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TWO NOTES ON THE JOINT REPLENISHMENT
PROBLEM UNDER CONSTMfT DEMAND

MJ.G. VAN EUS
Department of Economics, Tilburg University, The Netherlands

This note considers the joint replenishment inventory problem for N items under constant
demand. We investigate the frequently used cyclic strategy (T;k, ,..,kN ): a family
replenishment is made every T time units and ilem i is included in each ly'th replenishment.
It it known that the overall optimal stratcgy for the joint replenishmcnt problcm is no[
necessarily of this type. Goyal proposed a solution to fmd the global optimum within the
class of cyclic strategies. However, among other issues we will show that the algorithm of
Goyal does not always lead to the optimal cyclic strategy. A simple correction is suggested.

Key words: inventory, multi-item

INTRODUCTION

The joint replenishment problem is an extensively studied problem in inventory
theory. The problem is to construct a replenishment strategy for (a family of) N
items which interact because of a special set-up cost structure: a major set-up
cost is incurred for each joint replenishment, independent of which items are
involved. In addition, a minor set-up cost is incurred for each item included in
the replenishment. So, cost savings can be achieved by coordinating the
replenishments of several items. We refer to Aksoy and Erenguc' and Goyal and
SatirZ for a more detailed introduction to the problem. A commonly used
strategy is to place an order every T time units and to include the i'th item into
every k; th replenishment. This leads to a replenishment interval of Tk; time
units for the i'th item. Note that (actual) joint replenishments are equally spaced
under a cyclic strategy only if km;,,-1, where km;,,is the minimum value of k; over
all items i.

Fxample 1
Let N-2, kt-2, kZ-3, T-1. Then the orders (above the time-axis) on

subsequent time intervals are as follows:

(1,21 ( ) (1) {2) {1) ( ) (1,2)
I I ~ I I I ~ time
0 1 2 3 4 5 6

Note that no order is placed on t-1 and t-5. The actual joint replenishments
are not equally spaced.
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The cyclic strategies (T;k ~,..,k N) with km;,,-1 are called strict cyclic. We
assume that for a cyclic strategy with km;,, ~ 1 the major set-up cost is also
incurrc4l at multiples ~if T at which no actual replenishment is performed.
1)agpunar' refcinnulatc~i the ohjcctive fwictiun of the ('T;k i,..,kN ) strategies
under the assumption that no major set-up cost is charged if no order is placed.
However, as pointed out by Goyal,4 the minimalisation of the cost function
provided by Dagpunar, is considerably more complex than that of the orginal
problem.

Most solution procedures solve a subproblem in which the k;s are not
necessarily restricted to integer variables. Schweitzer and Silvers have shown for
this continuous variable case that the problem is ill-posed if the restriction k;~ 1
is deleted. We will show that under this restriction, km;~ 1 in the optimal
solution.

Andres and Emmonsb have shown by a counter example that the class of
cyclic strategies does not always contain an optimal strategy. Among others,
Chakravarty' considered a class of strategies under which the items of the family
are divided into a number of groups. The items of each group have the same
replenishment cycle, but the replenishment cycles of the groups are not an
integer multiple of the shortest (basic) cycle. These strategies are referred to as
"direct grouping strategies". Van Eijs, Heuts and Kleijnene compared the
performance of cyclic and direct grouping strategies with help of simulation.
They concluded that the non-cyclic class of strategies proposed by Chakravarty
outperforms the cyclic (T;k,,..,kN) strategies only in situations under which the
ratio of the major set-up cost and the average minor set-up cost is low (lower
than 0.50, depending on the number of items in the family)g However, this
result also points out that the class of cyclic strategies is not always optimal.
Another class of strategies which permit unequal time spacing between joint
replenishments is suggested by Goyal and Soni.9 They provide an extension of
the (T,k~,..,kN) strategies by permitting multiple basic cycles.

Goyal'o~" has proposed an algorithm to find the optimal solution within the
class of cyclic strategies. We will show that this solution is optimal within the
class of strict cyclic strategies, but is not necessarily optimal within the class of

cyclic strategies. We propose to adjust the algorithm of Goyal slightly to make it

possible to obtain cyclic strategies (T;k~,..,kN) with km;,,~l.

THE JOINT REPLENISHMENT PROBLEM

The joint replenishment problem can be described as follows: a(family of) N

items are purchased from the same supplier. When one of the items of the
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family is ordered a major set-up cost (A) is incurred, regardless of which item is
ordered. In addition, a minor set-up cost (a;) is charged for each particular item
which is included in the replenishment. Item i has constant demand D; per time
unit and holding cost h; per dollar per time unit. Stock-outs are forbidden and
the rate of replenishment is assumed to be infinite. The objective is to minimize
the total cost per time unit over an infinite horizon. For an arbitrary cyclic
strategy (T;k1,..,kN) the total average cost per time unit is given by (1):

1 a T
TRC(T;k1,..,kN) --( A t E i) t - E Dihiki

T i ki 2 i

For fixed (k1,..,kN) the optimal value T~(k,,..,kN) of the basic cycle equals:

r ti ;4

~
T (kl~--~l~ ) -

2 ( AtEai~ki )
i

E Dihiki
i

(1)

(2)

If T~(k~,..,kN) is substituted back in the orginal cost function (1) the following
cost function is obtained:

TRC(kl,..,l~) -~ 2( A t E 8i )~( E Dihiki )
i ki i 1' (3)

In this note we consider two cases: (i) the continuous case where both k; and
T are allowed to be continuous variables, and (ii) the mixed integer variable
case where k; is restricted to an integer value, while T is a contínious variable.

THE CONTINUOUS CASE

As mentioned before, most solution procedures try to find the minimum of
(3) by minimalisation over the positive orthant. So, (k l,..k N) is treated as a
continuous variable. In the appendix we show that TRC(k, ,..,kN ) is neither
convex, nor concave in (k~,..,kN). In fact, (3) is convex in one single k;.

Schweitzer and Silver5 have shown that the constraints k; ~ 1(i -1,..,N) are
needed to avoid an ill-posed statement of the problem. If these constraints are
deleted the resulting minimalisation problem has no optimal solution. If the
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objective function is minimized over the positive orthant under the restriction
that k;~ 1 for every item i, at least one of the items of the family has to be
replenished each T time periods. Hence, km;,,-1.

Result 1: k m;,,-1 in the optimu! solution of the continuous case.

Proof: Let solution 1 be of the form: k;~ 1 for all items i, and let T be the
corresponding basic cycle. The cost is denoted by C 1. Construct a new solution 2
k';-k;~km;,,, i-1,..,N, and T'-Tk,„;,,. Note that k'm;~ 1. CZ, the cost of solution 2,
is (see (1)):

~
~2- ( A t E ai )} T kmin ~ Dihi ki )

~
T min i min min

A 1 a T

T~kmin T i ki 2 i

C2~ C1, since 1~T'km;,,~ 1~T (note that km;,,~l).

THE MIXED INTEGER CASE

We have shown that km;,,- 1 in the continuous case, under the restriction that
k;~ 1 for each item i. However, the variables k; are not continuous but integer in
the orginal problem. The question is whether k,„;,, -1 also holds in the mixed
integer case.

Andres and Emmonsb have shown that the class of (strict) cyclic strategies is
not always optimal. Andres and Emmons illustrate their statement with a two
product example, for which the optimal solution is obtained by a special
algorithm.lZ Moreover, the problem setting of Andres and Emmons is different
from that of the joint replenishment problem in the following sense: a major set-
up cost has to be paid at every replenishment in which not all items are
involved. The only way to avoid the major set-up cost is to perform a joint
replenishment for all items simultaneously (the problem settings are only
equivalent if the number of items is two).

In literature regarding to the joint replenishment procedures for the cyclic
(T;k~,..,kN) strategies the algorithm of Goyal'ois used to find the optimal cyclic
strategy. However, the algorithm only guarantees an optimal strict cyclic strategy.
We note a shortcomming on this algorithm:

t- E i t-( E Dihiki )
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Result 2: The optimal solution within the class of cyclic strategies does not
necessarily belon,g to the class of strict cyclic strategies.

Counter examples are given in example 2 and 3. Note that if kn,;~~l and the
strategy is cyclic, then it seems profitable to order nothing on some specific
replenishment dates, whereas the major set-up cost has to be paid (see also
example 1).

Below, we shortly review the algorithm of Goyal.10 Then a simple extension is
proposed to the orginal algorithm. Goyal has derived that for a fixed value of T
the variable costs of item i are minimised by selecting the integer k; (T) which
satisfies:

ki(T)(ki(T)-1) G (2aJDiht)IT2) ~ ki(T)(ki(T)tl) í4)

Remark 1
Formula (4) provides lower and upper bounds for T for different values of k;.

For example, if k;-1 then T has to belong to the interval [(a; ~D; h; )~; ~~.

Starting with fixed (k l,..,kN), the optimal basic cycle T~(k l,..,k s, ) is given by
(2). Goyal's algorithm obtaines a minimum (Tm;,,) and a ma~cimum value (T,„~)
for T and then it determines all intervals of T within this range for which (k ~
,..,kN) is unchanged. It can be shown that only a finite number of intervals have
to be considered. Hence the global optimum can be obtained by taking the
minimum of all local minima after explicit enumeration of all the intervals. The
algorithm is outlined below.

Algorithm of Goyal io

Step 1
Determination of Tm;,, and Tmex:

(i) Set Tm„~:-T~(1,..,1) with (2).
(ii)Set Tm;,,:-min (a;~D;h;)~

(see remark 2) ~

Step 2
Initialisation:

(i) Set (k,~,..,k,~ ): -(k 1(T,„„~,..,k N(T~,~)) with (4) ((k 1~,..,k N) is a vector which
keeps up with the best relative replenishment frequencies, which are found
so far). Set TRC~:-TRC(kl',..,kN ) with (3) (TRC~ is de cost corresponding
to (k,',..,kN ) ).

(ii)Set T:-T,„~,and set (k~,..,kN):-(k~',..,kN ).
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(iii) Set T~h(i):- (2a;~(D;h;'k;(k; t 1)))~ for all items i(T~h(i) is the basic cycle
T at which the value of k;(T) of item i changes to k;(T)f 1).

Step 3
Set T: - max T~h(i). If Ts Tm;,,, then go to step 5. Otherwise go to step 4.

Step 4 '
Evaluation of the cost in the new interval:

(i) Set p:-{i~ max T~h(i)} (p denotes the item for which k;(T) changes at T
to k;(T)t 1);~ties aze broken arbitrary.
Set kP:-kPt 1, and set T~h(p):- (2ap~(DPhP'kP(kpf 1)))~

(ii) Calculate TRC(k1,..,kN) with (3). If TRC(k1,..,kN)~TRC" , then
(kl",..,kN ):-(k1,..,kN) and TRC":-TRC(k1,..,kN). Go back to step 3.

Step 5
Termination of the algorithm. The optimal strict cyclic strategy is (T",kl",..,kN )

with corresponding minimal cost TRC", where T":-T"(kl",..,kN )(with (2)).
(see remark 3).

Remark 2
Since T"(k1,..,kN) is monotone decreasing in (k1,..,kH) the maximum value of

T"(k1,..,kN) occurs in (k1,..,kN)-(1,..,1). Goyal'ostated that the minimum of T is
equal to the minimum of (2a;~D;h;)~ over all i. Andres and Emmonsb already
noted that Tm;,, has to be equal to the minimum of
(a;~D;h;)~ over all i(see also the remark below (4)). In a recent paper Goyal"
gives an example where the algorithm of 'o does not give the optimal solution.
He provides another algorithm which provides the optimal solution for the class
of strict cyclic strategies. However, if the correct Tm;,, is used the same solution
is found with 'o and 11

Remark 3
Goyal's algorithm determines k; (T") for each item with (4) after T" has been

obtained. This additional step is unnecessary if the correct Tm;,,is used.

Our criticism on the algorithm of Goyal is that the choice of Tm;,, is based on
the assumption that at least one of the k;s has an optimal value of one, and
therefure it excludes an cyclic stralegy (T;k~,..,kN) with k,„;,,~ 1. Such a strategy
is not strict cyclic. As mentioned befure, the optimum of the dass of cyclic
strategies does not necessarily belong to the class of strict cyclic strategies. As a
consequence, the strategy obtained from Goyal's algorithm may not be the
optimal cyclic strategy.
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The problem is to construct a new lower bound for T. Note that TRC~~A~T~,
where TRC ~ and T~ are respectively the cost and the basic cycle of the optimal
strategy, and A is the major set-up cost. Since T~ ~A~TRC~~ A~TRC, where
TRC is the cost of a feasible (T,k l,..,kN) strategy, a lower bound for T is
A~TRC. The lower this bound is the more intervals of T with an unchanged
solution (k~,..,kN) have to be distinguished. Hence, the lower Tm;,,, the more
computation time will be required to find the best cyclic strategy. The best
choice for Tm;,, is obtained when TRC is as low as possible. The minimum cost
TRC~ is unknown, but a good upper bound is given by the orginal algorithm of
Goyal. The following extended version of Goyal's algorithm will always find the
optimal cyclic strategy.

Adjusted ulgoritfim

Step 1
Use the orginal algorithm of Goyal lo with Tm;~: - min (a;~D; h;)~

The result is the optimal strict cyclic strategy (T~;k~1~,..,kN ) with corresponding
cost TRC, the current values of T(sTm;,,), and the vectors (k~,..,kH) and
(T~n(1),..T~n(N)).

Step 2
Set Tm;,,:-A~TRC~, and proceed with Goyal's algorithm at step 4.

We will give two examples for which the adjusted algorithm affects the orginal
solution.

Exumple 2(Andres und Emmons 6)
Let N-2, A-1, D~-400, D2-900, a~-50, a2-50, h~-1, h2-1

Goyal's algorithm yields k~~-2, k2 -1, and T~-0.30. The cost of the this strict
cyclic strategy is 508.33. The adjusted algorithm yields k~~ -3, kZ -2 and
T~-0.17. The corresponding cost is 505.96. This solution is the optimal cyclic (T~
;k ~~ ,..,kN ) strategy. The overall optimal strategy for the joint replenishment
problem is obtained by the algorithm of Andres and Emmons.12 The strategy is
to order item 1 every 1~2 time unit and item 2 every 1~3 time unit.b Note that
this solution corresponds with the cyclic strategy with T-1~6, k 1-3 and kZ -2.
The cost of this strategy, 504, is lower than the cost obtained by the adjusted
algorithm, because we assume that every T time units the major set-up cost is
charged regardless whether an actual order is placed. In the model of Andres
and Emmons the major set-up cost is only charged when any of the items of the
family is actually ordered.
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Example 3(an extension of the example of Andres and Emmons)
We add an extra item to the family with D3-850, h3-1 and a3-50.

The solution for the orginal algorithm of Goyal is k1~-2, k2-1, k3-1, T~-0.31.
The cost is 801.62. The adjusted algorithm yields k1~-3, k2-2, k3-2. The time
between two replenishments equals 0.17 time units and the corresponding cost is
797.54. We already mentioned that the computer time needed increases strongly.
To establish the optimal strict cyclic strategy three intervals have to be evaluated
However, 941 intervals have to be evaluated to find the optimal cyclic strategy.
Note that the adjusted value of Tm;,, in our algorithm depends heavily on the
data.

The optimal cyclic strategy does not belong to the class of strict cyclic
strategies if the major set-up cost is low relative to the average minor set-up
cost. Otherwise it will be too costly to order nothing on a particular multiple of
T. As mentioned before we prefer to use a class of non-cyclic strategies (with
unequal spaced family replenishments) if the ratio A~a~0.5 (depending on N)e
where a is the average minor set-up cost. In table 1 the solution of the cyclic
(T,k~,..,kN) strategy is compared with the solution of the direct grouping strategy
proposed by Chakravarty~ and the multi-cycle strategy proposed by Goyal and
Soni9 for example 2 and 3. Note that the cost obtained by 9 are lower than that
obtained by 6 This difference is caused by rounding off errors of 6

Table 1. Comparison of the numeric average cost jor different classes of strategies.

cyclic strategies non-cyclic strategies

example Goyal our algorithm Chakravarty Goyal and Soni

2 508.33 505.96 504.98 503.98
3 801.62 797.54 796.55 795.57

CONCLUSIONS AND DISCUSSION

In this note we considered the class of cyclic (T;k~,..,kN) strategies for the joint
replenishment problem. The smallest value k;value is denoted by km;~. The c1áSS
of cyclic strategies with km;~ 1 are called strict cyclic. Under a strict cyclic
strategy the actual family replenishments and the replenishments of the
individual items in the family are equally spaced (by respectively T and Tk; time
units). Under a cyclic strategy with km;~ 7 1 fake replenishments are made at
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some multiples of T. The major set-up cost is incurred at all multiples of T,
even if there is is no actual replenishment. In literature it is assumed that the
optimal cyclic strategy belongs to the class of strict cyclic strategies (so,
km;~ 1). We have shown that this is correct if the variables k; are treated as
continuous variables. However, if the variables k; are restricted to integer values,
we have illustrated that the optimal cyclic strategy is not necessarily strict cyclic.
Goyal's algorithm,'o which is commonly used to find the optimal cyclic strategy,
does not allow solutions with km;,, ~ 1. AS a consequence, this algorithm yields
the optimal strict cyclic strategy, but it does not always yield the best cyclic
strategy. We proposed a simple adjustment of Goyal's algorithm, which always
finds the optimal cyclic (T;k~,..,kN) strategy. A drawback of this algorithm is that
the computer time needed increases strongly. The reader should note that the
optimal cyclic strategy does not belong to the class of strict cyclic strategies only
in situations when the ratio of the major set-up cost and the average minor
set-up cost is very low. One can imagine that in such situations joint
replenishments of items do not make much sense. In this cases it may be better
to use classes of strategies with unequally spaced family replenishments.

Acknowledgmen( - The author would fike to thank Professor Frank van der Duyn Schouten for

several fruitful discussions and for his helpful comments.
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APPENDIX

Lemma.~ Objective function (3) is neither convex nor concave in (k~,..,kN)

Proof:It is sufficient to prove that the function

f(k1,..kN) -( A t E ai ) í E Dihiki)
i ki i

is not convex or concave. We will prove the lemma by showing that the Hessian
matrix of f(k1,..,kN) with respect to (k~,..,k~) is neither positive definite (in this
case f(k1,..,kN) is convex) nor negative definite (then f(k,,..,kN) is concave). In
the case N-2 the Hessian matrix is given by:

~2a1~2h2k2 a1D2h2 a2Dlh1

H2
3 2 2kl kl k2

a1D2h2 a2Dlh1 2a2Dlhlk1

L 2 2 3kl k2 k2

(a2)

(i): f(k~,..,kN) is not convex.
Since the Hessian matrix of f(k~,..,kN) is symmetric, f(k1i..,kN) will be positive
definite if all submatrices Hk (k-1,..,N) have an positive determinant. We will
show that the determinant of H2, denoted by DZ, is negative (b;:-D;h;, i-1,2):

D2 -
ala2blb2

4- k2 k2 -
1 2

-2.ala2blb2 t
k2k21 2

2.
ala2blb2 a2b1 2

k2k2 } C k2 J1 2 2

2 } 2k2 klCa2b1~2 Calb2~2

t
C alb2 ~ 2

k21

2
a2b1 alb2 G 0
k2 k22 1

(ii): f(k1,..,kN) is not concave.
The Hessian matrix HZ is negative definite if xTHZx~O for all nonzero vectors

xT-(xl,x2)T
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a D h k
xTH2x - 2 1 2 3 2.xi t 2. r-

kl L

a1D2h2 a2Dlh1
2 - 2 ~ ~XlX2}kl k2

82Dlhlkl 2. k3 .X2
2

Consider the vector (xt,xz)T-(1,0)T then we have xTHZx~O and hence HZ is not
concave.

REFERENCES

l. Y. AKSOY and S. ERr:NCUC (1988) Multi-item modcls with co-ordinatcd replcnishments: a
survey. Int. J. Prod. Man. 8, 63-73.

2. S.K. (ioYAI. and A.T. Sn1~R (1989) Joint rcplcnishmcnl invcntory control: dctcrministic anJ
stochastic modcls. Eur. J. Opl Res. 38, 2-13.

3. J.S. DAGPUNAR (1982) Formulation of a muhi item single supplier invcntory problem. J. Opl
Res. Q. 33, 285-286.

4. S.K. GOYAL (1982) A note on the formulation of the multi-item single supplier inventory
problem. J. Opl Res. Q. 33, 287-288.

5. P.J. SCFiwErIZER and E.A. SILVER (1983) Mathematical pittfalls in the one machine
multiproduct economic lot scheduling problem. Oprs Res. 31, 401-405.

6. F.M. ANDRFS and H. EMMONS (1976) On the optimal packinging frequency of products jointly
replenished. Mgmt Sci. 22, 1165-1166.

7. A.K. CHAKRAVARTY (1981) Multi-item inventory aggregation into groups. 1. Op! Res. Soc. 32,
19-26.

8. MJ.G. VAN Eus, RJ.M. HEU'I's and J.P.C. KLeuNFN (1990) Analysis and comparison of two
strategies for multi-item inventory systems with joint replenishment costs. Report No. FEW 436 ,
Research Memorandum, Department of economics, Tilburg University, The Netherlands.

9. S.K. GoYAL and R. SoNt (1986) Economic packaging frequency of joindy rcplenished items wilh
mulliple manufacluring and packaging cycles. In lnventory in theory and proctice. Proceedings oj
the lhird inrentationa! symposium on inventories'; Budapest, august 27-31, 191W (A. CntKAN, Ed.),
pp 521-529. Elsevier, Amsterdam.

10. S.K. GoYAI. (1974) Determination of optimum packaging frequency of items jointly replenished.
Mgmt Sci. 21, 436-443.

11. S.K. GOYAt. (t988) Determining the optimum production packaging policy for jointly replenished
items. Engeneering costs and proáuction economics 15, 339-341.

12. F.M. ANDRfS and H. EMMONS (1975) A muhiproduct inventory systcm wilh interactive set-up
costs. Mgmt Sci. 21, 1055-1063.



IN 1989 REEDS VERSCHENEN

368 Ed Nijssen. Will Reijnders
"Macht als strntegisch en tactisch marketinginstrument binnen de
distributieketen"

369 Raymond Gradus
Optimal dynamic taxation with respect to firms

370 Theo Nijman
The optimal choice of controls and pre-experimental observations

371 Robert P. Gilles, Pieter H.M. Ruys
Relational constraints in coalition formation

372 F.A. van der Duyn Schouten, S.G. Vanneste
Analysis and computation of (n,N)-strategies for maintenance of a
two-component system

373 Drs. R. Hamers, Drs. P. Verstappen
Het company ranking model: a means for evaluating the competition

374 Rommert J. Casimir
Infogame Final Report

375 Christian B. Mulder
Efficient and inefficient institutional arrangements between go-
vernments and t.rade unions; an explanation of high unemployment,
corportiLism Find union bashinK

376 Marno Verbeek
On the estimation of a fixed effects model with selective non-
response

377 J. Engwerda
Admissible target paths in economic models

378 Jack P.C. Kleijnen and Nabil Adams
Pseudorandom number generation on supercomputers

379 J.P.C. Blanc
The power-series algorithm applied to the shortest-queue model

380 Prof. Dr. Robert Bannink
Management's information needs and the definition of costs,
with special regard to the cost of interest

381 Bert Bettonvil
Sequential bifurcation: the design of a factor screening method

382 eert Bettonvil
Sequential bifurcation for observntions with random errors



11

383 Harold Houba and Hans Kremers
Correction of the material balance equation in dynamic input-output
models

384 T.M. Doup, A.H, van den Elzen, A.J.J. Talman
Homotopy interpretation of price adjustment processes

385 Drs. R.T. Frambach, Prof. Dr. W.H.J. de Freytas
Technologische ontwikkeling en marketing. Een oriënterende beschou-
wing

386 A.L.P.M. Hendrikx, R.M.J. Heuts, L.G. Hoving
Comparison of' automatic monitoring systems in automatic Forecasting

387 Drs. J.G.L.M. Willems
Enkele opmerkingen over het inversificerend gedrag van multinationale
ondernemingen

388 Jack P.C. Kleijnen and Ben Annink
Pseudorandom number generators revisited

389 Dr. G.W.J. Hendrikse
Speltheorie en strategisch management

390 Dr. A.W.A. Boot en Dr. M.F.C.M. Wijn
Liquiditeit, insolventie en vermogensstructuur

391 Antoon van den Elzen, Gerard van der Laan
Price adjustment in a two-country model

392 Martin F.C.M. Wijn, Emanuel J. Bijnen
Prediction of failure in industry
An analysis of income statements

393 Dr. S.C.W. Eijffinger and Drs. A.P.D. Gruijters
On the short term objectives of daily intervention by the Deutsche
Bundesbank and the Federal Reserve System in the U.S. Dollar -
Deutsche Mark exchange market

394 Dr. S.C.W. Eijffinger and Drs. A.P.D. Gruijters
On the effectiveness of daily intec~ventions by the Deutsche Bundes-
bank and the Federal Reserve System in the U.S. Dollar - Deutsche
Mark exchange market

395 A.E.M. Meijer and J.W.A. Vingerhoets
Structural adjustment and diversification in mineral exporting
developing countries

396 R. Gradus
About Tobin's marginal and average q
A Note

397 Jacob C. Engwerda
On the existence-qf a positive definite solution of the matrix
equation X t ATX A- I



111

398 Paul C. van Batenburg and J. Kriens
Bayesian discovery sampling: a simple model of Bayesian inference in
auditing

399 Hans Kremers and Dolf Talman
Solving the notllinear complementarity problem

400 Raymond Gradus
Optimal dynamic taxation, savings and investment

401 W.H. Haemers
Regular two-graphs and extensions of partial geometries

402 Jack P.C. Kleijnen, Ben Annink
Supercomputers, Monte Carlo simulation and regression analysis

403 Ruud T. Frambach, Ed J. Nijssen, William H.J. Freytas
Technologie, Strategisch management en marketing

404 Theo Nijman
A natural approach to optimal forecasting in case of preliminary
observations

405 Harry Barkema
An empirical test of Holmstrdm's principal-agent model that tax and
signall,y h,ypoLhesev explicit:ly inLo nccount

406 Drs. W.J. van Braband
De begrotingsvoorbereiding bij het Rijk

40~ Marco Wilke
Societal bargaining and stability

408 Willem van Groenendaal and Aart de Zeeuw
Control, coordination and conflict on international commodity markets

409 Prof. Dr. W. de Freytas, Drs. L. Arts
Tourism to Curacao: a new deal based on visitors' experiences

410 Drs. C.H. Veld
The use of the implied standard deviation as a predictor of future
stock price variability: a review of empirical tests

411 Drs. J.C. Caanen en Dr. E.N. Kertzman
Inflatieneutrale belastingheffing van ondernemingen

412 Prof. Dr. B.B. van der Genugten
A weak law of large numbers for m-dependent random variables with
urrbounded m

413 R.M.J. Heuts, H.P. Seidel, W.J. Selen
A comparison of two lot sizing-sequencing heuristics for the process
industry



1V

414 C.B. Mulder en A.B.T.M. van Schaik
Een nieuwe kijk op structuurwerkloosheid

415 Drs. Ch. Caanen
De hefbootnwerking en de vermogens- en voorraadaftrek

~{lb Guido W. lmbc~ns
DuraLion models wiLh time-vtrryinf; coefficients

41~ Guido W. Imbens
Efficient estimation of choice-based sample models with the method of
moments

418 Harry H. Tigelaar
On monotone linear operators on linear spaces of square matrices



IN 1990 REEDS VERSCHENEN

419 Bertrand Melenberg, Rob Alessíe
A method to construct moments in the multi-good life cycle consump-
tion model

420 J. Kriens
On the differentiability of the set of efficient (u,a2) combinations
in the Markowitz portfolio selection method

421 Steffen J~rgensen, Peter M. Kort
Optimal dynamic investment policies under concave-convex adjustment
costs

4~2 J.P.C. Blanc
Cyclic polling systems: limited service versus Bernoulli schedules

423 M.H.C. Paardekooper
Parallel normreducing transformations for the algebraic eigenvalue
problem

424 Hans Gremmen
On the political (ir)relevance of classical customs union theory

425 Ed Nijssen
Marketingstrategie in Machtsperspectief

426 Jack P.C. Kleijnen
Regression Metamodels for Simulation with Common Random Numbers:Comparison of Techniques

427 Harry H. Tigelaar
The correlation structure of stationary bílinear processes

428 Drs. C.H. Veld en Drs. A.H.F. Verboven
De waardering van aandelenwarrants en langlopende call-opties

429 Theo van de Klundert en Anton B. van Schaik
Liquidity Constraints and the Keynesian Corridor

430 Gert Nieuwenhuis
Central limit theorems for sequences with m(n)-dependent main part

431 Hans J. Gremmen
Macro-Economic Implications of Profit Optimizing Investment Behaviour

432 J.M. Schumacher
System-Theoretic Trends in Econometrics

433 Peter M. Kort, Paul M.J.J. van Loon, Mikulás Luptacik
Optimal Dynamic Environmental Policies of a Profit Maximizing Firm

434 Raymond Gradus
Optimal Dynamic Profit Taxation: The Derivation of Feedback Stackel-
berg Equilibria



vi

435 Jack P.C. Kleijnen
Statistics and Deterministic Simulation Models: Why Not?

436 M.,I.G. vnn Gi,js, fi.J.M. fleuls, J.I'.C. Kleijnen
Annl~~tiiti iuid rumEit~ri5on of Lwu sLrategies for multi-item inventory
systems with joint replenishment costs

437 Jan A. Weststrate
Waiting times in a two-queue model with exhaustive and Bernoulli
service

438 Alfons Daems
Typologie van non-profit organisaties

439 Drs. C.H. Veld en Drs. J. Grazell
Motieven voor de uitgif'te van converteerbare obligatieleningen en
warrantobligatieleningen

440 Jack P.C. Kleijnen
Sensitivity analysis of simulation experiments: regression analysis
and statistical design

441 C.H. Veld en A.H.F. Verboven
De waardering van conversierechten van Nederlandse converteerbare
obligaties

442 Drs. C.H. Veld en Drs. P.J.W. Duffhues
Verslaggevingsaspecten van aandelenwarrants

443 Jack P.C. Kleijnen and Ben Annink
Vector computers, Monte Carlo simulation, and regression analysis: an
introduction

444 Alfons Daems
"Non-market failures": Imperfecties in de budgetsector

445 J.P.C. Blanc
The power-series algorithm applied to cyclic polling systems

446 L.W.G. Strijbosch and R.M.J. Heuts
Modelling (s,Q) inventory systems: parametric versus non-parametric
approximations for the lead time demand distribution

447 Jack P.C. Kleijnen
Supercomputers for Monte Carlo simulation: cross-validation versusRao's test in multivariate regression

448 Jack P.C. Kleijnen, Greet van Ham and Jan Rotmans
Techniques for sensitivity analysis of simulation models: a case
stiidy of the C02 greenhouse effect

449 Harrie A.A. Verbon and Marijn J.M. Verhoeven
Decision-making on pension schemes: expectation-formation under
demographic change



V11

450 Drs. W. Reijnders en Drs. P. Verstappen
Logistiek management marketinginstrument van de jaren negentig

451 Alfons J. Daems
Budgeting the non-profit organization
An agency theoretic approach

452 W.H. Haemers, D.G. Higman, S.A. Hobart
Strongly regular graphs induced by polarities of symmetric designs



M i wN ~u u u u ii i m ~ uu ~i ui ~ u ~ u ~u~i M


	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21

