=—log(vQ*)/v—p (5)

The base-stock level s for an average shortage @° can
be obtained from the above equation. As expected,
base-stock levels can be decreased as the desired level of
shortage gets lower. The computed base-stock level, for

instance, to make E = (.008 is about 87.80. This is the
estimated base-stock level of standard component to maintain
the average backorders as low as 10% of demand (Uz= 2)
when the custom component suppler does not provide any
flexibility. If the suppler provides flexibility level of u=1
(accepting 5% more order quantities than average demand),
then the constraint on standard component shortage can be

relaxed to Q° =0.468 and the assembler can lower the
base-stock level down to s =36.94 .

Lowered base-stock levels bring savings in holding cost
of standard component. Assume holding cost is linear to in-
ventory levels, we compute average inventory level 7° using
the approximate distribution in (4);

—— H
r =E[(s— Wm)+]= f (s—z)ve "E+ ¢y
o]
= (s - l(1 —e””s))e"’ﬂ
14
As expected, the assembler carries more inventory (large

F) when the base-stock level is high (large s). Using (5),
we can also see the impact of component shortage level on
the average inventory level;

r=@- %e_”'ﬁ<log(V5) +v8+1)

Since

A Llew Ll ©)
dQs 14 Qs
=1-e" <0 (N

the average inventory level decreases as the allowable back-
order level increases.

% a base flexibility if u®=

For a given Up, we call u
max{u:E[(g; —u)¥]= Uy, u > 0}. With base flexibility,
the upper bound on the average customer backorders can

be achieved only when there are no backorders of standard

component (&= 0). In the case there is no solution to E[(g —
u)*]= U, we use 0 as a base flexibility.

The base flexibility in this example is 0. Even if the cus-
tom component supplier is not flexible at all the assembler
has a way to control average backorders below the target
level. However, it imposes the assembler a high holding cost
of standard component (we refer to this holding cost as base
holding cost). In <Table 2>, we use 4, to denote marginal
holding cost savings in a fraction of base holding cost. Thus,

in this section, the marginal value of flexibility Av° is given
by

Av®= A, % base holding cost

In <Table 2>, when the custom component supplier pro-
vides flexibility as much as =1 the approximated inventory
level drops down to 18.04, a 66.68% reduction in average
inventory level (A, = (54.16-18.04)/54.16 ~ 66.68%). If hol-
ding cost is linear in inventory level, such flexibility of the
custom component supplier has the same value as 66.68%
of the base holding cost. When the flexibility is improved
further up to the level of u =2, the holding cost is reduced
by 9.22% (=~ (18.04-13.05)/54.16) more. As expected from
(6), the marginal cost saving diminishes as flexibility level
increases. For instance, compared with « =15, flexibility
level of u =20 saves only additional 0.01% of base holding
cost.

The estimation of supplier flexibility in this section is
based on the approximate inventory level proposed by
Toktay and Wein [14]. Admittedly, the computed inventory
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level may be different from the observed value from actual
operations. We conduct a simulation experiment to see how
much the difference is. Using SIMAN simulation language,
we imitate the operations of players in the supply chain, cus-
tomer demanding final product, assembler ordering custom
and standard components, and suppliers delivering the orders.
The last three columns in <Table 2> show the simulation
results. As expected, the average backorder level is no more
than the upper bound (B < 2). The average inventory level

(1:) is higher than the approximated one (7). For example,
with base flexibility (i.e. u =0), the approximation under-
estimates average inventory level by 24.81 (=78.97-54.16).
Apparently, this gap is significantly large and it might be
inappropriate to estimate the holding cost using the approx-
imate inventory level distribution. However, the percentage
of inventory level reduction does not show much difference
between the approximated (A4,) and observed (A~h) ones.
This phenomenon may be explained by (7). With an approx-
imate distribution of W, in (4), the derivative of average

inventory level with respect to @° depends on base-stock
level s. Regardless of the correction term, the change of

r according to 5 would remain close to the derivative
in (7) as long as W, is well approximated by an exponential
random variable with parameter ». The simulation experi-
ments show that the inventory level, i.e. holding cost, would
decrease by 63.83% when the custom component supplier
provides flexibility level of »=1. The saving is estimated
to be 66.68% and the estimation error is about 4% (=|A,—
A,l/Ay). In most instances in <Table 2>, the estimation er-
ror is less than 5%. Thus, our framework seems to estimate
effectively the value of flexibility in case the assembler uses
a revised base-stock policy.

4.2 A Case with Secondary Sources of Standard
Components

In the previous subsection, we illustrate how our frame-
work can be used to estimate the value of flexibility when
the assembler keeps inventory of standard component. The
same framework can be applied to other cases where the
standard component is procured by different methods.

While there is usually a single supplier for custom compo-
nent, there may exist multiple suppliers for standard compo-
nent. It is common that the assembler has secondary sources
such as spot markets for standard component. Since it is an

7] &

occasional transaction, procuring from other sources would
cost more than the price charged by the contracted supplier.
When the contracted supplier fails to fulfil orders, the assem-
bler may obtain the same or substitutable standard compo-
nent from the secondary sources. Thus, using the trade-offs
explained in the previous section, the value of flexibility can
be estimated through purchasing cost from the secondary
sources, which is saved by improved flexibility.

In this subsection, we assume that the standard component
is mainly supplied from a primary source. But the primary
supply channel is not 100% reliable (due to transportation
mode failure, for instance). We denote the reliability of the
primary supply channel by 0 < p < 1. Thus, there is a proba-
bility 1—~p of no component delivery that is independent
and identical in every period. We assume that the assembler
may wait until the next period when the primary supplier
fails to deliver an order, or it may cancel the order and pro-
cure the component from the secondary source. We use p’
to denote the probability that the assembler purchases stand-
ard component from the secondary source in such cases. If
the primary channel is unavailable in two periods in a row,
the assembler is assumed to place an order from the secon-
dary source in order to avoid a large backlog of customer
orders. We further assume that whenever it orders from the
primary or secondary source, the assembler orders as much
as the sum of current demand and backorders. If the supply
source 1is available whether it is primary or secondary, the
order of standard components is delivered immediately in
full.

<Table 3> shows numerical experiment results with a sec-
ondary source for standard component. For the numerical
experiments in this subsection, we assume that demand fol-
lows a moving average process;, D, =A+g —60¢,_; where
A=20, #=0.2, and e~ M0,25). The target level of aver-
age backorders is set to 5% of average demand (ie. Uy =1).

As in the previous subsection, we first compute E[(e, —
u)+] for different flexibility parameter u. The base flexi-
bility for the symmetric flexibility example in <Table 3> is
u’ =25 (i.e.E[(e1 —2.5)+]= Ug=1). For u<u’, E[(g —
u)+] is greater than the target backorder level even if there
is no standard component shortage. For this reason, we only

consider u > u” for the remaining of this subsection.

Once E[(e; —u)*|is computed, then the allowable aver-

age shortage of standard component @° is calculated using
the trade-off results in Theorem 1. In the next step, we asso-
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{Table 3> Component Supply Performance (U, =1)

m E[(El '~u)+] Z); p (%) (%) q f B
25 1.000  0.000 | 100.00 1000 2.000 0.93
3 0.853 0.147 | 9260 9.26 1.8671 021 092
4 0.604 039 | 79.80 802 16431 057 092
6 0.282 0.718 | 62.76 6.41 1353 1 1.04 093
10 0.042 0.958 | 49.69 5.21 L1371 138 097
14 0.003 0.997 | 47.53 5.01 1102 ] 144 099
20 0.000 1.006 | 46.37 5.00 1100 145 099

ciate the different levels of 5 with standard component sup-
ply cost. When the availability of the primary supply channel
is independent of the customer demand process, it can be
easily shown that average standard component shortage Q°
is equal to

—_ (=-p1-p")

= pr-p)e-p)

®)

If the primary supplier is always reliable (p=1), there

would be no standard component shortage (E,)_s= 0). If the
assembler always resorts on the secondary source immedi-
ately when the primary supplier fails (p" =1), the standard
component shortage still remains to be 0.

As expected, if the primary supply channel is always reli-
able (i.e. p=1), then there would be no standard component
shortage at all (i.e. —Q:: 0). Since 3&/8}‘3 <0 for 0<p<i,
the component shortage increases as the chance of primary
source failure increases. For p <1, (8) is equivalent to the
following equation

v =1-Q/(1-p)(A— @°))

which shows that p’ is a decreasing function of 5 Recall
that p" has the meaning of the frequency to rely on the secon-
dary sources when the primary source is not available. When

the allowable standard component shortage ( —é;) is small the
assembler should procure from the secondary source more
often, and it would cost the assembler more.

In a similar way as for (8), one can derive expressions
for the frequency (f') and average quantity (¢') of standard
component procurements from the secondary source;

f=1-p—Q°/» and 9)

Ed
[=}
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¢ =(1-pA-pQ’

Note that ¢ is averaged over all periods including those
periods when the assembler does not order from the secon-
dary sources. If the primary supplier never fails to deliver

{(p=1), then no standard component shortage occurs (Z);:O)
and both f* and ¢ would be 0. When p<1, # and ¢ are

decreasing functions of @°. This implies that the frequency
and quantity of secondary source procurements reduce when
more standard component shortage is allowed. Also (9)

shows that f and ¢ is linear in 5;
<Table 3> lists p’, f and ¢ for p=0.9. With the base
flexibility (u =2.5), in order to prevent standard component

shortage (5= 0} the assembler shonld order from the secon-
dary supplier whenever the primary supply channel fails (p’
=100%). The frequent reliance on the secondary supply
channel (f = 10%) increases the average quantity of stand-
ard component from the secondary source {¢ =2.0). The
procurement from the secondary source, which usually incurs
additional costs such as higher unit price, can be reduced
if the custom component supplier is more flexible. <Table
3> shows how much ¢ can be decreased by contracting a
custom component supplier who provides higher flexibility.

When the flexibility parameter u is increased to 4, the
amount of standard component from the refatively high-cost
supply source can be reduced by 0.133 (= 2.0-1.867) per
period. Besides, the order frequency from the secondary
source is diminished by 0.74% (= 10.0%-9.26%). Additional
increment of flexibility to « =6 brings up a more reduction
in ¢ (0.224 = 1.867-1.643). However, improving flexibility
above a certain level does not have a significant effect any
more. For instance, improvement of flexibility from u =14
to 20 reduces ¢ only by 0.002 (= 1.102-1.100).

To measure the cost increment due to relying on the secon-
dary source, we denote the ordering cost and additional unit
price of the secondary supply channel by A and w, res-
pectively. The average additional cost per period equals

Kf +wg =(1—p)(K+w\) — (KA +p) @ (10)

Since f and ¢ have a linear relationship with the component
shortage °, so does the secondary source procurement cost

in (16), With +° >0, 5; becomes zero by the definition
of base flexibilities and the procurement cost of (10) gets
equal to (1—p)(K+wA). For a flexibility higher than the
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base level (ie. for u > u°), standard component shortage can
grow and the assembler still can deliver the target customer
service level. The standard component procurement cost can
be reduced by

(1=p)(&+wA) = [(1 = p) (K+wd) — (K/A+p) Q']
=(K/ A +p)Q° (11)

The cost savings are attributed to the improved flexibility
of the custom component supplier. The assembler may be
willing to pay the custom component supplier an extra amount
as long as it is no more than the cost reduction in (11).
Thus, the value of flexibility defined earlier as additional
unit price the assembler is willing to pay for flexibility im-
provement can be estimated by

e — (K/AJ;p)QS (12)

<Table 3> lists the estimated flexibility values »° when
it costs $400 to place an order (i.e. A'=400) and additional
$10 per unit (i.e. w=10) to buy standard component from
the secondary source. To the custom component supplier
who is offering u =3 flexibility level (0.5 more than the
base level), for instance, the assembler may be willing to
pay $0.21 more than the unit price set for the base flexibility.
The improved flexibility saves the assembler almost the same
amount of cost by making more standard component shortage
acceptable. As observed in the previous subsection, supplier
flexibility has higher marginal values in the low range. In
<Table 3>, flexibility improvement from u=10 to 14 level
induces a less increment of + than the initial improvement
from the base flexibility to u =4 flexibility level).

5. Concluding Remarks

In this paper, we identify the trade-offs between custom
and standard component supply channels in assemble-to-or-
der systems. Using the trade-offs, we have suggested a frame-
work to estimate of the value of custom component supplier
flexibility. We illustrate that our framework can be applied
to estimate effectively the value of flexibility. Our analysis
provides the assembler with a robust way to create price
guidelines for negotiating flexibility with the custom compo-
nent supplier.

7| A1

Note that the framework suggested in this paper has no
assumption on how the assembler procures the standard
component. As long as the assembler can assess how much
it costs to keep the average standard component backorders
under a certain level, the assembler can estimate the value
of the custom component supplier flexibility by following
a procedure illustrated in this paper.

We consider quantity adjustment flexibility which are rep-
resented by upward and downward adjustment parameters.
In Section 3, we find that the downward flexibility has little
influence on backorders since we get an upper bound on
the average backorders of customer demand without using
the downward adjustment parameter. Thus, the value of flexi-
bility estimated by the framework in this paper is not so
much the value of downward flexibility as the value of up-
ward flexibility. While they do not affect customer service
level considerably, downward adjustment parameters may
have influence on the assembly system in different ways.
In our model, the parameters {I,} relates to the committed
but not claimed orders and may be associated with a certain
operation cost of the assembler. This opens up a possibility
for new approaches to evaluate the supplier flexibility. It may
involve an optimizing problem of minimizing costs as in
Tsay and Lovejoy [16]. In addition, many researchers have
studied optimal order policies with demand forecast updates
(Lovejoy [8], Sethi and Sorger [11], Sethi et al. [12], and
Huang et al. [6]). They studied what are the optimal order
quantities and when is the optimal time to commit them.
Regarding supplier flexibility, another future research area
is to determine projected orders that the assembler takes ad-
vantage of available information about future demand.

We develop the framework of evaluating custom compo-
nent supplier’s flexibility for an assembly system producing
a final assembly from one custom and one standard
component. When the final assembly is composed of more
than one standard component, our framework still can be
applied with a proper modification of the definition Q7.
However, in the later part of the framework, one needs to
assess the effect of increased allowance in standard compo-
nent supply due to the improved custom component suppli-
er’s flexibility, and incorporating multiple standard compo-
nents make this assessment much complicated. More re-
search work is required to extend the application of the frame-
work suggested in this paper to multi-component assembly
systems.
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<Appendix> Proof of Theorem 1

We first prove that the following equation holds

R)—D,=B,—(g—u,)" (12)
for all ¢, where R’ denotes the number of standard compo-
nents required in period ¢.

The number of standard component required is computed
at the beginning of each period based on customer demand
including any backorders and the number of available custom
component

R’=min{D,+B, [+ 0}. (13)
With the assumption that the assembler orders as much as
it needs in each period, the order quantity of custom compo-
nent in period ¢ has the following expression.

O,Zmax{min{Dt-i—Bt—lt"f 5t+ut},(5t—lt)+}. (14)

The equation (14) for the actual order amount of custom
component involves the projected order information given
to the supplier one period ahead. According to the assump-
tion on the assembler’s ordering policy, the projected order
quantity is as much as what the assembler expects to need
in the next period, i.. 5,=5,+Bt—46. Note that, when
it gives O, to the supplier in period ¢—1, the assembler has
the necessary information B, and I because the projected
order is provided after all the procurement activities in period
t—1. After replacing Et with D, —¢,, we get an expression

for O, as follows. From the flexibility constraint (1),

_ D+B,—I'—(g—u,)" ife, 20
T \D+B I+ (g+1,)” ifg <O.

Thus, (13) reduces to
RS=D,+B,—(g—u)"

and (12) holds always.

7} A1

The next step of the proof is to show the following in-
equality;

T T
tEl(Rf—Dt) <) (15)
= t=1
If (15) holds, then with (12) it finishes the proof of (2).
Since the assembly quantity 7, is equal to min{Rts, Iﬁ},

the expression for backorders reduces to

M~

Bry = (Dt_Pt)

t

1

M

(D, - R+ (R —F)") 20,

t

i

and we have

T

Y t-0) < K-

t=1

(16)

The inventory level is updated according to the following

equation;

t t—1
=D~ Q~ 2P (17)
k=1 k=1

The amount of replenishment up to period ¢ is equal to
t

3D, — @’ because each period the assembler places a new
k=1

order of standard component as much as customer demand.

The amount of retrieval from the inventory equals the total
t—1 t—1

production of finished-products, Y, P,. Since B, = M-
k=1 k=1

BP,), the equation (17) reduces to

F=D+B~-@Q. (18)

From (16) and (18), we get (11);
T
(

T
E(Rts_pt) = E Rts_Dt_Bt'*'Qts)Jr =
t=1

t=
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