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Abstract

We develop a competitive pricing model which combines the complexity of time-varying
demand and cost functions and that of scale economies arising from dynamic lot sizing costs.
Each firm can replenish inventory in each of the T periods into which the planning horizon
is partitioned. Fixed as well as variable procurement costs are incurred for each procurement
order, along with inventory carrying costs. Each firm adopts, at the beginning of the planning
horizon, a (single) price to be employed throughout the horizon. Based on each period’s system
of demand equations, these prices determine a time series of demands for each firm, which
needs to service them with an optimal corresponding dynamic lot sizing plan. We establish
the existence of a price equilibrium and associated optimal dynamic lotsizing plans, under mild
conditions. We also design efficient procedures to compute the equilibrium prices and dynamic
lotsizing plans.
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1 Introduction

Determining the ‘right’ price to charge for a product is a complex task. A voluminous literature in
economics and marketing has been devoted to models which prescribe how prices should be set in
industries in which a limited number of competing firms offer similar products, which may therefore
be viewed as substitutes. These papers typically model the interaction among competitors as a
noncooperative game, see VIVES (2000) and TIROLE (1988) for survey texts.

More recently, operations management papers have demonstrated that the operational environ-
ment and associated cost structures may have a fundamental impact on the equilibrium behavior
in the industry, in general, and the resulting price levels in particular. See CACHON (2003) for a
recent survey. Little remains known, however, about how prices should be set in a competitive
environment, in the simultaneous presence of two other major complications:

(i) time dependent demand functions and cost parameters, and

(ii) scale economies in the operational costs.

In contrast, progress has been made in addressing either one of these factors by itself. For
example, BERNSTEIN and FEDERGRUEN (2003) address a setting where each firm incurs fixed as
well as variable procurement costs along with (linear) inventory carrying costs. However, the model
assumes an infinite horizon setting with time-invariant demand functions and cost parameters.
Here the long-run average operational costs are given by the simple closed-form Economic Order
Quantity (EOQ) cost function, i.e. the costs are given by the sum of a term that is proportional to
the demand value itself and one that is proportional with the square root of the demand value, thus
reflecting scale economies. CACHON and HARKER (2002) similarly consider, for an industry with
two firms, a setting with a single set of time-invariant demand functions and with a closed form
cost function given by a concave power function of the demand volume, (possibly in conjunction
with a linear cost component), once again to reflect scale economies. Other than the EOQ-cost
model above, the authors show that their cost structure arises in a specific service competition
model. The only oligopoly models with stochastic demands avoid both complications (i) and (ii),
see e.g. BERNSTEIN and FEDERGRUEN (2004).

A stream of marketing papers addresses competitive pricing problems under time-dependent
demand functions, however with simple linear cost functions, and under the assumption that each

period’s demand is procured in the same period, i.e. no inventories are carried. These papers



include KALISH (1983), ELIASHBERG and JEULAND (1986), CLARKE and DOLAN (1984), RAO and
Bass (1985), and DOCKNER and JORGENSEN (1988). See ELMAGHRABY and KESKINOCAK (2003)
for a survey. PERAKIS and SooD (2003, 2004) and KACHANI, PERAKIS and SIMON (2004) also
address competitive pricing problems under time-varying demand functions. Since each firm starts
the planning horizon with a known inventory and inventories cannot be replenished at any time
during the horizon, these models consider no replenishment costs.

This paper appears to develop the first competitive pricing model which combines the complex-
ity of time-varying demand and cost functions and that of scale economies arising from dynamic
lot sizing costs. Fach firm can replenish inventory in each of the T" periods into which the planning
horizon is partitioned. Fixed as well as variable procurement costs are incurred for each procure-
ment order, along with inventory carrying costs. Each firm adopts, at the beginning of the planning
horizon, a (single) price to be employed throughout the horizon. Based on each period’s system
of demand equations, these prices determine a time series of demands for each firm, which needs
to service them with an optimal corresponding dynamic lot sizing plan. Scale economies always
create major analytical complications in the study of price equilibria, see e.g. VIVES (2000) and
CAcHON and HARKER (2002). In our case, the problems are compounded by the fact that the cost
structure can not be represented as a closed form analytical function of the (time series of) demand
volume(s). We model each firm’s time dependent demand function as a time invariant function
multiplied by a firm- and period-dependent ‘seasonality’ factor. In §6, we generalize our results to
allow for additive seasonality terms.

We establish, under mild conditions, the existence of a price equilibrium and associated optimal
dynamic lotsizing plans. We also design efficient procedures to compute the equilibrium prices and
dynamic lotsizing plans. Finally, we characterize how the equilibrium is affected by changes in
various cost and demand function parameters. Much of the analysis focuses on an individual firm’s
best response problem, i.e. the characterization of the optimal price and lot sizing strategy, in
response to a given set of prices adopted by the firm’s competitors. This best response problem is
of interest in its own right. For the case of constant, but firm dependent, setup costs, we design
an efficient algorithm whose computational effort involves O(T?) elementary operations and O(T')
maximizations of a single variable concave function. (For many classes of demand functions, these

maximizations can be performed in closed form). For the generalized model in §6, with additive



seasonality terms and time-dependent setup costs, the recent O(T3logT) procedure by VAN DEN
HEUVEL and WAGELSMANS (2004) can be used.) The algorithm for the best response problem is
used repeatedly when computing the overall price and lotsizing equilibrium in the industry.

We also conduct a numerical study, which, among others, reveals the following insights: contrary
to folklore, it is not always best for a firm to operate under time-invariant demand functions or cost
parameters. Even in equilibrium, all firms in the industry may be better off under certain types of
seasonality patterns in the demand or cost parameters. When the above mild existence conditions
for a (unique) equilibrium fail to hold, the industry may switch from having a unique equilibrium
to either having none or multiple equilibria, depending on which seasonality pattern prevails.

One of the most fundamental assumptions in our model is that each firm maintains a constant
price throughout the season. In many industries this is the practice, either because mid-season price
changes can not be implemented (e.g. catalog sales) or because they are managerially undesirable.
For example, in many retail operations it is considered unacceptable to raise prices during the
season and at most one or two markdowns in a single season are as much as contemplated. Empirical
analysis has documented that prices for certain goods are extremely ‘sticky’, i.e. they change very
slowly over time, if at all. CARLTON (1986), for example, has investigated price data for industrial
buyers over a 10 year period and has concluded that the price rigidity in many industries is striking.
KASHYAP (1995) analyzed the data from catalog sales and observed that the prices typically remain
constant over several seasons, beyond the total of a year. As a third example, CECCHETTI (1986)
has studied newsstand prices for some 40 American magazines over a period of close to 20 years.
This author concluded that prices exhibited remarkable rigidity to the extent of dropping in real (i.e.
inflation corrected) value by as much as a quarter before a price adjustment is implemented. Finally,
BLINDER ET AL (1998) document and explain the multitude of reasons why companies maintain
‘sticky’ prices. (As demonstrated below, at least the best response problems are considerably easier
under the alternative assumption where prices may be varied in each period.)

Beyond the competition models mentioned above, we now give a brief literature review. Even
within the context of optimization models with a single decision maker, the integration of pricing
and inventory strategies has only recently received the attention it deserves, even though the seminal
papers on dynamic lot sizing by WAGNER and WHITIN (1958, 1959) and WAGNER (1960), 45

years ago, already addressed the need to integrate pricing and production planning decisions. We



refer to ELIASHBERG and STEINBERG (1993) for a survey of early work and to ELMAGHRABY and
KESKINOCAK (2003) for a more recent survey.

THOMAS (1970) addressed the dynamic lot sizing problem in which each period’s demand
depends (exclusively) on the price charged during this period according to a period-specific demand
function. Assuming prices can be changed arbitrarily from one period to the next and that demand
in a given period is independent of the prices offered in other periods, the author shows that an
optimal plan can be found by a simple extension of the classical shortest path method by WAGNER
and WHITIN (1958): As in the classical dynamic lot sizing problem with exogeneously specified
demands, it is easily verified that replenishment orders should only be placed in periods with zero
starting inventory. In view of this observation, the optimal procurement plan can thus again be
described as the shortest path in a network in which each period is represented as a node and
traversing an arc from period ¢ to period j corresponds to the decision to satisfy all demands in
period 4,7+ 1,...,j — 1 from a single order delivered in period ¢. The only difference with the
classical WAGNER-WHITIN shortest path procedure is that evaluation of the (optimal) cost or profit
value of any arc (i, j) now involves optimizing a closed form expression over the prices in periods
i,1+ 1,...,5 — 1. Thus, dynamic lot sizing problems with arbitrary time-dependent prices are
radically simpler than under the requirement that a single constant price be used.

KUNREUTHER and SCHRAGE (1973) were the first to address the best response problem, indeed
for the generalized model in §6. These authors propose a heuristic procedure which also generates
an upper and lower bound for the optimal price. VAN DEN HEUVEL and WAGELSMANS (2004)
developed an O(T3logT) algorithm, based on KUNREUTHER and SCHRAGE’s heuristic. GILBERT
(1999) considers the special case of the best response problem in which all cost parameters remain
constant over the entire planning horizon. Our procedure for the best response problem is based on
GILBERT’s approach but reduces the computational complexity by an order of magnitude (O(T?)
compared to O(T3) complexity), while addressing more general parameter settings. This complexity
reduction is particularly important in our competition model where best response problems need
to be solved repeatedly and for each of the N firms in the industry.

The remainder of the paper is organized as follows: In §2 we specify the competition model and
the notation. §3 is devoted to the best response problem. The equilibrium analysis for the com-

petitive model is carried out in §4. §5 reports on a numerical study, while §6 discusses conclusions



and various generalizations of the model.

2 Model and Notation

We consider an industry with N firms, each selling a distinct item or product brand. We refer to
the item sold by firm i as item ¢ = 1,... ,N. The different items are (close) substitutes of each
other, e.g. different brands of 19” television sets, digital cameras, notebook computers, sport utility
vehicles, tooth paste etc. We consider a planning horizon of T periods. If the firms face a natural
sales season introducing a new model or variant in each season, a natural choice of T arises, e.g.
T = 52 weeks in the automobile manufacturing industry operating with a weekly production and
sales schedule.

Each firm selects a (single) price to be used throughout the season. (See §1 for a discussion of
this assumption.) Each firm’s demand in each period depends potentially on the complete vector

of prices selected in the industry according to a general time-dependent demand function. Let

2,min
)

p

D = the price chosen by firm i =1,... , N from an interval [p i, max]

di = di(p',...,p") = the demand faced by firm 7 in period t = 1,... ,T

Multiplicative seasonality factors characterize the demand functions’ time dependence:
di(p) = Bid'(p) ¥V i=1,...,N;t=1,...,T (1)

with 6°(p) the deseasonalized demand function for firm 4,4 = 1,... , N. Depending on the period’s
seasonality factor, a firm’s demand is, in a given period, scaled up (3{ > 1) or down (3! < 1)
compared to the deseasonalized norm. Without loss of generality, we normalize the seasonality

factors such that:

1
d Bi=1, i=1,...,N (2)
t=1

N

(In §6, we discuss generalizations of (1), with additive seasonality terms.)

9% (p . .
8p(i) < 0, i.e. a price

The deseasonalized functions §°(p) are continuously differentiable, with

increase results in a decrease of the demand volume. Since the demand function §%(p) is strictly



decreasing in p', it is possible to derive an inverse demand function p* = ¢*(§|p~%). We only assume
that firm i’s revenue function R*(§%|p~%) = §'¢(6*|p~?) is concave in the demand volume &°. Linear

functions constitute an important special case:

6Z(p):al_bzpl+29;p] Z:LaNa (3)
ji

Without loss of generality, we assume that the Dominant Diagonal condition applies:

>0, i=1,..,N. (4)

J#i
It merely precludes completely unrealistic situations where an across the board price increase in
the industry results in an increase of a firm’s sales volume. The Cobb-Douglas functions represent

another important class of demand functions:

oi(p) = a'(p") " T[@")%, with o’,6i>0 and b°>1 (5)
J#i
b® is the absolute elasticity of firm i’s demand with respect to its own price, while (9; denotes the
cross elasticity with respect to competitor j’s price. Under the Cobb-Douglas structure, these price
elasticities are therefore constant, i.e. independent of the price levels.

The firms procure their goods by a production and distribution process which, in principle,
allows for inventory replenishments at the beginning of each period. As in standard dynamic lot
sizing problems, we assume that fized as well as variable procurement costs are incurred as well
as inventory carrying costs which are proportional to each end-of-the-period inventory. All cost
parameters may fluctuate over the course of the planning horizon in arbitrary ways. Thus, for all

i=1,..., Nandt=1,...,T let

K} = the fized setup cost for a procurement batch delivered to firm ¢ in period ¢,
c = the procurement cost rate for a procurement batch delivered to firm 7 in period ¢,
hi = the cost of carrying a unit of item ¢ in inventory at the end of period t.

Each firm i thus selects a price p’ as well as a complete procurement schedule for the entire

planning horizon to support the demand stream {d%(p)} which arises from the collective price



choices. Note that his price p’ affects the profits earned by all firms in the industry via its impact
on each firm’s demand function and hence each firm’s demand stream. At the same time, the
procurement schedule selected by firm ¢ impacts only his own profit measure. It is thus possible
to conceptualize the competition model as a Bertrand price competition game between N firms,
in which each firm makes a single competitive choice, i.e. its price level. (Alternatively, one may
assume that each firm i selects a basic deseasonalized target volume ¢°. This results in a vector
of prices p which satisfy the demand equations 6° = §%(p), i = 1,... , N. We discuss this Cournot

competition variant at the end of §6). The game is characterized by the profit functions:

mt (p) = the profit earned by firm ¢ under the price-vector p, assuming firm i adopts an

optimal dynamic lot sizing schedule given the demand stream {d% (p):t=1,... ,T}

= Zdl —Cp) i=1,...,N, where (6)

C'(p) = the minimum total operating costs for firm i to service the demand stream {d:(p)}.

The difficulty in analyzing the competition model and in characterizing its equilibrium behavior,
stems from the complexity of the cost functions C?(p). Clearly, the function C*(p) cannot be
represented as an analytical closed form expression. The function can be evaluated for any given
price vector p in O(T?) time using the standard Wagner-Whitin shortest path procedure and in
O(T'logT) time by one of the methods in AGGARWAL and PARK (1993), FEDERGRUEN and TZUR
(1991), or VAN HOESEL and WAGELMANS (1992). Clearly C?(p) depends on the price vector p

‘only’ through the demand sequence {d:(p) = di}.

Lemma 1 C" is a piecewise linear concave function of the demand sequence {dj = dj(p)}.

Proof: Fix a price vector p € RY. Assume firm i chooses to replenish its inventory in the set
of periods © = {t; = 1,t9,... ,t,}. It is well known that a Zero-Inventory Ordering (ZIO) policy

is optimal, so the optimal cost under this sequence of order periods is given by:

i1 —1
p\@ ZKtl+thl Z dz
r=t
n tip1—1 l '
+> ) hildia )+ di, 1 () (7)
=1 r=t;



where tp,41 = T + 1. Finally, C*(p) = min {C(p|©)|© € 2L TH Hie. Ci(p) is the minimum of
(27 — 1) linear functions and is therefore concave in the vector {d} : t =1,... ,7T}. =

As a corollary of the above Lemma we obtain that, if all demand functions are linear, the cost
functions C%(p) are piecewise linear and jointly concave in the price vector p, itself. Unfortunately,
this characterization is by itself insufficient to conduct the equilibrium analyses. First, concave cost
functions reflecting economies of scale create major analytical difficulties for equilibrium analyses,
see VIVES (2000) and CACHON and HARKER (2002). Second, the fact that C*(p) is not available
in closed form generates additional complexities.

Before providing a complete characterization of the industry’s equilibrium behavior, we first

analyze an individual firm’s best response problem. Thus, for any ¢ = 1,... , N, let
7i(p'|p~") = the profit for firm i when choosing price p’, given his competitors’ prices p~ =
(pl, Pt L ,pN) and assuming firm i minimizes operating costs to service

the resulting demand stream {d;(p)}.

Firm i’s best response problem, given his competitors’ prices p~*, can then be formulated as:
' (p~") = maxw (p'|p ™) (8)
pl

3 The best response problem under constant setup costs

In this §, we analyze a given firm i’s best response problem (8) in the important special case where
its setup cost remains constant across time <KlZ ==K “ Kk Z), so that, for any sequence of

order periods © = {t,... ,t,} with n setup periods (see (7)):

ti41—1 n tiy1—1
C'(pl©) = nK' +8'(p thl DAL (Bl +8,-0) ¢ and  (9)
r=t; =1 r=t;
Ci(p) = min  C%(p|®) = minmin C?(p|©) = min {nK’ + 5i(p)F£(T)} (10)
ec2{l,.T} n  Oln n



where

F'(t) = minimum total variable procurement and holding costs in periods {1,... ,t} for (11)
firm i, when ezactly n orders are placed in the first t periods, assuming the
firm’s demand stream is given by the seasonality factors { ﬂ{, . ,Bti} and

assuming only ZIO policies are considered; t =1,...,7; n=1,...,t,i=1,... ,N.

Since the overall optimal replenishment strategy for firm ¢, under any price vector p, employs
Zero Inventory Ordering (ZI0), we may, in the definition of F(¢), confine ourselves to such strate-
gies as well. Also, since F!(t) is the minimum cost in a dynamic lot sizing problem with zero fixed
order costs, we may, in the definition of F(t) replace the requirement that ezactly n orders be
placed, by the (relaxed) requirement that at most n orders be placed.

The representation of the minimum total cost as the minimum of 7" affine functions of §%(p) was
first obtained by GILBERT (1999), for the special case where all cost parameters remain constant.
Gilbert proceeds to compute the numbers {F.(T) : n = 1,...,T} with a straightforward O(T?)
recursion.

In the next subsection we develop an O(7T?) procedure to compute the matrix of values
{Fﬁ;(t); t=1,...,T;n=1,... ,T}. Thus, assuming these values have been determined, it follows

from (3) that the best response problem (8) reduces to:

T(p) = max max {Tp'0'(p) —nK’ — &'(p)FL(T)}
= max mex {[Tp" — F/T)] §'(p'Ip™") — nK"} (12)

= max max {TR'(§'lp™") — F}(T)5" —nK"}

In other words, the best response problem reduces to T maximization problems of a concave
function of a single variable §°. If the revenue function R*(6°|p~?) is strictly concave, its derivative
RY(-|p~") is strictly decreasing and has an inverse function (Ri/) o (:|p™%). The maximizing value
of §" in (12) is then given by §*(n) = (Ri/>71 (%ko") Substituting this demand value into
(12), we conclude that the solution of the best response problem reduces to the determination

of T closed form expressions (for n = 1,...,T) involving the inverse derivative revenue function



<Ri/>_1 (:[p7%). Assuming this function can be evaluated in constant time, the best response
problem can thus be solved in O(T?) time.

Example 1: Assume the deseasonalized demand functions &°(p) are linear, as in (3). This
implies that p’ = {a + Zﬁgl i — (5’} /b%, giving rise to a quadratic revenue function R'(-[p~?)

and an optimal deseasonalized demand volume, given n orders, of

o +
~ GAVRL AN Tis
*7 — _ n 1
5 (n) ( L (13)
and a corresponding price
J#i
Substituting this value into (12), we obtain:
“(p~) = max [2f (a NPPL ) - NTF”(T)} —nk i () >0
n=1,...,T —nK" , otherwise,
(15)

a closed form expression in terms of the values {F}(T), F3(T),... ,Fir(T)}. =

Example 2: Assume the demand functions are of the Cobb-Douglas type in (5). Thus,

= (%) i [0 (16)
i

so that 6*/(n),the optimal deseasonalized demand volume, given a total of n orders during he

. 1 N
planning horizon, is the value of §* which maximizes the concave function T((S’)l*ﬁ a'v I ki (p?) b

F!(T)&. Thus,

5n) = (1= 2o [T [FA(m) ™" (1)
i

10



and after some algebra,

AT
n=1,...,T b

R § (T Ky RS (18)
i

The multiplicative form of the expression for §*/(n) shows that, given any number of orders
n, the percentage change in the optimal deseasonalized demand value or the optimal price, due to
any change in the seasonality pattern, holding and variable order cost rates, is independent of what
prices are offered by the competing firms. The smaller the absolute price elasticity, the more the
seasonality pattern or any of the variable cost rates impact on both the optimal (deseasonalized)
demand value and profit level.

Before developing an efficient algorithm to compute the values {F(T) :n =1... ,T}, we first

establish several important structural properties of these values.

Theorem 1 In a lotsizing problem with a horizon of T periods and constant setup costs, let z(n)

denote the minimum cost if at most n order periods are used. z(n) is decreasing and convez.

Proof: Let Z(n) denote the minimum cost among all strategies, which place exactly n orders,
not necessarily in distinct periods, and let o(n) denote the optimal strategy which achieves the cost
value Z(n). (To fulfill the requirement that exactly n orders are to be placed, it may be optimal to
place multiple orders in the same period, even though additional orders in any given period fail to
be beneficial.) We show that Z(n) is convex. This implies that an integer 1 < n* < T exists such

that
Z(n) > Z(n+1) VYn<n' (19)

For all n < n*, o(n) places orders in n distinct periods. (If for some n < n*, o(n) places multiple
orders in the same period, a strategy ¢’ with cost value 2’ < Z(n) can be obtained, which places
(n — 1) orders, such that Z(n — 1) < 2’ < 2(n), contradicting (19).). Thus:

zZ(n) ,n<n*

z(n) = (20)

Z(n*) ,n>n*

11



By (19), z(n) is decreasing and convex if Z(n) is convex.

To show the latter, it suffices to show, for all ny, ng > 1 that Z2(ny+ng)—2(n1+1) > Z(ng) —2(1)
< 2Z2(1)+2(n14+n2)—2(n1+1) > 2(n2)+2(1) < 2(1) —Z2(n1+n2) < [2(1)—Z(n1+1)]+[2(1) — Z(n2)]

Let © = {t; = 1,ta,... ,tn,+n,} denote the set of order periods employed by the strategy o
which achieves the minimum cost value Z(n; + ng) among all strategies employing (n1 +ng) orders.
Let ¢’ denote the modified strategy, under which the last (ng — 1) orders in © are eliminated and
all demands in periods {tn,+1 +1,...,T} are procured in period t,,+; and let 2z’ denote its cost
value. Similarly, let z” denote the cost of the ZIO strategy which employs the ns order periods
{1,tn,42, .- s tny+n, }- Note that:

Z(1) — Z(n1 + n2) = [2(1) — 2] + [2/ — Z(n1 + n2)] < [2(1) — Z(n1 + 1)] + [2/ — Z(n1 + no)]
< [E(1) = 2(n + D] + [2(1) — Z(n2)].

The first inequality is immediate since o’ is one feasible strategy employing n; + 1 orders. To

verify the second inequality, let for all 1 < s <t < T:

Cyt = the difference in the variable cost of procuring a unit in period s as opposed to period

t, to satisfy demand in some period t' >t

= (the variable order cost in period s) - (the variable order cost in period t) + the cost

of carrying a unit in inventory in periods s,s+1,... ,t —1
dst = aggregate demand in periods s,s+1,... ,t—1
K = fixed order cost
Note that:
érg + ést = C'rt Vr<s<t (21)
étgtg+120 Vﬁzl,...,nl—i—ng—l (22)

since, otherwise, a cost reduction could be achieved by moving the entire order at time ¢y, forward
to period ty, as an additional order beyond the order(s) already scheduled for that period. This

would contradict the optimality of the strategy o. Thus, with ¢, 4p,4+1 =1"

12



2 —Z(n1 +ng) = Z?;:?ig étn1+1,tedtzte+1 —(n2 — 1)K < Z?;Zlnjg[éltnlﬂ + étn1+1,tg]dtgtg+1 -
(ne — 1)K =710, Cuyydyyg,,, — (no — DK = 2(1) — 2" < 2(1) — Z(na),

where the first inequality follows from (22), the second equality from (21) and the last inequality
from the fact that 2" is the cost of some feasible strategy employing ny orders, while Z(ns) is the
minimum cost among all such strategies. B

Since F!(t) represents the cost value of a dynamic lot sizing problem with constant, in fact

zero, setup costs, it follows that the values {Ffl(t) n=1,... ,T} are decreasing and convex.

3.1 An optimal lot sizing O(7?) procedure with a given number of orders

In this Subsection, we develop an O(T?)-procedure to compute the values {Fqﬁ(T) n=1,... ,T},

defined in (11), and needed in the evaluation of (12). The procedure computes all entries of the ma-

trix F % {Ffl(t) n=1,..., T;t=1,... ,T}, row by row, starting with the values {Ff(t) t=1,...

in the first row. Recall that F(T) denotes the minimal cost in a dynamic lot sizing problem in
which exactly n orders are to be placed. To simplify the expressions we drop the superscripts in

this subsection. We first need the following notation:

B(t) = 3,_, Bk = the cumulative demand factor over the first ¢ periods.

CLl = ¢+ hg+-- -+ hj—1 = the variable cost of procuring a unit in period k¥ and maintaining

it in inventory until period I(k <) = cx -1 + hy—1

H(t) = 22:1 hy = the cost of carrying a unit of in stock from period 1 until the beginning of
period t+1=H(t — 1)+ ht

S(k,t) = the total inventory carrying cost in periods k,k + 1,... ,t when placing an order in
period k to meet the cumulative demand in periods k, ... ,t.

sty = S,t)=st—1)+GH(t—1).

C’(k) = CkT—thZCk—H<k—1).

(For all k < I, C(1) — C(k) is the additional cost of procuring a unit in period I as opposed to
procuring it in the earlier period k£ and keeping it in stock until period I.)

Note that the first row of the matrix F', i.e. the values {Fy(t): ¢t =1,... ,T} are easily obtained

13



in O(T) time from the recursion:
Fl(l)zclﬂl; Fl(t):Fl(t*]_)‘FClﬂthﬂtH(t*l), t=2....,T (23)

Assume therefore that the first (n—1) rows of F' have been calculated. We now show how the n—th
row can be determined in O(T)-time by a ‘list-based’ procedure, similar to that in FEDERGRUEN

and TZUR (1991) for the unrestricted lot sizing problem. To this end, let for all t =1,... T

F,(l,t) = the minimum cost in periods 1,... ,t, under exactly n orders, when period [ is the last

order period preceding period t.

To decide whether for a given horizon ¢, some period [ is a better ‘last’ order period than some

earlier period k < [, consider the difference function A, x;(t) =l F,(k,t) — F,(l,t) and note:

Fo(l,t) = Fo1(1—1)+S(I,t) + a[B(t) — B(l —1)] (24)

Fu(k,t) = Foy(k—1)+ S(k,t) + cg[B(t) — B(k — 1)] (25)

Subtracting (24) from (25), we obtain after some algebra that

Apga(t) = Ap(k, 1) + [C(k) — C(D))B(t) , where (26)

An(kvl) = Fn—l(k - 1) - Fn—l(l - 1) + S(l - 1) - S(k)

+C(k)[B(l—1)—B(k—1)]+ 8 H(k—1)+ B(k—1)(C(1—1) - C(k)) (27)

Thus, the difference function A, ;;(t) depends on the cost and demand parameters in the periods
[+ 1,...,t only via the single characteristic B(t), i.e. the cumulative demand factor in periods
1,...,t. Moreover the difference function is an affine function of B(t), with A, (k,[) its intercept.
Furthermore, it is easy to characterize for which values B(t), k dominates [ as a last order period.
Consider the following two cases:

(I) C(k) < C(l): The condition is equivalent to c; < cg; in this case, it is never strictly better
to use [ as the last order period rather than an earlier period. To show this, consider an optimal

Z10 plan for some planning horizon ¢ > [, with [ as the last order period. Since c;; < ¢, costs do
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not increase when placing the order in the earlier period k. The resulting policy may fail to be a
ZI0 policy but via a series of perturbations it can be transformed into a ZIO policy of equal or
lower cost with the same set of order periods, i.e. with a period before [ as the last order period.

(I1) C(k) > C(1): In this case, it follows from (26) that [ is a strictly better last order period
than k if and only if

B(t) > Rk, 1) < A,(k,0)/[C(k) = C Q)] (28)
Since each of the values in {F,(t) : ¢t =1,... ,T} represents the cost of a ZIO policy, these values
are completely characterized by determining for all t =1,... 7"

I, (t) = the optimal last order period for the time interval [1, ¢], when the total number of orders

in this interval must equal n, i.e.
Fo(t) = Fa(ba(0),) = min Fy (1,1) (29)

(If more than one period qualifies as an optimal last order period, define ,,(¢) as the smallest such
period). Clearly F,(t) = oo, if ¢ < n, so we can restrict ourselves to the case where ¢ > n.

To construct the list {I,,(t) : t = 1,... ,T}, we iteratively for j = n,... ,T, update a list £,,(j) =
{i:n<i<j:iis the (lowested indexed) best last order period for some planning horizon t > j,
with potential cumulative demand factor B(t) > B(j)}, along with an ascending list of critical
cumulative demand values {B(j) = r(1) < r(2) < --- < r(m)}, with m = |£,(j)|. The k-th element
of the list £,(7) is the best last order period (under the restriction of n orders) for any horizon
t > j with cumulative demand r(k) < B(t) <r(k+1),k=1,... ,m. (Here, r(m+1) = c0.) Thus,
under the restriction of n orders, £,(j) is a list containing all periods among the first j periods,
which may arise as an optimal last order period for some horizon ¢ > j. In constructing this list,
we treat all future demand factors $;11,...,r as unknown.

Clearly, the list {l,,(j) : 7 =1,...,T} of actual optimal last order periods is simply the list of
the first elements of the respective lists {L£, (1), £, (2),...,Ln(T)}.

The following Algorithm summarizes the full procedure to determine the complete matrix ' =
{Fo(t):t<n=1,... , T5t=1,...,T}

We maintain at each iteration an ordered list £ = ({ N[FIRST|, N[FIRST + 1], ... ,N[LAST]})
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such that for j =1,... T, L = L,(j) at the end of the j-th iteration. The records in this list are
numbered FIRST, FIRST+1, ..., LAST for appropriate values of FIRST and LAST. The k-th
record (FIRST < k < LAST) contains two numbers {N[k],r(k)}.

As explained in Lemma 2, below, periods are eliminated from either the front or the tail of the
list £,,(-). We therefore distinguish between two elementary procedures:

(i) DELTOP: this procedure deletes the first record of the list and sets FIRST := FIRST=1;

(ii) DELBOT: the procedure deletes the last record of the list and sets LAST := LAST-1;

Algorithm 1 Restricted Lot Sizing

1: F1<1) = 0151

2: for j=2:1:7T do

3% B()i=B(—1)+5

H) = H— 1) +

() = ¢~ H(j—1)

s(j) = (J—l)+ﬁ] -1
Fi(j)=F0 -1 +af+5H({-1)
: end for
: forn=2,1,T do
10 forj=1,1,n—1do
11: F,(j) :=
12: FIRST =1
13: LAST =1
14: N[FIRST) :=
15: r[FIRST] := n)

16: r[FIRST 4+ 1] := o0

17: end for

18:  for j=n,1,T do

19: while r[FIRST + 1] < B(j) do

4
5
6:
7
8
9

20: DELTOP

21: end while

22: if C(j) < C(LAST) then

23: while R, (N[LAST],j) <r(LAST) do
24: DELBOT

25: r(LAST + 1) := R, (N[LAST], j)

26: N[LAST +1] :=

27: LAST := LAST + 1

28: end while

29: = ln(j) := N[FIRST)]

30: Fu(j) i= Fucr () + a(B(j) — B — 1)) + s(5) — s(1) — H(I — 1)(B(j) - B(D))
31: end if

32:  end for

33: end for
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The computation of each row in the matrix F, i.e. the effort expended in the outer ‘for do’
loop in Step 1 is O(T'). (The procedures DELTOP and DELBOT are invoked at most (T-n+1)
times during this loop, since each period in {n,... ,T} can be eliminated at most once, either by
DELTOP or DELBOT. Both procedures are of complexity O(1) as is the computation of the roots
R, (1,1) via (28)). We conclude that the Algorithm requires O(7?) operations.

The following lemma identifies an effective way to ‘update’ the lists {£,(j):7=1,...,T}.
Clearly, L, (n) = {n} with r(n) = B(n).

Lemma 2 Fizj=1,...,T and let L,(j) = (i1,... ,im)
(a) The periods in the list L, (j) are distinct.
(b) Ln(G+1) C La(F)U{j+1}

(¢) The periods appear in the list L£,(j) in descending order of their C values, i.e.

C(i1) > Clig) > -+ > Cliy)

(d) If C(j +1) > Clin), then the list L,(j +1) = L,(4) and the critical values r(1),... ,r(m)

remain unchanged as well.

(e) If C(j 4+ 1) < Cl(iwm), period j + 1 enters at the bottom of the list. To determine the corre-
sponding r(-)-value, as well as which of the existing elements of the list are to be removed,
compute sequentially for k = m,m —1,...1 the root r* = Ry (ix,j + 1) and eliminate period
ir from the list as long as r* < r(k). The last computed root r* has r* > r(k) and is the

r(-)-value for period j + 1.

Proof. (a) Assume, to the contrary, that some period ¢ appears more than once in the list, i.e.
it is the best order period in two distinct intervals for the cumulative demand factor B(t), but, for
some inbetween values of B(t), some other period k is a better last order period. This implies that
the difference function A, ;,;(t), viewed as a function of B(t), switches signs at least twice. Since
the function is linear in B(t) this results in a contradiction.

(b) Immediate.

(c) - (e): These parts are proven by induction with respect to j = 1,...,7. Assume therefore

that for the j-th list £,,(j), C(i1) > C(ia) > -+ > Clim). If C(j +1) > C(im), we have shown
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under (I) above, that period i, is a better last order period than period j+1 for any future horizon
t > j. This proves part (d). Since the list remains unaltered, its elements continue to be ordered in
decreasing order of their C()-values. If C(j + 1) < C(im),C(j + 1) is smaller than the C(-)-value
of all elements of the list £,,(j), so that (j + 1) is the best last order period among all periods
1,...,j+ 1 for B(t)-values that are sufficiently large. This implies that (j + 1) is to be added to
the list and since, by part (a), it enters in the list only once, it enters at the bottom of the list. This
implies that the elements of the list £,,(j + 1) continue to be ranked in decreasing order of their
é(-)—values, regardless of what elements of the list need to be eliminated, if any. This completes
the induction proof for part (c¢). To verify the validity of the list-updating procedure in part (e),
assume first that 7 = Ry, (s, j + 1) > r(m). For B(t) > r*, period (j + 1) is a better last order
period than i,, and the list £,,(j) reveals that the latter dominates all other periods in {1,...,j}
on this half line. Thus, for B(t) > r*, period (j+1) is the best last order period among all of the
first (j+1)-periods. On the other hand, for r(m) < B(t) < r*, period i,, dominates period (j+1) as
well as all periods in {1,...,j}, so it is the best last order period among the first (j41)-periods. It
is also easily verified that each of the previous elements i, k < m in the list continues to dominate
on the interval [r(k),r(k + 1)] even when considering period (j+1) as an alternative. We conclude
that, in this case, the list £,(j + 1) is obtained from the list £, (j), simply by appending period
(7 + 1) to its tail with g(m + 1) = r*.

Consider now the remaining case where r* = R, (i, 7 + 1) < r(m). In this case, period iy, is
dominated by period (j + 1) for B(t) > r(m), while it is dominated by some period in {1,...,;j}
for B(t) < r(m). This implies that period 4., is to be eliminated from the list and the updating
process can now proceed with this curtailed list. m

Remark: Upon completion of the list £,,(j+1), it is advisable to consider the actual cumulative
demand factor value B(j+1) and eliminate from the front of the list all elements with an r(-)-value
below B(j + 1). (After all, all future horizons ¢t > j + 1 have B(t) > B(j + 1).)

Example 3: (Linear Demand Functions) Consider an industry with N = 3 firms and desea-
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sonalized demand functions:

61(p) = 400 —10p1 +p2 +p3 (30)
52(])) = 250+ p1 — 12ps + 10p3 (31)
d3(p) = 250+ p1 + 10ps — 12p3 (32)

The firms face a planning horizon of T' = 54 periods. We consider six different seasonality patterns

{Br:t= ., 54}, which satisfy (2) and are common to all three firms, as follows:

(1) (Tlme invariant demand functions) gy =1 ; t=1,...,54

(IT) (Linear Growth) 6 = 0.25+1.5%=0 1 ¢t =1,... 54

(III) (Linear Decline) f; = 1.75 — 1. 5(t 1) ; t=1,...,54

(IV) (Holiday Season at Beginning of Planning Horizon)

Mo+ ME-1) t=1,....6
Br=q -t -7) t=7,...,12 (33)
24 t=13,...,54

(V) (Holiday Season at End of planning Horizon)

Moot=1,...,42
Be=9q T+t —43) ,t=43,...,48 (34)
594 _ 540(y _49) | t—49,... 54

(VI) (Cyclical Pattern)

0.254+0.75(t—1) ,t=1,...,3
Be=9q 1.75—-0.75(t—4) ,t=4,...,6 (35)
ﬁtmod6 ,t="17,...,54
where t mod 6 denotes t modulo 6. The first pattern reflects a situation where demand functions
are time-invariant and the second (third) pattern one with linear growth (decline). The fourth

and fifth patterns represent a planning horizon with a single season of peak demands either at the

beginning or at the end of the planning horizon. The last pattern (VI) is cyclical with a cycle
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Figure 1(a) and 1(b): F,(54) as a function of the number of setup periods n

length of 6 periods, such that demands in the two middle periods of each cycle are 7 times their
value in the first and last period, while 8; = 1 in the remaining two periods of the cycle.

All three firms share the same cost parameters which are time-invariant: K; = 1000; ci =
15; hi = 5for all i = 1,...,3; t = 1,...,54. Since the firms have identical c- and h-
values and the firms have identical seasonality patterns, they also share the same values for
{Fi(t):t=1,...,54}. In Figure 1(a) and 1(b) we display the values {F,(54)} as a function
of the permitted number of setup periods n = 1,... ,54, for the six seasonality patterns (I)—(VI).
Observe that the F,(54)-values are significantly different across the six patterns, for small numbers
of permitted setup periods, but the relative difference gradually decreases as n increases. Since
the parameters Ci parameters are constant over time, the variable procurement cost component in
{F,(54)} is identical for all n = 1,... , 54 and for all seasonality patterns (I)—(VI). All differences in
the {F,(54)} values are therefore attributable to differences in the holding costs. These, of course,
decline to zero as n increases to 54. For all n > 7, the cyclical pattern (VI) is the least expensive
to service and the time-invariant pattern (I) the most expensive. This contradicts common folklore
which assumes that optimal costs are achieved when one is facing a smooth, time-invariant sales

pattern.

Theorem 1 shows that the curves {F,(54) : n =1,...,54} are decreasing and convex. Indeed,
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pattern ~y n ¢ relative gap

(I) 1.0 687.1 7268.1 0.58%
I) 1.2 769.1  9090.8 2.18%
(II) 0.9 6545 5513.9 0.44%
(IV) 0.8 591.6 4422.2 2.45%
(V) 1.6 867.3 10012.6 6.16%
(VI) 1.1 7131 73309 0.94%

Table 1: Approximating curves for patterns (I) to (VI)

they can be approximated very closely by curves of the shape

%

F,i(T)NT[nwW] , n=1,...,T (36)

for appropriate constants n’, (* > 0 and 0 < ; < 2. For example, these constants can be chosen to
minimize the sum of squared differences between the left and the right sides of (36). Table 1 below
exhibits the parameters generating the best possible fit:

The last column in Table 1 displays, for the six patterns, the average relative difference between
the exact and the approximate curve. We have found that approximations of the type (36) are, in
fact, very close, across the board, for any combination of cost values and seasonality patterns.

We now turn to the best response problem firm 1 faces when both of his competitors choose a
price value of $30. Based on (14) and (15), Figure 2 exhibits the optimal profit 7*!(n) for pattern
(I) and (VI) as a function of the permitted number of setups n. The globally optimal prices which
solve the best response problem are $31.30 and $30.89 and correspond with a lot sizing schedule
with n = 33 for pattern (I) and n = 35 for pattern (VI).

Example 4: (Cobb Douglas Demand Functions) In this example, we utilize the following

Cobb-Douglas demand functions:

51 _ 80000(p1)—1.875(p2)0.1875(p3)0.1875 (37)
53 — 2000(p3)—1.636(p1)0.136(p2)1.363

At the price vector p = {30,30,30}, this set of demand functions has the same direct price
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Figure 2: (Linear Demand Functions) Optimal profit for firm 1 as a function of
permitted number of setups; pattern (I) and (VI) when K} = 1000

elasticities as the linear functions in Example 3. (Recall, for Cobb-Douglas demand functions, these
elasticities are constant and they are given by the exponents of the price factors in these functions,
the elasticities fail to be constant for linear demand functions.) The multiplicative constants are
chosen to exemplify several properties of the equilibrium behavior, see §5.

We, again, address the best response problem firm 1 faces when both of his competitors choose
a price of $30 and K = 5000. Based on (18), Figure 3 again exhibits the optimal profit 7*!(n) for
patterns (I) and (VI), as a function of the permitted number of orders n. Under pattern (I) ((VI)),
the optimal price is $40.83 ($39.63) and the optimal number of orders 20 (18). (When K = 1000,

it is optimal to place an order in every period under both patterns.)

4 The Equilibrium Analysis

In this §, we analyze the equilibrium behavior in the industry under price—or Bertrand competition.
(See however, the end of this section for a discussion of the case of Cournot competition.) As in
§3, we assume, here, that the fixed order costs are constant throughout the planning horizon.
Time-varying order costs are discussed in §6, along with other generalizations.

Substituting the expression (10) for the cost function C?(p) as well as the identity di(p) = Bi5°(p)
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Figure 3: (Cobb Douglas Demand Functions) Optimal profit for firm 1 as a function
of permitted number of setups; pattern (I) and (VI) when K} = 5000

in the profit function (18), we obtain:

m(p) = Tp'5 (p) — min {0k + T8 (p) + 6 () F(T)} (38)
where, with ¢! = ming—y, .7 cé, i1=1,...,N:
Fi(T) = F)(T) - T¢' (39)

A sufficient condition for the existence of a price equilibrium is the well-known Nash-Debreu con-
dition:

(C) Firm i’s profit function 7%(p) is quasi-concave in its own price p’ for all i =1,... , N.

While the revenue term in (38) is concave in p’, the cost term is (piecewise linear) concave,
as well, adding a conver term to the profit function. Below we identify an intuitive condition
which guarantees that the concavity of the revenue term ‘dominates’ the convexity effect of the
cost function. As the condition relates the price elasticity to the turnover rate, i.e. the sales to
inventory ratio, we proceed to show that it is almost invariably satisfied.

Since the cost function in (38) is a piecewise linear concave function of the deseasonalized
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demand volume, it is difficult to use this representation to verify when condition (C) is satisfied.
However, the following provides a very close approximation of this cost function via a single closed
form differentiable function:

By Theorem 1, Fi(T) is convex and decreasing in n. Let ®*(z) be a convez and differentiable
extension of the {FZ(T) :n = 1,2,...} curve, i.e. ®*(n) = F¥(T) for alln = 1,2,.... The following

is, therefore, a close upper bound approximation of the profit function 7*:

#(p) = T'(p)p' —<) - min{z K "+ 0N (p)®'(x)} (40)

= TE) - ) - [Kso (;f;)) + 5 ()P (df’ (gf;))] (41)

, A1
where ¢'(u) = (<I>”> (u). Convexity of this function can be verified directly by inspecting the

sign of 627%(p)/(Ap')%. An alternative approximation is obtained by replacing F(T') by a function

of the form (36) and treating n as a continuous variable:

¢'0'(p) .

7(p) = T8 (p' — ' — n') — min{nK"® + n € R} (42)

The convex minimization problem to the right of (42) can be solved in closed form by setting the

first derivative of the minimand equal to zero. After some algebra this results in:
~1 7 i i i i -1
#(p) = T6'(p)(p' — ¢’ — ') — D&i(p)"" Y (43)

where D = (K i)'Vi/ (7241)(71‘771')(741)*1_ In other words, the non-linear part of the cost function in
(43) can be represented as a simple concave power function of the deseasonalized demand volume.
This representation allows for a simple representation of the concavity condition (C) for the profit
functions or the equivalent condition 527 /(9p%)? < 0.

A price competition game in which each firm selects a price from a closed interval and with profit
functions of the type (43) has been analyzed by CACHON and HARKER (2002) and BERNSTEIN and
FEDERGRUEN (2003). The former confine themselves to the case where the number of firms N = 2.
Without guaranteeing that an equilibrium exists, they establish a sufficient condition under which
the existence of multiple equilibria can be excluded. BERNSTEIN and FEDERGRUEN (2003) confine

themselves to the case of linear demand functions and v* = 1 for all i; they show that the existence
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of an equilibrium can, indeed, not be guaranteed under completely arbitrary parameters. Following
their analysis, we identify, however, for the case of linear deseasonalized demand functions, a simple
sufficient condition for the existence of an equilibrium, which relates the demand elasticity of a firm
with respect to its own price to the firm’s inventory-to-sales ratio. More specifically, assume the
demand functions {6°(p)} satisfy (3). Let

INV? = Dc?"(p)("/“rlr1 = firm i’s optimal inventory and fixed order costs over the course of
the planning horizon, under the price vector p.

REV® = Tp'§i(p) = firm i’s total gross revenue over the course of the planning horizon, under
the price vector p.

Theorem 2 below shows that a Nash equilibrium exists in the price competition model if the

following easily interpretable condition is satisfied:

REV?

The proof of Theorem 2 shows that (C1) is in fact equivalent to (C), i. e. to the overall profit
function of each firm being quasi-concave in its own price. (It is well known that games may fail to
have a (pure) equilibrium if the players’ profit functions fail to have this quasi-concavity or related
structural properties, for example supermodularity, discussed below.)

The ratio REV?/INV? is closely related to the (annual) sales-to-inventory ratio, one of Wall
Street’s most frequently monitored company measures. BERNSTEIN and FEDERGRUEN (2003) argue
that the ratio REV?/INV? is, in fact, at least 2.5 times the sales-to-inventory ratio. Moreover,
analyzing data by DUN and BRADSTREET (2001), the authors show for a sample of 10 consumer
product lines that the average lower quartile of the sales-to-inventory ratio varies between 2.8 and
6.7 for the 10 product lines. As a consequence, the right hand side of the inequality in (C1) varies
between 56 and 134, while the absolute value of the price elasticity varies between one and five, see
e.g. TELLIS (1988). Thus, condition (C1) is very comfortably satisfied for virtually all industries.

While condition (C1) guarantees that a Nash equilibrium exists, two important questions re-
main: (a) Is the Nash equilibrium unique or can multiple equilibria arise, making it hard to predict
which of the possible equilibria the industry will adopt and (b) How can the equilibrium (or equi-
libria) be computed efficiently? We show that under a slight tightening of condition (C1), a unique
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equilibrium can indeed be guaranteed and that this unique equilibrium can be efficiently computed
as the limit point of the following simple (iterative) taténnement scheme:

Tatonnement scheme: Starting with an arbitrary price vector pg), in the k-th iteration of the
scheme, each firm determines the price pék) which solves the best response problem (8), assuming
all competing firms’ prices are set according to their value in the price vector p(_1).

Convergence of this tatonnement scheme is guaranteed when the game is supermodular. The
proof of Theorem 2(b) shows that the supermodularity property is equivalent to a condition, closely

related to (C1):

(C2) e’ <4R 4

= "INV (45)

As reviewed above, condition (C2), which is somewhat tighter than (C1), is still very comfortably

satisfied for virtually all product lines.

Theorem 2 Assume the deseasonalized demand functions {§'(p)} are linear, i.e. they satisfy (3),
while all fived order costs are constant throughout time, i.e. Ki = ... = K”‘T = K'. Consider the
price competition game under the (approxvimate) profit functions 7 (p) in (43).

(a) Under condition (C1), the price competition game has a Nash equilibrium

(b) Under condition (C2), the price competition game has a unique equilibrium p*. The

tatonnement scheme converges to p* from any starting point p°.
Proof: (a) Note that

ox! b v

T — g i ' R Sw ) 4
o o' (p* —c' —n") + 140" (p) + P 1D5 (p)~i+1 and (46)
T orh 1 DO ()] Y (47)
05 (i + 12

Condition (C) for the existence of a Nash equilibrium is satisfied if and only if

, 1. REV?
- 2 t 2 — T

o7’ i bips
< 0& ==
(Op)? — 5'(p)

(48)

i 1 Tpi(si(p)
< R . S A—
<2 [’y +2+ ’7’} D)+ T
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: ] 1 . _ 1 . . ..
Thus (C1) < (C) since 8 < 2(y"+2+ ?) as the function g(x) = x + - achieves its minimum value
of 2 for r = 1.
(b) For the tatonnement scheme to converge to a Nash equilibrium, it suffices to show that the
profit function 7 is supermodular in (p?,p’) for all i # j, i.e. that
9272 o A

—— =T6" - b'0;D——
opop T

[5i(p)]_(v?7i1+1) >0 (49)

But, following the algebra in part (a), this inequality is equ1valent to € < [y +2+ ]?ﬁ“//z , which

is satisfied under (C2) for all v* > 0 since, for all v* > 0, ~* + - > 2, as shown in part (a). Finally,

to show that the equilibrium is unique, it suffices to verify that

82~z 3277(i .
Zapzapj— el Y i=Le N (50)

But Y24 paragr = (L 00T — b 525 (6 )~ < ~ (V) Dy 5(0) R
\W\ where the first inequality follows from (4) and (49) and the last one from (47). m

The proof goes along the lines of those of Theorem 1 and 2 in BERNSTEIN and FEDERGRUEN
(2003). For specific classes of nonlinear demand functions, conditions of similar intuitive appeal as
(C1) can be derived to guarantee that the profit function 7(p) is concave in p’. For example, for
the Cobb-Douglas functions (5), it can be shown that 7(p) is concave in p’ if either the absolute

i

7, nax __ ¢l —

price elasticity b’ or (p ') the maximum gross profit margin, is not too large.

The tatonnement scheme consists of repeated solutions of best response problems. The avail-
ability of an efficient procedure to solve the best response problems (see §3) is therefore of critical
importance. Note that the O(T?) algorithm to compute the values {F!(T)} needs to be executed
only once in the first iteration of the tatéonnement scheme. Thereafter, in each additional itera-
tion, the best response problem only requires O(T') operations and evaluations of inverse derivative
revenue function (R})™" (-).

Consider now the case where the firms engage in Cournot (quantity) competition as opposed

to Bertrand (price) competition. Consider, again, the conditions stated in Theorem 1, and assume

the approximate profit functions 7(+) in (43) are used. Under (3), the system of (deseasonalized)
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demand functions can be inverted resulting in the inverse demand functions:

pr=a' -6 - 0/ , i=1,...,N where ,0;>0 (51)

i
It follows from a straightforward generalization of Theorem 3 in BERNSTEIN and FEDERGRUEN
(2003) that an equilibrium exists under condition (C1) and that this equilibrium is unique under

(C2) and the condition

b>>"6 , i=1,...,N, (52)

J#
the direct counterpart of (4) for inverse demand functions. Thus, the same condition (C1) guar-
antees an equilibrium both under price- and under quantity competition. Moreover, an analogous
pair of conditions guarantees that the equilibrium is unique. However, in contrast to the case of
price competition, it is no longer possible to ensure that the tatonnement scheme converges to an

equilibrium, even when a unique equilibrium can be guaranteed.

5 Numerical Examples

In this §, we report on a numerical study conducted to investigate the effect on the equilibrium
behavior of seasonality patterns and economies of scale resulting from fixed setup costs.

Table 2 displays the equilibrium in our base example (Example 2) under each of the six season-
ality patterns (I)-(VI) and four combinations of setup cost values: (a) K} = 500; (b) K; = 1000;
(c) K} = 4000 and (d) K} = 5400. Each of the cells in the table corresponds with one of the 24
problem instances. Whenever a unique equilibrium exists, we display, sequentially, the equilibrium
prices (p*), volumes(d*), profit levels (7*) and the number of order periods (n*) for each firm. (If
no or multiple equilibria arise, the cell is left empty.)

In our example, firms 2 and 3 have identical characteristics. Firm 1 has a larger intercept as
well as a significantly higher ‘total price sensitivity’ defined by b; = b; — Zj y ; > 0, see (4).
(The total price sensitivity measures the marginal decline in sales volume due to a universal price
increase in the industry; note by = 8 and by = b3 = 1.) The larger total price sensitivity for firm 1

induces it, in all 24 problem instances considered, to adopt a lower price than his competitors, the
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M

(1T)

(T11)

(1V)

(V)

(V1)

P 30.79 32.91 32.91 30.94 33.04 33.04 30.94 33.03 33.03 31.28 32.95 32.95 31.28 32.95 32.95 31.10 33.11 33.11
K = 500 &* 157.91 214.96 214.96 156.59 214.87 214.87 156.67 214.88 214.88 153.12 215.38 215.38 153.12 215.38 215.38 155.22 214.87 214.87
™ 107.66 180.94 180.94 108.91 182.76 182.76 109.05 182.78 182.78 110.61 181.75 181.75 110.61 181.75 181.75 111.60 185.26 185.26
n* 54 54 54 47 50 50 47 50 50 32 54 54 32 54 54 37 45 45
p* 32.05 33.00 33.00 31.60 33.61 33.61 31.63 33.57 33.57 31.36 33.78 33.78 31.40 33.78 33.78 31.24 33.44 33.44
K = 1000 &* 145.50 216.04 216.04 151.20 214.39 214.39 150.88 214.48 214.48 153.96 213.80 213.80 153.52 213.84 213.84 154.51 214.35 214.35
™ 87.33 156.04 156.04 89.45 165.83 165.83 89.93 166.00 166.00 95.99 173.69 173.69 96.27 173.76 173.76 93.91 169.76 169.76
n* 27 54 54 34 41 41 33 41 41 32 32 32 31 32 32 35 37 37
p* 34.86 37.49 37.49 34.28 36.64 36.64 34.40 36.77 36.77 33.72 36.13 36.13 33.87 36.13 36.13
K = 4000 &* 126.38 209.88 209.88 130.48 211.00 211.00 129.51 210.87 210.87 135.03 211.46 211.46 133.58 211.61 211.61
w* 30.25 126.22 126.22 31.93 120.35 120.35 34.58 124.09 124.09 42.46 129.22 129.22 40.36 129.50 129.50
n* 14 18 18 15 20 20 14 19 19 14 18 18 14 18 18
p* 35.23 37.52 37.52 35.13 38.12 38.12 35.29 38.28 38.28 34.89 37.72 37.72 34.86 37.68 37.68
K = 5600 5" 122.70 210.20 210.20 124.99 208.88 208.88 123.71 208.72 208.72 126.53 209.45 209.45 126.71 209.51 209.51

8.50 98.03 98.03
13 18 18

11.56 106.74 106.74
13 16 16

15.44 112.04 112.04
12 15 15

24.86 119.02 119.02
11 14 14

25.10 119.12 119.12
10 17 17

lower direct price sensitivity 10 =

Table 2: Equilibria under six seasonality patterns and four setup cost values

95 (p)

ol = bt < b? = b3 = 12 not withstanding.

While the differences in the price equilibria are relatively small, they often have very significant

impacts on equilibrium volumes and in particular equilibrium profits. For example, when K} =
4000, firm 1’s profit is nearly 25% larger under the cyclic seasonality pattern (VI) than under
constant demands (I). When K} = 5400 firm 1 more than doubles its profit when moving from the
constant demand pattern (I) to a pattern with a holiday season at the beginning (IV). The profit
increases for firm 2 and 3, when moving from (I) to (IV), are in absolute terms, approximately
equal to that experienced by firm 1, even though in relative terms they amount to an increase of
approximately 16%.

It is hard to predict which seasonality pattern results in higher equilibrium prices: for K} = 500,
the prices under the constant pattern (I) are lower than those under the cyclic pattern (VI) but
the opposite is true for K} = 4000. Note, also, that the impact of a fixed order cost increase on
the equilibrium prices may vary rather significantly depending on which of the seasonality patterns
prevails. For example, when K increases from 500 to 1000, equilibrium prices increase by $1.26 for
firm 1, but by only $0.09 for firms 2 and 3 under (I), while the price increases under (VI) are $0.14
for firm 1 and $0.33 for firms 2 and 3. The order pattern, in general, and the number of order
periods, in particular, vary greatly by firm and by seasonality pattern, see for example the case
where K} = 1000.

When Kf = 4000, a unique equilibrium continues to exist under all seasonality patterns except

for (IV). Here, there are at least two equilibria p} = [34.03; 36.28; 36.40] and p; = [34.03; 36.40; 36.28].
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) (IT) (I1T) (IV) V)

(VI)

p* 42.86 38.58 38.58 39.50 39.85 39.85 39.74 39.97 39.97 36.84 41.07 41.07 39.00 41.07 41.07 38.99 40.07 40.07
K = 5000 &* 27.41 123.00 123.00 32.34 120.57 120.57 32.00 120.57 120.57 37.26 118.46 118.46 33.48 119.38 119.38 33.20 120.18 120.18
7 24.84 129.65 129.65 25.78 136.61 136.61 26.13 137.59 137.59 28.04 144.57 144.57 28.11 145.82 145.82 27.78 140.46 140.46

n* 18 54 54 22 44 44 21 43 43 23 32 32 19 32 32

19 37 37

Table 3: Equilibria under Cobb-Douglas demand functions (Example 4)

(These equilibria are both interior points of the feasible region.) The taténnement scheme may,
in this case, converge to either one of the two equilibria or it cycles through the points p] =
[34.02; 36.40; 36.40] and p3 = [34.04; 36.28; 36.28].

When K! = 5600, an equilibrium fails to exist for pattern (VI): the tatonnement scheme never
converges, irrespective of the starting point. Instead, the scheme cycles between the two (price)
points p; = [35.24; 36.54; 36.54] and p3 = [35.25; 36.60; 36.60].

We conclude that the seasonality patterns of the demand functions (as well as the cost param-
eters) may result in significant differences in the equilibria. Sometimes, the seasonality pattern
determines whether a unique equilibrium, no equilibrium or multiple equilibria prevail. The latter
two cases arise, of course, in settings where conditions (C) and (C2) are violated.

Finally, Table 3 below exhibits the equilibria in Example 4 with K = 5000. In this case, the
seasonality pattern has a significantly larger impact on the equilibrium prices; for example, that of
firm 1 decreases by $6 when going from pattern (I) to (IV). While firm 1 generally positions itself

at a lower price than its competitors, the reverse is true under pattern (I).

6 A generalized model

In our base model, the time-dependence of the demand functions is expressed by multiplicative
seasonality factors only, as in (3), and the fixed costs are constant over time. We have shown
that in this base model the optimal sequence of order periods, given a total number of orders is
independent of the prices charged by the firms, see (9) and (10).

This decomposability breaks down when the fixed order costs are time-dependent or the demand

functions’ time-dependence is more general, e.g. when there are additive seasonality terms:

di(p) = i+ Bii(p)  t=1,...,T5 t=1,...,N (53)
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Under this structure, the best response problem becomes considerably more difficult, albeit that the
recent algorithm by VAN DEN HEUVEL and WAGELMANS (2004) solves it in O(T?logT) time. The
cost function C?(p) can still be expressed as a piecewise linear, concave function of the deseasonalized
demand volume, see the proof of Lemma 1, but the representation requires (27 — 1) linear prices.
This cost function can still be approximated by a power function as in (43) resulting in simple
conditions for the existence and uniqueness of equilibria in the approximate oligopoly model — but
the tight arguments resulting in this approximation for the basic model no longer apply and the
approximation is less accurate.

However, thanks to the availability of the best response algorithm of VAN DEN HEUVEL and
WAGELMANS (2004), the tatonnement scheme can still be applied effectively to the fully general
model. When convergent, its limit point is, of course, a Nash equilibrium. If convergent to the
same limit point, regardless of its starting point p(y, the equilibrium is in fact unique. Thus,
the tatonnement scheme provides an algorithmic mechanism to establish the existence of a Nash
equilibrium in any given instance of the general model. Indeed, we have applied the scheme to a
large variety of problem instances of the general model and have found that a unique equilibrium
exists in the vast majority of cases.

To illustrate this, we analyze a set of six problem instances with additive rather than multiplica-
tive seasonality factors for the demand function, i.e. 8¢ = 1. The six instances are obtained from
the base case in Example 2 (where all ai = 0), merely by varying the {a}:} terms. The seasonality
patterns are the direct analog of (I)-(VI) in the case of multiplicative seasonalities.

For each pattern, we obtain the ai-terms from the Bi-factors for the same pattern, employing
the transformation of = 100(8; — 1). (Note that 2 21 ai = 0 Vi.) Table 4 displays the equi-
librium prices, demand values, profits and number of setups for the 6 instances. As in the case
of multiplicative seasonalities, we note that the differences in the equilibrium prices are modest.
At the same time, major differences in the number of setup periods may arise, translating into
equilibrium profit differences of up to 8.4%. The differences become even larger when the setup
cost parameters K| are increased, see Table 4. As in the case of multiple seasonalities, all firms
may be better off under seasonally varying demands or cost parameters, once again contradicting

common folklore.
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) (IT) (I1T) (IV) V)

(VI)

P 32.05 33.00 33.00 31.91 33.87 33.87 31.95 33.87 33.87 32.04 34.75 34.75 32.04 34.75 34.75 32.08 33.72 33.72
K = 1000 &* 78.57 116.66 116.66 80.29 115.65 115.65 80.04 115.67 115.67 80.51 114.77 114.77 80.51 114.77 114.77 79.21 115.90 115.90
7 87.33 156.04 156.04 88.77 165.83 165.83 89.10 166.06 166.06 94.63 177.07 177.07 94.63 177.07 177.07 89.56 165.68 165.68

n* 27 54 54 32 43 43 31 43 43 31 32 32 31 32 32

36 45 45

Table 4: Equilibria under six a-patterns

7 Conclusions

We have developed the first oligopoly model combining (I) the complexity of time-varying demand
and cost functions with (II) that of scale economies due to dynamic lot sizing costs. When the
firms engage in price competition, we have identified general sufficient conditions under which a
Nash equilibrium exists, under which this Nash equilibrium is unique and under which a simple
tatonnement scheme is guaranteed to converge to the equilibrium. In this scheme, firms repeatedly
solve their best response problem, i.e. each firm determines the best combined price and dynamic
lot sizing policy in response to the assumed price levels of its competitors. The above results were
obtained for the case where each firm’s demand function in some period t = 1,... ,7 is given by a
time-invariant (deseasonalized) demand function, multiplied by a firm dependent seasonality factor
for period t. In addition, we have assumed that the fixed order costs are constant throughout the
planning horizon. (However, in §6 we have discussed how our results can be extended under more
general seasonality patterns and time-dependent fixed costs.)

A single best response problem can be solved with O(T?) elementary operations and O(T)
evaluations of the inverse derivative revenue functions R;_l(-). (For many important classes of
demand functions, e.g. the linear and Cobb-Douglas functions, this inverse derivative revenue
function can be obtained in closed form). Moreover, only in the first iteration of the taténnement
scheme, do the best response problems require O(7T?) operations. In subsequent iterations, the best
response problem is of O(T") complexity.

It is of interest to compare these results with those pertaining to the simpler settings in which
only one of the two complicating factors (I) and (II) prevails. The case where all cost parameters and
demand functions are time invariant was covered by BERNSTEIN and FEDERGRUEN (2003), albeit
in an infinite horizon setting. We have shown that the conditions for existence of an equilibrium
or its uniqueness, in our model, are very similar, if not identical, to those required in the special

case of time-invariant cost and demand functions.
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In the absence of fixed order costs, the demand in any given period ¢ is optimally procured in
a period s < ¢ for which the total procurement cost rate (= order cost rate plus holding costs, if
any) is lowest, irrespective of the demand values and hence irrespective of the prices charged by the
firms. As a consequence, the minimum total procurement cost for firm i is proportional to &(p),
its deseasonalized demand volume. Thus, in the absence of fixed order costs, the oligopoly model
reduces to the standard price competition model in economics. Since the cost function is linear in
§%(p), the profit function 7?(p) is concave in p’ if and only if the gross revenue function is concave
in p’; see MILGROM and ROBERTS (1990) for a list of various classes of demand functions for which
this is the case, so that a Nash equilibrium exists, see (C).

Our model assumes that prices remain constant throughout the planning horizon and we have
argued in §1 why this assumption is often satisfied. The above not withstanding, we hope that our

work will be extended to allow for a limited or an arbitrary number of price changes.
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