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Abstract

This paper explores some economic and strategic aspects of the flexibility of man-

ufacturing processes. Two related problems are formulated: the marketing choice

of the breadth of the product line, and the manufacturing choice of the flexibility

of the production process. Their analysis leads to the joint problem of market-

ing/manufacturing coordination. Operating costs provide the key linkage between

the two functional decisions: changeover costs and inventory costs critically depend

on both product variety and process flexibility. One of the key results is that—due to

non-convexities—the decentralized solution of the above two problems typically yields

a globally suboptimal solution. The analysis sheds light on recent developments in

manufacturing such as flexible manufacturing systems and just-in-time production.



1 Introduction

A firm with a flexible production process is able to offer a broad product line, thereby

generating significant marketing and competitive advantages. This is how Honda

responded to Yamaha's aggressive expansion in the motorcycle industry in the -late

1970's. The superior flexibility of its production process allowed Honda to offer a

larger variety of models and introduce new models at a faster pace. As a result,

Honda was able to secure its position as the industry leader (see Abegglen and Stalk

(1985), pp. 46-52). This corresponds to the first problem analyzed in this paper,

namely, the optimal choice of product variety as a function of the flexibility of the

production process.

The relation between process flexibility and product variety works both ways: an

increase in the breadth of the product line also induces a firm to invest in process

flexibility. For example, Abegglen and Stalk (1985, p. 94) report that the primary

goal of Ohno and his associates, who were working at reducing changeover times

at Toyota in the 1950's, was to be able to increase the variety of models without

increasing the production costs too much. Their efforts lead to the development of

the first just-in-time production system. The second problem analyzed in this paper

is the problem of optimal investment in process flexibility as a function of the variety

of the product line.

In many situations, however, it is not possible to tell which of process flexibility

or product variety comes first? For example, Porter (1950, p. 45) tells how, in the

1920's, Ford lost a considerable part of its market to GM. Ford was producing highly

standardized, low cost vehicles (the famous model T) on a very efficient but inflexible

process. By introducing a line of more expensive but more customized vehicles. GM

was able to capture a large part of the market. The marketing of a broader product

line was made possible by the design of a more flexible production system based

on multiple, specialized plants. The third problem considered in this paper is the

coordination and joint optimization of product variety and process flexibility choices.

The formal model is introduced in Section 2. Three types of decisions are in-

volved: (1) The marketing department selects the optimal design of the product line:
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the number of products, their prices and characteristics. (2) In the long-run, the

manufacturing department selects the design of the production process, based on the

tradeoff between investment and changeover costs. (3) In the short-run, the man-

ufacturing department optimizes the production lot-sizes for the different products.

This last problem is well understood (e.g., Hadley and Whitin, 1963). Its solution,

which is reviewed in Section 2, leads to the characterization of the operating costs as

a function of both the variety of the product line and the flexibility of the production

process.

The problem faced by the marketing department is analyzed in Section 3: Select

the optimal variety of the product line, taking into account the cost of production for

different designs of the product line. The market side of the model explicitly considers

the heterogeneity of consumers' preferences; a consumer's willingness to pay decreases

with the distance between the characteristics of the product that is offered to him and

his own favorite set of characteristics (ideal point). This problem illustrates one of

the typical conflicts between marketing and manufacturing as reported. for example,

by Shapiro (1977): From a manufacturing point of view, it is desirable to restrict the

variety of the product line; the cost of setting up the machines for the different prod-

ucts can be spread over large production lots, without requiring excessive inventory

costs. On the other hand, from a marketing point of view, it is desirable to offer a

broader product line; customers' preferences are heterogeneous. and each customer

is willing to pay a premium for a product that fits his own individual tastes better.

As noted by Montgomery and Hausman (1986), this conflict can be alleviated by the

choice of a more flexible technology, which makes it possible to increase the variety of

the product line at a small increase in production costs, thereby leading to the choice

of a broader product line.

Section 4 next examines the long-run problem faced by the manufacturing de-

partment: Given the product line (selected by the marketing department), select the

most efficient technology. Technologies are characterized by their investment costs,

setup costs, and unit costs. In the context of this model, a broader product line

leads to the choice of a more flexible technology. The intuition is clear: A broader

product line leads to more frequent changeovers and adjustments of the machines:

this justifies the choice of a technology with smaller setup costs—at the expense of a
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larger initial investment. For example, in the context of the fabrication of mechanical

parts, this might correspond to the choice between conventional machine tools (small

initial investment, and high setup costs), and a modern flexible manufacturing system

(large initial investment, and small setup costs). The implementation of a just-in-

time production system provides another example. In that case, the development and

organizational effort leading to the reduction of changeover times can be thought of

as playing the role of the initial investment.

Finally, Section 5 discusses the coordination of strategies between the marketing

and the manufacturing departments. Suppose that, as in Section 3, marketing chooses

the optimal product line for the technology selected by manufacturing; and suppose

that, as in Section 4, the technology selected by manufacturing is precisely the one

that minimizes total costs for the product line selected by marketing. That is, both

departments are coordinating their decisions in the sense that each is doing what is

best given what the other is doing. Yet, in the context of the model presented below,

different combinations of technologies and product lines may satisfy that property;

department by department optimization and coordination are not enough to ensure

that the firm is maximizing its profit. This points to a conceptual problem in the

design of investment criteria for flexible technologies, and more generally, in the de-

centralization of decisions within an organization. Section 5 next examines conditions

which guarantee that the decentralization of decisions leads to the optimal combina-

tion of technology and product line. The section closes with a discussion of the

relevant literature on the marketing/manufacturing interface. Sections 6 concludes

with a summary of the broad managerial implications of the analysis in the light of

recent trends in manufacturing. Directions for future research are suggested.

3



2 Model and notation

This section introduces the basic notation and modeling assumptions and discusses

the scope of the model and its relation to the economic, marketing and operations

literature. The solution to the tactical manufacturing problem of lot-sizing is next re-

viewed. The ensuing expression of operating costs is one of the critical elements in the

choice of product variety and process flexibility analyzed in Sections 3 and 4 respec-

tively. It also is the key linkage driving the analysis of the marketing/manufacturing

coordination problem in Section 5. The model, while arguably stylized, captures some

essential features of the joint marketing/manufacturing problem that are entirely ig-

nored by more detailed, operational models of either product positioning or process

design. As discussed in Sections 5 and 6, the key point in this paper is that it is

essential to look at both dimensions jointly.

2.1 Marketing

The firm enjoys monopoly power over a market of customers whose idiosyncratic

tastes are uniformly distributed over a closed interval of the real line, [0, a]. Different

products are characterized by different points in that same interval. The thickness

of the market is denoted by b (i.e., the potential demand rate associated with some

interval in the space of consumers' tastes is equal to the length of that interval times

b). The total potential demand rate in the market is then given by in = ab. The

firm chooses the number of products, n, their characteristics, x„ and prices. p,. i =

1,	 , n. Based on the firm's choice of product line, consumer a E [0,a] chooses the

product that minimizes p,	 — x,I, provided that the minimum is smaller than

her reservation price,	 Otherwise, she does not patronize the firm. The aggregation

of consumer choices yields the demand rates, n2 2 , i = 1, , n. The parameter d can

be interpreted as the intensity of the consumers' preference for their favorite product

characteristics. A larger value of d corresponds to a faster decrease of the consumers

willingness to pay as a function of the distance between their favorite product and the

characteristics of the product offered to them. The parameters 15 and d are assumed

to be equal for all the consumers.



The above model is consistent with a long tradition of modeling in the economic

and marketing literature, as reviewed by Archibald et al. (1986) and Lancaster (1990).

The analogy between the model and Hotelling's (1929) model of the location of com-

peting sellers on a one dimensional market is immediate. In Hotelling's model, con-

sumers compare the delivered prices of the different products, p,+ dia- x, I, where p, is

the mill price, and dla — x i l is the cost of transportation from the store (located at x,)

to the consumer's residence (located at a). As observed by Lancaster (1990), a line

spectrum can represent not only a product line with differences in one attribute (e.g.,

color), but also a product line with different combinations of two related attributes

(e.g., speed and fuel economy).

Another type of market segmentation is associated with differences in the quality

of the products that are offered. For example, if every consumer prefers a more

durable and reliable product, not everybody is willing to pay the same premium for

the higher quality. A monopolist can increase his profit by offering a broad line of

products, with different grades of quality at different prices; see Gabszewicz et al.

(1986). On the manufacturing side, the main difference between this type of market

segmentation and the one considered in this paper is that, in the latter case, the cost

of production can be assumed to be the same for all products (e.g., cars of different

colors) while in the former case, the production of better features costs typically more

(e.g., cars of increasing sizes).

Recent modeling approaches to the analysis of product positioning are reviewed by

Green and Krieger (1989). These models are typically more detailed and operational

than the above, stylized model, thereby allowing for a more precise quantification

of the characteristics of different market segments. The strength of the modelling

approach presented in this paper, however, is that it explicitly accounts for the cost

implications of product variety while typical product positioning models look at rev-

enues and market shares only. One exception is the model of Dobson and Kalish

(1988) which incorporates the same decision categories as this model (product po-

sition and price) in a mixed integer programming formulation where a fixed cost is

associated with each product. Their model, however, does not account for the choice

of the flexibility of the process which is an essential feature of the manufacturing

model presented below.
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2.2 Manufacturing

The production process is modeled as the multiproduct EOQ problem (Hadley and

Whitin, 1963). It is characterized by the following cost parameters: the changeover

cost, K, the unit cost of production, c, the unit inventory holding cost. (per unit

of time), h, and the overhead cost (per unit of time), r. The cost parameters are

assumed to be identical for the n products. For example, this might correspond to

the production of a line of cars that are completely identical except for their color.

The different colors cost the same, but the paint gun has to be purged each time one

shifts from the production of one color to another (a substantial cost in practice).

Thus, even though the different products exhibit identical cost parameters, operating

costs critically depend on the breadth of the product line through the associated

frequency of changeovers.

With the above notation, the multiproduct EOQ model can be described as fol-

lows: For each product, i = 1, , n, find the production lot–size, Q„ that minimizes

the average cost of production per week, Km i lQi + hQ;12+ cm,. The formula shows

the tradeoff between setup costs and inventory holding costs: An increase in the lot

size, Qi , leads not only to a decrease in the contribution of the product to setup costs,

Km;/Q;, but also to an increase in the inventory holding cost, hQ,I2. The minimiza-

tion over Q i leads to the classical EOQ formula, Q: = V2Km i lh. The substitution

of Q: in the above cost expression yields the contribution of that product to weekly

production costs, V2Khmi cm;. Taking the sum over the n products, we get the

total production cost per week,

C = E[32Khm i cm ij+ r.	 (2.1)
1=1

This expression depends on both the manufacturing and the marketing strategy

through K and	 i = 1,... ,n respectively.

Further insight into the effect of variety and flexibility on operating costs can be

gained by specializing the above expression to the case where m i = = 1, , 77.

In that case, we get

C(n, K) = V2Khrnn + cm + r.	 (2.2)
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Thus, keeping the aggregate rate of demand m constant, operating costs increase with

the number of products n. This increase is less than proportional, and it is smaller for

a more flexible technology (lower value of K). The increase of operating cost induced

by an increase in the breadth of the product line, while very intuitive, is contrary to

the empirical results of Kekre and Srinivasan (1990); the consistency of this model

with their conclusions is discussed in Section 4.

A comment on the relation between the above cost structure and the concept

of economies of scope should be added here. It is well known that, due to the

concavity of the square-root formula, cost structures induced by lot-sizing problems

exhibit economies of scale in individual products. The related concept of economies

of scope is introduced by Baumol et al (1982, p.71) as a property of multiproduct cost

structures. It should first be noted that the cost structure given by (2.1), because

it is additive, does not exhibit economies (or diseconomies) of scope in operating

costs. The total cost of production, however, can exhibit economies of scope. Indeed,

the production of multiple products on the same machine allows the firm to take

advantage of economies of scale in machine investment. Thus, economies of scale in

the acquisition of the machine and operating flexibility yield economies of scope in

the total cost of production.

A more operational version of the above manufacturing model, known as the

multiproduct capacitated lot-sizing problem, explicitly considers the effect of the

limited production rate of the machine, the time it takes to perform a setup, and

the limited availability of the machine due to maintenance and repairs; the product

line exhibits relative differences in the demand and cost parameters of the various

products (see Hadley and Whitin, 1963). The corresponding problem of investment

in setup reduction is analyzed by Spence and Porteus (1987). Operational measures

of process flexibility and product variety for this more general model are derived in

de Groote (1990). Karmarkar and Rummel (1990) discuss how the simple lot-sizing

model presented above can be a good approximation to more complex, operational

models when the setup cost and the holding cost are calculated appropriately (in

particular, see Table 2 in Karmarkar and Rummel).
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3 The marketing problem

The solution to the marketing side of the problem is derived in this section. Given

a technology (c, h, K), the problem of the marketing department consists of choosing

the number of different products, n, their characteristics, x i , and their prices, p„ i =

1, ..., n. Given the prices and characteristics of the different products, the customers

decisions determine the quantity of each product that should be produced and sold.

Assume that the products that are dominated by others have been eliminated (i.e.,

products such that pi + dia - x i I is larger than some pj + dla - x, I, for all a in [0, m]).

Also assume that the products are numbered such that x i < x 2 < • • • < x„. The set

of customers who patronize product i is given by {a E [0, a] : i = arg mind [p, + din 

—x;1]}. This set is obviously an interval (see figure 1). It will be referred to as the

market segment served by product i. Let [y i , z1 ] denote that interval. The interval is

constructed as follows: Let a be the solution to p, + d(a - x,) = p,+1 + d(x 1+1 - a).

There are two cases: (1) If p, + d(a - x i ) < 13, then z, = yt+i = a. (2) If the reverse

inequality holds, then z, is the solution to pi + d(zi - x i ) = 13, and y, +1 is the solution

to p,+1 + d(x i+i - zi+i ) = II The volume of demand associated with segment i is then

given by ini = b(z, - (For the first and the last product, the procedure has to be

adapted to take the boundary of the market into account.)

Figure 1 about here

The problem of the optimal design of the product line is complex: the firm has to

select the optimal number of products, n, their characteristics, x,, and their price, p,.

Proposition 1 establishes that under the above structural assumptions. the optimal

product line has a simple structure: The market should be partitioned in segments

of equal lengths, the characteristics of the products should correspond to the taste of

the customers located in the middle of the segments, and the firm should set prices so

as to make the customers located at the extreme of the segments indifferent between

buying and not buying. The proof is given in appendix A. Given the uniformity of

the distribution of customers' tastes, Proposition 1 is hardly surprising. However, the

concavity of the cost function makes the proof nontrivial.
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PROPOSITION 1: (the structure of the optimal product line)

At any optimal solution, the segments of the market that are served should be of
equal lengths. The characteristics of the products should correspond to the favorite
characteristics of the customer located in the middle of the market segment. The
profit associated with a segment of size in the space of consumers' characteristics
[0, a] is then given by

r(p)	 -)bi.t — V2K hbp — cbp.	 (3.1)

PROOF: See appendix A. I

By proposition 1, the problem of the optimal design of the product line consists of

finding the optimal number of products, n, and the size, e, of the portion of the market

that should not be served. The optimal product line then consists of n products, each

produced in quantity m, b(a — e)/n per week. Thus, the problem can be formulated

as

(3.2)

where r is given by (3.1). The optimal number of products is derived in the next

proposition.' It is shown that it is always optimal either to serve the whole market

(i.e., e 0 at the optimal solution), or to stay out of the market. It is never optimal

for a monopolist to serve part of the market only. This extreme solution is due to the

concavity of operating costs generated by the lot-sizing decision.

PROPOSITION 2: (optimal number of products)

Let
a ,	 b\31  d2 

2K h'
and let

K h d b2ab(p — c) — 3a 	 	 r.	 (3.4)
4

If T > 0, then the firm should serve the whole market and the optimal number of
product is given by n. Otherwise, the firm should stay out of the market.

max nr (	 ),
n>0,e>0

(3.3)
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PROOF: See appendix B. I

The condition it > 0 guarantees that the firm makes, a positive profit at the optimal

solution. The expression of ir yields a natural economic interpretation. For ir to be

positive, it is first necessary that the consumers' reservation price, be large enough

compared to the direct cost, c. The second term combines the increase in operating

cost and the decrease in revenue that are induced by the heterogeneity of the market.

On the manufacturing side, this term is larger when the setup and inventory cost, K

and h, are larger. On the marketing side, the term is larger when the particularity

of consumers' tastes, measured by d, is larger, and when the thickness of the market,

denoted by b, is smaller. Finally, the resulting operating costs and revenues given by

the first two terms must be large enough to cover the fixed cost, r.

The economic intuition behind equation (3.3) is also straightforward. On the

manufacturing side, a decrease in the setup cost K, and a decrease in the inventory

holding cost h, make it possible to sustain smaller production lots—and hence, a

broader product line—without affecting production costs too much. When consumers

become more particular about their tastes—i.e., when d increases—it is also optimal

to increase the variety of the product line. The size of the market can increase in

two distinct ways: An increase in a corresponds to the addition of consumers with

new tastes. This leads to a linear increase in the number of market segments, n, but

the size of each individual market segment, min, remains unchanged; the increase

in profit is proportional to the increase in the size of the market. The addition of

consumers with the same distribution of tastes as the old consumers corresponds to

an increase in the thickness of the market, b. This leads to a less than proportional

increase in n; hence, the volume of the demand within each market segment, min.

increases. In this case, due to further economies of scale in production, the increase

in profit is more than proportional.
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4 The manufacturing problem

We next consider the problem of the optimal choice of a technology. Based on the

results of Propositions 1 and 2, the analysis is restricted to product lines for which

m, = i = 1, ,n. Let /C be the set of available technologies, identified by their

setup cost K. An investment cost r(K) is associated with a technology of setup cost

K E /C. The objective is the average cost per unit of time. Thus, r(K) should be

interpreted as the weekly opportunity cost of the capital investment; i.e., the total

investment times the rate of interest per week. (The approximation of the discounted

EOQ model by an average cost per unit of time is formally discussed in Porteus.

1985b.)

The technology choice problem can be formulated as

min {r(K) + 32Khmn + cm}.	 (4.1)
KEK.

The formulation emphasizes-the effect of setup costs: it has been implicitly assumed

that the variable cost of production, c, and the inventory holding cost, h, are the

same for all technologies. It is worth noting, however, that the assumption that the

direct cost c is the same for all technologies is without loss of generality: since m = ab

is a constant, c(K)m can be incorporated in the constant r(K). Likewise. differences

in the value of h for different technologies can be combined with K under the square

root. Porteus (1985a) analyses this problem in the case of one product (n = 1). In

his model, K. is a closed interval and r(K) is either logarithmic or exponential; the

analysis emphasizes the effect of a change in the volume of production. in, on the

optimal setup cost, K. All the results readily apply to the effect of a. change in the

number of products: from (4.1), it is immediate that the effect of a change in the

variety of the product line, n, is functionally equivalent to the effect of a change in

the volume of production, m.

The remainder of this section concentrates on the comparison of two technologies;

i.e., 1C = {K 1 , K2}, > K2. Let r1 = r(Ki ), and r2 = r(K2 ). Clearly, unless

r 1 < r2 , the second technology dominates the first for any product line. When

r1 < r2 , the problem consists of comparing r1 + V2Ki limn with r 2 + V2A2hmn.

The next proposition gives the "breakeven" variety, n- for which the more flexible
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technology is preferred. It is an application of a general approach to process design

discussed in de Groote and Porteus (1991).

PROPOSITION 3: (comparison of two technologies)

2hm(IRT — 0(2)2.
The first technology is optimal when n < n . , and the second is optimal when n > n".

PROOF: The comparative advantage of the first technology,

f(n )= ( 7'2 — 1'1) — /77(V2K1 hm - V2K2hm),

is a strictly decreasing function of n. It attains zero at n

The two cost functions and the critical value, n*, have been graphed on figure 2.
The technology with the smaller investment cost, r 1 , and the larger setup cost. K1,
is optimal for small values of n. When the number of products reaches n", the
second technology becomes optimal. An increase in the total volume of production,
rn, decreases the value of n*. Two effects play a role in the choice between the't•o

technologies: the effect of the scale, rn, and the effect of the variety, 72. An increase

in either rn or n increases the comparative advantage of a technology with a smaller
setup cost. Thus, with a larger value of m, it takes a smaller number of products, n*,

to justify the adoption of the second technology.

Figure 2 about here'

The following example illustrates that when the optimal choice of technology is

taken into account, a firm with a broader product line could exhibit lower operating
costs. This observation is consistent with the empirical results of Kekre and Srinivasan

(1990): their analysis does not confirm the widely held belief that operating costs
increase with product variety. As illustrated by this example, this intuition is correct

for a fixed technology but need not hold if one compares a cross-section of firms

operating with different technologies. (An alternate explanation of this empirical

anomaly is provided by Zipkin, 1990.)

Take two technologies (K 1 ,7-1 ), (K2, r2), with K1 > K2 , and r 1 < r2.

(r2 — ri)2n* =

Let

(4.2)
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EXAMPLE 1: (increased variety with decreased operating costs)

Consider the choice between the following two technologies: Technology 1: r = 8000

($ per month), K = 30 ($ per setup), c = 0.1 ($ per unit). Technology 2: r = 10000,

K = 1, c = 0.1. The product line is characterized by an aggregate sale rate_ of

m = 3600 (units per month), and a holding cost of h = 1 ($ per unit per month).

The following table gives the monthly operating cost (i.e., total cost excluding r)

for the two technologies for different levels of product variety. As expected, for each

technology, the operating cost increases with increases in product variety. However,

VARIETY n TECHNO 1 TECHNO 2

10 1830 628

20 2438 739

30 2906 825

40 3299 897

Table 1: Comparison of operating costs for two technologies

if one compares the operating costs for two different firms that have optimized their

technology choice for their respective product variety, one can find cases where the

firm with a wider product line exhibits significantly smaller operating costs. Indeed,

the critical variety of the product line at which the second technology becomes opti-

mal, as given by (4.2), is n* = 28. Thus, for the same aggregate output, m = 3600, a

firm with a product variety of n = 10 would have monthly operating costs of S 1830.

while a firm with a product variety of n = 40 would exhibit monthly operating costs

of $ 897 only.
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5 Marketing/manufacturing coordination

This section discusses how the optimal design of the product line (Section 3) and the

optimal design of the production process (Section 4) can be combined to lead to a

globally optimal strategy. The analysis stresses the potential coordination problem

inherent to any decentralized decision process. The section closes with a discussion

of related work on joint marketing/manufacturing decisions.

5.1 Analysis

With the expression of revenue given by (3.1) and the expression of costs given by

(4.1), the aggregate problem can be written as max K, f(K, n), where

f (K, n) = (p — —
da 

)m — r(K) — V2K hmn — cm.	 (5.1)
2n

Let n(K) = arg maxn > i f (K, n) and k(n) = arg max kEk f (K, n) denote the optimal

choice of product variety and process flexibility as analyzed in Section 3 and 4. At

any globally optimal solution, (K*,n*), we must have

K* = (n*) and n* = (5.2)

The key point in this paper is that the above condition, while necessary, is not suffi-

cient to ensure that the firm globally maximizes its profit. As the following example

illustrates, there can be several pairs (K,n) that satisfy (5.2). Typically, only one

of these pairs corresponds to a global maximum. However, as long as the marketing

and manufacturing decisions are decentralized, there is no reason to believe that the

firm should achieve a solution satisfying a condition stronger than (5.2). The problem

can be viewed as a game of coordination between marketing and manufacturing, in

which case (5.2) corresponds to the definition of a Nash equilibrium for that game.

The condition also corresponds to what Marschak and Radner (1972) call a person

by person satisfactory decision.

EXAMPLE 2: (department by department optimization is not sufficient)

Let a = 1000, b = 1 (m = ab	 1000), c = 0, d = 1, h = 0.5, and p = 10. There

are two technologies, r 1 = 800, K1 = 100, and r 2 = 4000, K2 = 10. The critical
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value, n*, at which the second technology becomes efficient, as given by equation

(4.2), is n" = 219. The optimal number of products, 'n(K), is given by equation

(3.3): ri(Ki ) 215 and ii(K 2 ) = 464. The optimal technology choice, K(n), and the

optimal design of the product line, it(K) have been plotted on figure 3: There are two

points satisfying condition (5.2), each point corresponding to one of the technologies.

The corresponding profits are 2238 for technology 1, and 2768 for technology 2. Thus

a shift from point 1 to point 2 yields a 24% increase in profit.

Figure 3 about here

If condition (5.2) is not strong enough to guarantee global optimality, one must

solve for K and n jointly. The joint optimization problem can be decomposed as

maxK (max,, f (K, n)) = maxi; g(K), where g(K) = f(K,h(K)). The substitution of

n, as given by (3.3), in problem (5.1) leads to

g(K) = m(p — c)—
K hdb2 

r(K).
4

The maximization of g with respect to K yields a global optimum. Note that g is

not necessarily concave; the second term, -NYT, is convex. The optimal choice of

K for the case of two technologies is characterized in the following proposition. The

difference between Propositions 3 and 4 is that in the former the choice of n is fixed,

while in the latter n is optimized as a function of K, leading to a global optimum.

PROPOSITION 4: (global comparison of two technologies)

Take two technologies (K 1 , r 1 ), (K2 , r2 ), with K i > K2, and r 1 < r 2 . The first

technology is globally optimal if the following condition holds

3a Ahdb2 r2 — ri
V 4

< 	
— 0?2•

Otherwise, the second technology is optimal.

PROOF: A straightforward manipulation of the condition g(Ki )> g(K2 ).	 I

The interpretation of the proposition in light of the results of Proposition 2 shows the

global effect of the various parameters on the choice of n. A larger value of a. b or
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d makes it optimal to select both a more flexible technology and a broader product

line. When two technologies are compared, the more flexible is more likely to be

preferred when it yields a larger improvement in setup cost for a smaller increase in

investment. This, in turn, yields the simultaneous choice of a broader product line.

Interestingly, the global effect of the inventory holding cost, h, on the optimal breadth

of the product line is ambiguous. On the one hand, a larger value of h makes it more

likely that a more flexible technology be selected (Proposition 4). On the other hand,

a larger value of h induces the choice of a smaller variety of products (Proposition 2).

The analysis closes by identifying a sufficient condition for the global optimality

of a decentralized solution; i.e, a solution to (5.2). (The conditions also insure that

the global optimum can be reached by cyclic coordinate descent, as discussed below.)

The analysis focuses on the case where the set of technologies K. is given by an interval

and the function r(K) is differentiable. The model of Porteus (1985a) provides an

example of this situation if, as discussed in Section 4, n is substituted for M.

PROPOSITION 5: (sufficiency of decentralization)

If f(x) r(x3 ) is a convex function of x, then department by department optimiza-

tion, as given by (5.2), is sufficient for profit maximization.

PROOF: By the change of variable, x	 we can define

9( x ) -= 9 (?) rr(p _ c) _ a 3 9hdb2
4 I.

If r(x)	 r(x3 ) is convex, then "(x) is certainly concave. This implies that g(K) is a

pseudo-concave function of K. Necessary conditions for (5.2) are given by af /OK = 0

and of Ian	 0. We get ag/OK = anaK + (af/an)(dri /dK) = 0, which, if g is

pseudo-concave, is a sufficient condition for a global maximum. 	 I

Intuitively, the proposition states that the operating cost, r, has to be convex enough

to compensate for the concavity of the operating cost generated by the optimization

of lot-sizes. It is easy to check that the logarithmic and exponential functional forms

considered in Porteus (1985a), r(k) = a — bln(k), a,b > 0 and r(k) = ak- b — d.

a, b, d > 0, both satisfy the condition of the proposition.

r(x3 ).
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5.2 Discussion

The potential suboptimality of decentralized decisions has far reaching consequences

for the adoption of new manufacturing and marketing strategies. Consider the fol-

lowing situation: A firm is offering a relatively narrow set of products manufactured

on conventional machine tools—those choices being the ones that maximize its profit.

Due to technical progress, a new, more flexible technology becomes available. The

manufacturing department evaluates the tradeoff between the large initial investment

required by the new technology, and the resulting reduction in operating costs. They

find that, given the firm's product line, the conventional technology is still the most

efficient. Hence, they decide not to acquire the new technology. Indeed, it is conven-

tionally not the responsibility of the manufacturing department to consider changes

in the product line offered to the customers; and it is not the responsibility of the

marketing department to consider the acquisition of a new production technology.

However, as illustrated by the above analysis, it is possible that, by a simultane-

ous shift to the new technology and to a broader set of products, the firm would

substantially increase its profit.

One extension to the above analysis would explicitly consider iterative processes

(algorithms) by which firm coordinate marketing and manufacturing decisions. Such

a model would better account for the bounded rationality of managerial decisions.

Given the nonconvexity of the problem, decision procedures based on the search

for local improvements may lead to inefficient decisions (local maxima). Condition

(5.2) gives a natural stopping criterion for the decision process that might be used

by a firm in order to compute a solution. Conventionally, different departments are

specialized in making different decisions, taking the decisions of the other departments

as given. The following decision process seems natural in that context: Marketing

(say) first announces a candidate for its part of the strategy. Manufacturing then

computes the best technology given that strategy, and announces that technology to

marketing. At that point, given that technology, marketing revises its part of the

strategy. Manufacturing then recomputes the optimal technology. The procedure

goes on until condition (5.2) is met and, hence, may yield a suboptimal solution. In

the game theoretic literature, this kind of procedure is referred to as fictitious play.
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In nonlinear optimization, it is called cyclic coordinate descent.2

The coordination problem discussed in this paper is related to, but different from,

the notion of decentralization discussed by Kunreuther and Schrage (1973) in the

context of pricing and inventory decisions. The authors stress the difference between

the joint optimization of (fixed) price and (dynamic) inventory policy, and the decen-

tralized solution in which the price is first chosen without taking into account fixed

ordering costs, and the inventory problem is next solved given that price. They stress

that, in the context of their model, the error resulting from decentralized decisions

is small. In the context of this paper, inefficient decisions would certainly obtain if

the marketing choice of product variety was based on revenue and unit costs only,

ignoring the effect of changeover costs. Indeed, the choice of the breadth of the prod-

uct line in that case is n = oo. This choice yields infinite losses (finite revenue and

infinite costs).

The model of decentralization of marketing and production decisions discussed by

Eliashberg and Steinberg (1987) is also relevant. Following Kunreuther and Schrage

(1973), the authors consider a sequential decision process by which the manufacturing

department first chooses a transfer price and production schedule, and the distributor

next fixes the market price and delivery schedule. One crucial difference, however, is

that the manufacturing and distribution departments are modelled as separate firms,

each maximizing its own profit. Alternatively, the two functions could be considered

as independent profit centers within a same company.

Much of the economic and managerial literature on decentralization emphasizes

information and incentive problems: Inefficient decisions occur when the decisions

made by different parties are based on local objectives and/or incomplete information.

The interested reader is referred to the extensive literature review in Porteus and

Whang (1991) who analyze marketing/manufacturing incentives in the context of a

model of production under uncertainty. The key point in the analysis of Section 5

is that inefficient decisions may obtain even when both departments are basing their

decisions on the overall long-term profit of the firm. Such inefficiencies stem from the

coordination problem created by the presence of local optima (non-convexities). A

similar point is made by Milgrom and Roberts (1990).
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6 Conclusion

It is argued in this paper that a more flexible technology allows a firm to increase

the variety of its product line without increasing its costs too much. The benefit of a

broader product line comes from the associated increase in revenues—customers are

willing to pay a premium for a product that matches their individual taste better.

On the other hand, an increase in variety yields an increase in average cost—by

increasing the number of products, the firm loses the economies of scale associated

with the production of large lots. This increase in cost can be controlled by the

choice of a flexible production process. It is also shown how the decentralization of

technology and product line decisions may yield suboptimal choices.

The analysis bears two broad managerial implications whose applicability goes

far beyond the scope of the formal model. The first implication is related to the

marketing side of the model:

Marketing strategy should be evaluated, not only on the basis of revenues (or

market shares) and direct costs, but also on the basis of its effect on indirect

operations criteria (such as inventory and changeover costs).

As discussed in Section 2, operations criteria are entirely ignored by most of the

operational models that are used in marketing research for product positioning and

market segmentation. In the above model, this would lead to an absurd solution: if

one optimizes the number of products on the basis of revenues only. one gets h = oc,

which yields finite revenues and infinite costs! More operational models of product

positioning would, of course, never yield such an extreme solution, but the analysis

suggests that they nevertheless are likely to yield a variety of products significantly

larger than optimal.

The above point also helps understand the competitive success of Japanese manu-

facturing firms and the signs of recovery recently given by some western firms. In the

seventies, many western manufacturing giants were caught unprepared to compete

with the entry of Japanese firms in their markets. Many leading manufacturing firms

were offering very broad product lines; the strategy was made viable by very large
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market shares and little competition. As explained by Abbeglen and Stalk (1985),

Japanese firms entered western markets with either more focused product lines (e.g.,

competing against FAG and SKF in the ball bearings industry) or more flexible op-

erations (e.g., Komatsu competing against Caterpillar). As a result, the productivity

of Japanese firms was so much higher that western firms were unable to compete.

In such a situation, recovery can only come from a close attention to the operations

implications of the marketing strategy. A combination of two approaches can be fol-

lowed: The firm can rationalize its product line and it can improve the flexibility

of its production process. In fact, if the firm is successful enough at improving the

flexibility of its production, it can eventually increase the breadth of its product line.

Well documented examples of this typical scenario to recovery are provided by Black

& Decker (Huey, 1989), Caterpillar (Henkoff, 1988), and SKF (Arbose, 19S6).

This scenario is consistent with the conclusions of Dertouzos et al (19S9, p. 133)

who identify the "embrace of product customization and production flexibility" as one

of the five new imperatives to productivity: "...it is already clear that customizing

products and being flexible enough to shift production smoothly and efficiently among

a broad range of products are emerging as two of the main competitive arenas of the

future for manufacturing firms." The second broad implication of the model is also

closely related to this point: not only is it imperative to look at cutomization and

flexibility, it also is imperative to look at both jointly.

Changes in marketing and manufacturing strategy should be planned and eva/-

uated jointly. In particular, the justification of investments in flexibility should

not be based on the current marketing strategy. It should be based on a new

marketing strategy that takes advantage of the increased flexibility.

The point stems from the coordination problem discussed in Section 5: the decen-

tralized evaluation of the two strategic dimensions leads to local optimization only.

Decentralization also tends to favor the status quo: in the example of Section 5, it

is not in the interest of either department to adopt a new strategy if the other de-

partment is assumed to maintain its current strategy. The point is also consistent

with another observation by Dertouzos et al (1989, p. 44) who identify "failures of
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cooperation" within the firm as a "recurring pattern of weakness in productivity per-

formance." As the authors explain (p.95): "Decisions that should be integrated are

instead made sequentially. Tasks are subdivided by discipline, and artificial bound-

aries are set up."

From an empirical point of view, the above conclusion suggests that examples of

successful adoption of flexible automation should, typically, reveal a concurrent shift

in marketing strategy. In an extensive survey of Japanese and U.S. manufacturers,

Jaikumar (1986) found significant differences in the use of FMS: the variety of the

product line produced on a FMS in Japan was typically ten times larger than in

the United States. Jaikumar concludes that U.S. firms had failed to understand

the opportunity of broader product lines offered by flexible manufacturing systems.

This observation would suggest that early investments in FMS by U.S. firms were

planned independently of the marketing strategy, whereas in Japan, marketing and

manufacturing decisions were taken concurrently. More recent success stories in the

U.S. reinforce the point: Allen-Bradley's investment in CBI for the manufacture of

contactors was planned jointly with the decision to offer a product line meeting IEC

standards; this standard carries a much larger variety of contactors than the U.S.

standard (Bylinsky, 1986). In the same vein, Caterpillar's massive investments in

flexible automation and rationalization of its operations has been concurrent to a

doubling of the number of products it offers (Henkoff, 1988).

The formal analysis presented in this paper is based on a fairly stylized model

of the interface between marketing and manufacturing decisions. The chief merit

of the model is in the integration of the two functions (and in showing that it is,

indeed, important to integrate them). As argued, the analysis conveys broad strate-

gic implications. It also provides simple formulas that can be used for a rough cut

quantification of some of the tradeoffs that are involved. In addition, the model pro-

vides a skeleton for more detailed models that would integrate operational models

and techniques used in marketing management (Kotler, 1988) and operations man-

agement (McClain and Thomas, 1985). Perhaps more important than the addition of

operational details is the verification of the robustness of the qualitative conclusions

to broad extensions of the modeling framework. Three important limitations of the

model come to mind. They each provide directions for future research.
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On the manufacturing side, the main limitation is perhaps that the model does

not account for the effect of product variety on queuing and congestion phenom-

ena. The importance of queuing effects in lot-sizing models is first discussed by

Karmarkar (1987). Queuing typically induces convexity in operations performance

measures. This convexity would mitigate the effect of the concavity of cost generated

by lot-sizing, thereby alleviating the coordination problem discussed above. A better

understanding of the precise relationship between queueing phenomena and product

variety in that context would deserve further modeling effort. It should, however,

be emphasized that the coordination problem stems, not only from the concavity of

operating costs, but also from economies of scale in the investment cost.3

On the marketing side, two broad extensions of the model could be considered.

In its present version, the model assumes that the characteristics of the production

process and the design of the product line remain fixed throughout the (infinite) time

horizon. In reality, the variety of a firm product line comes from two factors: the

number of different products at any given period of time, and the speed at which

successive generations of products are being replaced. The model proposed by Fine

and Li (1990) provides general directions for such an extension. By considering im-

provements in the product development process, such a model would also help explore

the interface with the engineering function.

A second extension to this model, on the marketing side, would incorporate an

explicit account of competition: The formal model of Section 2 assumes that the firm

enjoys monopoly power. In practice, as discussed in the introduction, a firm may

choose to offer a wide variety of products in order to leave no market niche to poten-

tial competitors. The role of brand proliferation in entry deterrence is discussed by

Schmalensee (1978). The empirical relationship between product variety and mar-

ket share is analyzed by Kekre and Srinivasan (1990). The theoretical relationship

between process flexibility and competition in product variety would deserve further

study. The model of Roller and Tombak (1990) goes in that direction; their model,

however, does not look at the effect of variety on operating costs, and the analysis is

restricted to a market of two products.
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Appendix A: structure of the optimal product line

The structure of the optimal product line (Proposition 1) is derived in this appendix.
The argument is split in two lemmata. By analogy with models of location, the quan-
tity p, + dix, — al is called the delivered price of product i to consumer a.

LEMMA A:

At any optimal solution, the delivered price at either extreme point of a market
segment is p, and the product is located at the center of the segment. For a segment
of length p in the space of consumers' tastes, the price is given by p— dp/2, and the
associated revenue is (15 — dp/2)bp.

PROOF: Suppose that there is an optimal solution in which the delivered price at
the intersection of two market segments is strictly less than p. In that case, the firm
can strictly increase its profit over those two segments, without interfering with the
other segments: Simply raise the price over the two segments and shift the product
characteristics away from their intersection in a way that (1) maintains the delivered
price of the two products unchanged for consumers in all the other segments, and
(2) maintains the intersection between the two particular segments unchanged. This
leads to a strict increase in revenues, without a change in costs—a contradiction.

It is then easy to check that if the delivered price is equal to p at both extremes of
a market segment of length	 then the product must be located in the middle, the
price is given by p — dp/2, and the associated profit is (p — dp/2)bp.	 I

LEMMA B:

At any optimal solution, all the market segments that are served are of equal length.

PROOF: The proof is by contradiction: Suppose that the optimal solution involves
segments of different lengths. Take any two adjacent segments of different positive
lengths. Let p be the total length of those two segments. The proof consists of showing
that it is always better to replace those two segments, either by two segments of equal
length, or by a single segment—a contradiction.

After reoptimization, let x be the length of the first segment (possibly 0), and let p —
be the length of the second segment. By lemma A, the revenue associated with the
two segments is (p—dx/2)A, and (p—d(p—x)/2)(p—s)b respectively. The associated
costs are given by V2K hxb, and 32Kh(p — x)b. After dropping the constants, the
optimization problem becomes max z {f (x) : 0 < x < p/2}, where

f (x) = dpxb — dbx 2 —V-211,71.b(Vp — x N5).
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Computation of the first, second, and third derivative reveals the following: The sign of
f" is ambiguous, but f"' is negative, which implies that f is convex-concave. It is easy
to check that lim=o (x) = —cc, l(p12) = 0, and limx_,of"(x) = +cc. At x = p/2,
f" can be either positive or negative, depending on the value of the parameters. There
are three cases: If f"(p12)> 0, then x = 0 is optimal. If f"(42) < 0, then, depending
on the value of the parameters, either x = 0 is optimal, or x = p/2 is better.
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Appendix B: the optimal number of products

This appendix contains the proof of Proposition 2, in section 3.

PROOF: Let us first ignore the condition ir > 0 and optimize (3.2). Let (n', 6') be
an optimal solution and suppose e' > 0. Replace n' by n" = n'a/(a — e') > n', and
replace e' by 0. We get

n
„
r(—

a
 ) = n

„
ir( 

a — e'
) > n'r(

a — e'
72” n'	 n'

which contradicts the premise that (n', e') is an optimal solution.

The rest of the proof consists of optimizing (3.2) over n, after setting e = 0. Let
*(n) = nir(a/n) — r(K). We have

t(n) = (fi — Tr2da )m — V2K hrnn — cm — r(K),

where m = ab. The first derivative is given by

a I  K hm - , (n)= dm
 V 2n •

The function "fr' has a unique root equal to ft, as given by (3.1). For n < 	 e(n) > 0,
and for n > h, ir'(n) < 0. Thus, ñ is the global maximum (note that fr is not concave).

The condition it > 0 simply states that the firm should not produce unless the
resulting profit is positive. The expression for ir immediately obtains by substitution
of it in the above expression for a(n).

On caveat is in order. The above derivation does not take into account the integrality
of n. As the following example illustrates, when n is restricted to integer values it
may be optimal not to serve to whole market. However, the error involved in the
rounding goes to zero as h increases. Indeed, a feasible solution can be constructed
by keeping the size of the market segments fixed and rounding the number of segments
down to the nearest integer. Let [J j denote the largest integer less or equal to h, and
let ir = ritr(a/n). The relative error in profit is given by	 —	 < 7/11. The
corresponding value of e is given by e =	 — VI] )arn < a/h.

EXAMPLE: (it can be optimal not to serve the whole market)

Let K = 100, h = 0.5, c = 0, and r = 0. The market parameters are given by
a = 100, b = 1, p = 1.61, and d = 0.012. The objective to be maximized is f (n, e) =
nr((a — e)/n), as given by (3.2). When the integrality constrained is relaxed, we get,
from (3.4), n(K) = 1.06. We have f(1, 0) = 1.0, af (1,0)/ ae > 0; f(n, 0) < 0, and
8f(n,0)/8e < 0. for n = 2, 3..... Thus, the optimal solution involves one product
only, and it is optimal not to serve the whole market.
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End notes

1. This result can be compared to a similar result derived by Bonanno (1987).
Bonanno computes the optimal number of products for the case of a quadratic
transportation cost (linear in this paper), and for a one-time fixed cost per
product (dynamic lot-sizing in this paper).

2. Lounamaa and March (1987), study different adaptive processes (algorithms)
that a firm might use to get to the optimal coordination of decisions between
its agents. The objective function is quadratic—hence, concave—in which case
(5.2) is sufficient for a global optimum (see Marshack and Radner, 1972). Thus,
the learning process converges to-a global optimum. The authors are interested
in the speed of that convergence—especially when the environment is evolving.
In the context of this model, however, condition (5.2) is not sufficient; hence,
such adaptive processes need not converge to a global optimum.

3. The consideration of queuing phenomena yields another source of interaction
between marketing and manufacturing. To the extend that demand is influenced
by backlogs and delivery lead times, congestion at the plant level generated by
an increase in variety would affect not only operating costs, but also revenues.
This important aspect of the marketing/manufacturing interface is modeled by
Zipkin (1990).
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