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ABSTRACT. We present a thorough analysis of the economic order quantity mattiesimortages un-
der a general inventory cost rate function and concave productiis.ddy using some standard results
from convex analysis, we show that the model exhibits a composite wemcavex structure. Conse-
quently, an effective solution procedure, particularly useful forgpraximation scheme, is proposed.
A computational study is appended to illustrate the performance of thegedpsolution procedure.
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1 Introduction

In inventory control theory the economic order quantity Anodel is the most fundamental model,
which dates back to the pioneering work of Harris [1]. Theiemment of the model is somehow
restricted. The demand rate is known and constant, sher@genot permitted, there is a fixed setup
cost, and the unit purchasing and holding costs are indemtrad the size of the replenishment order.
In this simplest form, the model describes the tradeoff bemthe fixed setup cost and the holding cost.
A natural extension of this model to a production environtrigals with the case of a finite production
rate and associated fixed unit production cost. This modelasvn as the economic production quantity
(EPQ) model [2, 3].

The present article discusses a deterministic productimatein Certain assumptions of the EPQ model
are preserved; such as, a fixed setup cost f0, stationary and deterministic demand with rate 0,
finite and deterministic production with rate > A. However, the following extensions on the costing
scheme are considered:

o The variable production cost of the item is not necessaribdr but given by a concave production

*Corresponding author.
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1. Introduction

cost function. This reflects the economies of scale sitnatlmat is, the marginal cost of each unit
produced decreases as the lot size increases. Cost of prgautot of sizeQ is ¢(Q) with ¢(-)
being a continuous, strictly increasing concave functetis§/ingc(0) = 0 andc¢(oo) = cc.

¢ The inventory holding cost consists of two components:

— Unit out-of-pocket holding cost includes, for example, thal costs like the insurance cost
and the warehouse rent. This holding cost component is dgyemstrictly increasing func-
tion, which is not necessarily linear in the amount of inzewnt

— Unit opportunity cost of holding reflects the opportunitystof investing into inventories.
We consider unit production cost as the cost added to eath Bnce unit production cost
depends on the lot size, the inventory value of each item ier@in lot is not identical. We
utilize the average costing principle. Therefore, undertthditional way of setting holding
cost rates when the inventory carrying charge,ian opportunity cost O%r is incurred
per unit time for an item produced in a lot of sige

o Unfilled demand is assumed to be completely backorderedp@&halty cost of backordering is not
necessarily linear but strictly increasing in the backoedeamount.

We consider aniS, T') type of inventory control rule. According to this rule, thetinventory level is
raised up-to leveb at everyT time units. Since we adopt complete backordering, a préaatuctrder of
AT units is given at ever§ time periods. The net inventory level under this policyligstrated in Figure
1.

Under the considered costing scheme, the inventory (bdekpcost rate function in a cycle length of
T is given by

fi(z) + ((i‘\prz if 2>0

fi1(z) if z <0,

with the functionf; (-) decreasing of—oo, 0) (backorder penalty) and strictly increasing©@noc) (out-
of-pocket holding cost). We further assume that the fumcfid-) is continuous and satisfigs(0) = 0.
We acknowledge that a similar costing structure is consifldry Porteus within stochastic inventory
models [4].

f(z,T):=

Using Figure 1, the total inventory and penalty cost in ongdecwf length” > 0 is given by

T T-T
/ F(S = M, T)dt + / F(S — (1 — Nt T)dt
0 0

whereT := (1—%)T. After some simple calculations and defining the auxilisaygmetet := \(1— %),
one can show that the total inventory and penalty cosifor 0 and0 < S < o7 is equal to

c(A\T)rS?

—ot,T) _
/f ot, T)dt = /f1 ot)dt + ——— NTo

Consequently, if we take into account the setup and progluctists, then the average cdstS, T') under
the (S, T') inventory control rule is given by

cAT)rS?
a+ c(AT) + L0 o [ f(S — ot)dt
T .
The main objective is now to determine the optimal policygpaeters.S, T') by solving the optimization
problem

A(S,T) = (1.1)

vp 1= min A(S,T). (P)

T>0,0<S5<oT
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2. The Structure of Optimization Problem (P)

net inventory level
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Figure 1: Inventory level for the item over time.

In this paper, we aim at analyzing the structure of optinizaproblem (P) and identifying a class of
cost rate functiong (-) andc(+), under which it is relatively easy to find the optimal globalLgion. Our
main contributions are the following:

¢ Investigation of an extended production/inventory modeler concave production cost and gen-
eral inventory cost rate function.

<o Reformulation of the extended model by using convex analysi

o Developing tailor-made algorithms for the solution of thedal, when the out-of-pocket holding
cost function is piecewise linear and/or the productiont darsction is polyhedral concave.

o Discussing the implementation details as well as providimge computational results.

The outline of the paper is as follows. In Section 2 the stmgof the considered optimization problem
is analyzed. An important special case of the model withguigse linear and/or polyhedral concave
functions is discussed in Section 3. Finally we explain, éctin 4, our computational experience with
the proposed algorithm.

2 The Structure of Optimization Problem (P)

This section includes our analysis of optimization prob(@h It is important to notice that optimization
problem (P) is separable with respect to the decision vimsa® and7T". Therefore, if we denote the
optimal inventory holding and penalty cost in a cycle lengftd” with the functiong : (0, c0) — R given

by
. c(A\T)rS?
o) ~=0;2;%T{ e, #5ot dt}

then problem (P) can be rewritten as
vp = min ®(7T),

T>0
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2. The Structure of Optimization Problem (P)

where the functior® : (0,00) — R corresponds to
a+c(\T) + o(T)
T :

To investigate the structure of the objective functi®@), we introduce the functior : [0,00) x
(0,00) — R given by

O(T) :=

a—+x+ minogsggT {% + fOT fl(S — O‘t)dt}

F(z,T):= T

2.1)

It is easy to check that

F(z,T) = 0<Igli<n T
SOS0

{a—i—:c + 28 4 [T (S - at)dt}
= .

Since for everyl' > 0 the functionx — F(x,T) is the minimum of a sequence of increasing affine
functions,F'(-, T') is increasing and concave. We obtain by the definitiof G that

O(T) = F(e(N\T), T) (2.2)
and hence,
vp = rTn>i%F(c()\T), T). (2.3)

Using now (2.3), one can show the following result, wher€-) andc/, (-) denote the left and right
derivatives of the function(-), respectively.

Lemma 2.1 If ¢*(-) isgiven by

(w) = ITn>i%{wT —c(T)}

for w € Q:= [¢!_(00), ¢!, (0)], then it follows that

vp = minmin F(A\Tw — ¢*(w), T).
wEQT>0

Proof. Since the production cost functiorn-) is an increasing continuous concave function satisfying
¢(0) = 0 ande(oo) = oo, it follows for everyT' > 0 that (see Appendix A in [5])

c¢(AT) = urfleig{)\Tw —c"(w)}.

Note that for everyl’ > 0, the functionz — F(z,T) is increasing or(0,cc). Therefore, by relation
(2.2) we can write

®(T) = F(min{\Tw — ¢*(w)},T) = migF()\Tw —c"(w),T).

we we

Using now relation (2.3) leads to

vp = minpsomingeq F(ATw — ¢*(w),T)
(2.4)
= min,eq minyso F(Mw — ¢*(w),T).

This shows the desired result. d
We next show that the objective function of the above invgnpmoblem is a composition of concave

and convex functions. Therefore the problem is actually pr@ramming problem [6]. Sniedovich
introduces this subclass of global optimization problemd proposes a parametric approach to solve
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2. The Structure of Optimization Problem (P)

these problems. Since a stationary point is not necessaglgbal optimal solution for these problems,
the parametric approach or some other classical nonlimegrgmming techniques might have difficulty
in identifying the exact global optimal solution. To verityat problem (P) is a C-programming problem,
we introduce the functiom : Ri — R given by

T
- mi i Yy 2 _
olx,y,T) = o oin { (20 + 2/\Tcr) rS +/0 fi(S Ut)dt} , (2.5)

and the functiony : R2 — R is given by

a+y+o(z,y,T)

v(z,y) == min T (2.6)
After some calculations, it follows that
I%I;ISF()\WT — W), T) = v(w, —c"(w)) + Iw, (2.7)
and this implies by Lemma 2.1 that
vp = minfo(w, ¢ (@)) + Ao} (2.8)

Since for everyl’ > 0, the function(z, y) — ¢(z,y,T) is concave orR?%, we obtain by relation (2.6)
that the functionv(-, -) is also concave oR? . Using now the representation listed in relation (2.8)sit i
easy to verify our claim that the objective function of prerol (P) is a composition of concave and convex
functions (note that*(-) is concave).

Due to the complexity of finding a global optimal solution tmplem (P), we consider in the next
example an important class of concave production cost ifiumefor which the structure of the problem
given in Lemma 2.1 can be simplified.

ON

B

Bz a,

v

BIZO

Figure 2: An example polyhedral concave functign wherem = 4.

Example 2.1 Let the production cost function ¢(-) be a polyhedral concave function given by
o(@) = min {0;Q+ 0}, (2.9)

where a,, < a1 < - < arand0 =6 < By < -+ < B (see Figure 2). For the function listed
in (2.9), it is easy to check that Q@ = [a,,,, «1], and since ¢*(+) is a polyhedral concave function with
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2. The Structure of Optimization Problem (P)

breaking points a;, 1 < j < m, we obtain that the function w — AT — ¢*(w) is a polyhedral convex
function with breaking points o;, 1 < j < m. Thismeans that the function w — AwT — ¢*(w) islinear
on [aj, j—1], 2 < j < m. Thus, by the concavity of the function z — F'(z,T') this yields for every
T > 0 that

LHEIBF()\WT—C (w), T) = ér}éan()\ajT— c*(ay),T).

Using now ¢*(a;) = —f3;, we obtain

mig FOWT — c*(w),T) = min F(Ao,; T+ 5;,T).

we 1<5<m
This shows by relation (2.4) that
vp = lglgrlmr%l;%F()\ajT-‘rﬂj,T). (2.10)
Equivalently, by using relation (2.8) we can write
vp = min {v(ay,5;) + Aa;} (2.11)

1<j<m

In the above example, we only need to salweptimization problems. In the more general setting, as
considered in Lemma 2.1, we need to solve for every 2, the inner optimization problem

rjp;réF()\wT — " (w), T).

It is obvious that the decision variabfein this optimization problem can be replaced By without
changing the optimal objective function value. This is apariant observation, since after this simple
transformation, as shown in the next lemma, the inner opétion problem

r%1>ir01F()\wT_1 —c*(w), T, (Pw))

becomes a convex optimization problem.
Lemma 2.2 For each w € (2, the optimization problem (P(w)) is a convex optimization problem.

Proof. It is shown in Lemma 3.2 of [7] that the function

(T,S) — /0 f1(S — ot)dt

is convex on the convex corf€ := {(T,S) : T > 0,0 < S < ¢T}. Moreover, applying Theorem 5.16
of [8], it follows for everyw € Q and using:*(w) < 0 that the function

(T7S)—>r<%—§;—g“2) 52

is convex orR? . These observations imply that the function

(T,S) —r <i - c*(“’)) 52 —I—/OTfl(S—ot)dt

200 2XoT

is convex onK. By a similar proof as done in Theorem 3.2 of [7], we obtairt tha function

e @ e [T
T Join {T (20 2)\JT>S —&—/0 fi(S Ut)dt} (2.12)
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3. Optimization Problem (P) with Piecewise Linear Functions

is convex on(0, co). This shows that the function

T —a—c(w)+ min {r(w C*(w)>52+ OTfl(S—ort)dt}

0<S<oT 20 2\oT

is also convex o0, o). It can now be shown for any functign: (0, c0) — R thatT — g¢(T') is convex
on (0, 00) ifand only if 7' — Tg(T~1!) is convex on(0, oo) [9]. Applying this result to the function

* T

and using
FOwT™ —c*(w), T7Y) = Mo =Tg(T™Y),

the desired result follows. O

3 Optimization Problem (P) with Piecewise Linear Functions

As we have already discussed, finding a global optimal swiutif the general problem is quite difficult
due to the composite concave-convex structure. Theref@eems reasonable to consider special cases
of this problem to which one can apply standard optimizagtiackages that return an approximation of a
global optimal solution.

We have already discussed in Example 2.1 the structure obplienization problem (see relation
(2.10)) whene(-) is a polyhedral concave function. In practice the productost functions with a
number of breaking points frequently occur. For instandeemincremental discounting is applied, the
cost function is represented exactly by the polyhedral aea¢unction [3]. In other cases, we can always
approximate any continuous concave production cost fondily a polyhedral concave cost function.
This means by Lemma 2.2 that we only need to solve a finite nupftnvex programming problems.
Therefore, it seems that we can use a standard convex progngnsolver. However, the objective
function of this convex programming problem involves thalaation of an integral, which could be
approximated by a numerical procedure. If we use the simafeeroidal algorithm [10], this evaluation
boils down to replacing a cost rate functigin(-) (with linear backorder cost) by a piecewise linear
function given by

—pz forz <0

hiz for0 <z <u

AG) =1 (3.1)

bi—1+ hi(z—ui—y)  foru;—y <z<u;

bp—1+ hn(z — un_l) foru,_1 <z< o0,

whereb; = f1(u;) for 1 <i <n — 1 (see Figure 3).

At this point we assume that the cost rate function is repiteskby a piecewise linear function, and
in the subsequent discussion we study the details of a taiémte algorithm for this class of functions.
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3. Optimization Problem (P) with Piecewise Linear Functions

%)
NS~
S

-~ > > > >

.—x‘:

v

Figure 3: Piecewise linear cost rate function.

To construct such an algorithm, we first need to analyze feryeir, y) € R% the optimization problem
listed in (2.5). It easy to verify that the associated oldyecfnction

T T
(a,y, T, S) = (% v ﬁ) S +/O £1(S — at)dt (3.2)

satisfies

= (¢4 %) 2+ 5(1(5) +p(S — oT)),
for every0 < S < o7 andT > 0. This shows for any positive,, y, T that the functionS —
%(z, y, T, S) is strictly increasing and continuous @ ¢7"). Moreover, since
oy

L0y B
%($7y,T,O)—g%%(l,y,T,S)— pT<O

(3.3)

and
%(x, y,T,0T) =limgor %(w,y,T, S)

= (z+5%rT) + 1 f1(cT) >0,

we obtain for every positive, y, T' that the optimal solution of the optimization problem

T
: LY Y2 _
Ogr.ISHSTLT { (20 + 2)\TJ> s +/0 h(s aT)dt}

is unique and belongs t, cT"). Denoting this optimal solution by (z,y,T), it follows by relation
(3.3) and the previous observations that the valug(af, y, T") is the unique solution of the system
(er)%) S+ f1(S) +p(S —oT) =0, 0 < 8§ < oT. (3.4)

This shows that the functidhi — S(z,y, T) is continuous, strictly increasing and satisfiesr ., S(z,y,T) =
oo. Hence for everyt < i < n — 1, there exists a uniqug (z,y) > 0 such that

S(l‘a%Tz(%y)) = Uj.

8 July 5, 2004



3. Optimization Problem (P) with Piecewise Linear Functions

To write down an analytical expression fby(x, y) we observe by relation (3.4) that

Y
T+ 70— | ru; + by +p(u; — oTi(z,y)) = 0.
(o Sty ) ot bt =)
This implies
1—;2(l.ay) - dzﬂ(x,y) —e =0
with )
d; := —(ru;x + b; + pu;) > 0 ande; := yrai >0,
op Aop

and due tdl;(z,y) > 0, this shows that

d; 1
ﬂ(az,y):§+§\/4ei+d?, (3.5)

for everyl < i < n — 1. By the monotonicity of the functio — S(z,y,T), we obtain withu, := 0,
bp := 0, and hencéy(z,y) := 0, that

Ui—1 S S('r7y?T) < Ug, (36)

for everyT;_1(z,y) < T < T;(z,y) andl < i < n — 1 (see Figure 4). In particular one can show the
following result.

»

S(x,,T)a

4

Ti-l('x 4 ) Ti(x 4 ) . T

Figure 4: Calculation of (z,y, T).

Lemma 3.1 ForeveryT;_i(x,y) < T < T;(z,y), 1 <i < n-—1,theuniqueoptimal solution S(x,y,T)
of the optimization problem (2.5) is given by

(hiui,1 — bifl)T + pUT2

T) = .
Sy T) (rz + h; + p)T 4+ ryA—1

(3.7)

Proof. If the valueT satisfiesl’;_1(z,y) < T < T;(z,y), then we obtain by relation (3.4) that

(m + %) rS(a,y, T) + f1(S(z,y,T)) + p(S(x,y,T) — oT) = 0.

9 July 5, 2004



3. Optimization Problem (P) with Piecewise Linear Functions

Using now relations (3.1) and (3.6), we know that
J1(S(z,y,T)) = bi—1 + hi(S(z,y,T) — ui—1).

Therefore, by combining both relations the desired reslithivs. O

Since we know by the definition &f(z, y, T') that

L4
03

we obtain by standard calculus arguments that

(z,y,T,5(x,y,T)) =0,

% (2,y,T) = %%(z,y,T,S(x,y,T))

_ US| fy(S(0,0.T) - oT).

This implies by the structure of; (-) that
a(p _ _yTS2(xava)
aiT(xvgﬁT)_ N2
which is easy to calculate by Lemma 3.1. In a similar way as axeldone in Lemma 2.2, it can be

shown thatl’ — (z,y,T) is convex in(0, co). Consequently, if we replace the decision varigblby
T—1, then the optimization problem

+p(oT — S(z,y,T)),

v(@,y) = min{(a +y)T + Ty, T~1)}
becomes a convex optimization problem. This implies forahgmal solution™* (z, y) of the optimiza-

tion problem (2.6) that the associated objective function

at+y+o(z,y,T)
T

T —

is increasing fofl’ > T*(x, y) and decreasing f&f < T™*(z,y). To computel™(x, y), we first take the
derivative of the above function with respectfaand then solve the system

_ .0
—T?*a+y+e(x,y.T)+T 1%(%@/1):0,

or equivalently, the system

dp at+y+el@yT)
Since we know that
dp a+y+e(y,T) .l
8—T(m7y,T) T >0 <= T>T"(z,y),

this system can be solved by a simple bisection method. Héme®verall procedure to solve the opti-
mization problem (2.6) with a piecewise linear cost ratecfiom has the following structure.
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4. Computational Results

Algorithm 3.1 Solving problem (P) wherf; (-) is piecewise linear
1. Selecw €  and setr = w andy = —c*(w).

2. Calculaterl;(z,y), 1 <i < n — 1 using relation (3.5).

3. Apply a bisection method to find the solutidf(z,y) of the system listed in (3.8). Note that
forT € [T;—1(x,y), Ti(z,y)), the corresponding(x, y, T) € [u;—1,u;) is computed by relation
3.7).

4. Calculatev(z,y) by replacingl” with T*(z, y) in relation (2.6). Set(w, —c*(w)) = v(z,y) and
Q=0Q—{w}. IfQ+#Dthengoto Step 1.

5. Calculate the optimal objective function valuge by relation (2.8).

As we have discussed before polyhedral concave productishfanctions are frequently used in
practice. Therefore, if we additionally assume th@j is polyhedral concave, the algorithm above can
be further simplified as follows.

Algorithm 3.2 Solving problem (P) wherf; (-) is piecewise linear and-) is polyhedral concave
1. Setj =1.

2. Setr = «; andy = §;.
3. CalculateT; (z,y), 1 <i < n — 1 using relation (3.5).

4. Apply a bisection method to find the solutidfi(z,y) of the system listed in (3.8). Note that
forT € [T;—1(x,y), Ti(z,y)), the corresponding(x,y, T) € [u;—1,u;) is computed by relation
3.7).

5. Calculatev(z, y) by replacingT with T*(z, y) in relation (2.6). Sev(a;, ;) = v(z,y) and
j=j+1.If j <=mthengo to Step 2.

6. Calculate the optimal objective function valuge by relation (2.11).

4 Computational Results

In this section, we illustrate that the proposed solutiatpdure can be easily implemented on a computer
and we show that, with such an implementation, the optimlaltiems can be obtained in little time. To
serve our purposes, we have written a computer program fgorhm 3.2 usingVATLAB 6.1 on a
Pentium Il - 1 GHz personal computer.

We have decided to focus on Algorithm 3.2 rather than Alponit3.1 because the majority of appli-
cations involve polyhedral concave cost functions; fotanse, with incremental unit discounting, the
cost functions are actually polyhedral concave, or wheregdrconcave cost functions are present, the
polyhedral concave functions are used for approximatiootide that the latter usage of the polyhedral
concave functions also implies that Algorithm 3.2 can beluseapproximate Algorithm 3.1.

In our experimental setting we have considered three ldvelhe two factors; the number of break-
pointsn, in the piecewise linear cost rate functign(-) and the number of breakpoints, in the poly-
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4. Computational Results

hedral cost functiom(-). For every combination af andm, twenty-five problems have been randomly
generated. The range of values for the other parameterdiaasitiee levels of the two factors are given in
Table 1. Note that apart from these two factors, all othedoanly generated parameters are continuous.
The inventory carrying charge,has been fixed to 0.2 in all problems. We have used a simpletiise
method that returns a solution whichdgaway from the actual root of the system (3.8). Each generated
problem instance has been solved under three differeneévaifithe precision parameter0.01, 0.001,
0.0001.

Number of breakpoints iff; (-) | n € {5,10,20}

Number of breakpointsin(-) | m € {3,5,10}

Setup cost a ~ U(5,10)

Demand rate A ~ U(500,700)

Production rate e~ U(N 3N

Slopes inf; (+) hi ~U(0.2r,0.5r)for1 <i<mn
Intercept$ in £ (-) u; ~U(L,3\) for1 <i<n-—1

Slopes$ in ¢(-) a; ~U(0.2,05)for1 <j<m
Intercept$ in c(+) By =0andg; ~ U(5,50)for2 <j<m
Unit backorder penalty p = 20(maxi<;j<n{hi} +rai)

U (1b, ub): Uniform distribution on[lb, ub]
T The values are sorted in ascending order

 The values are sorted in descending order

Table 1: Experimental setting for the factors and the rargdgmnerated parameters.

Table 2 gives average running times in seconds over tweveyrfins. The figures in the table show
that the solution times slightly increase as one of the twitofs,» andm increases. When both factors
are increased, then large running times are observed imlhe tThis is due to the computational effort
invested in the double loops (by m). Nevertheless, even for a fairly large problem, such asotie
with n = 20 andm = 10, the procedure finds a solution almost in one-tenth of a skcOm the other
hand, decreasing the precision parameteas a very little effect on the running times. This is a direct
consequence of using the bisection method, which convéogés root of the system exponentially fast.
Overall, our observations show that in order to have beg@raimations, one can easily use many
breakpoints and small precision parameters without afgignit increase in the running time.

m=3 | m=5 | m=10
n=>5 0.02 0.03 0.06
e =0.01 n=10 0.03 0.04 0.08
n =20 0.04 0.07 0.13
n=>5 0.02 0.03 0.07
e =0.001 n=10 0.03 0.04 0.09
n =20 0.05 0.08 0.16
n=>5 0.03 0.04 0.08
e=0.0001 | n=10 0.03 0.05 0.11
n =20 0.05 0.09 0.18

Table 2: The average solution times in seconds.

12 July 5, 2004



REFERENCES

References

[1] Harris, F. How many parts to make at ondeactory, The Magazine of Management, 10:135-136,
152, 1913.

[2] Hadley, G. and T.M. Whitin.Analysis of Inventory Systems. Prentice-Hall, Englewood Cliffs, NJ,
1963.

[3] Hax, A.C. and D. Candedroduction and I nventory Management. Prentice-Hall, Englewood Cliffs,
NJ, 1984.

[4] Porteus, E.L. Stochastic inventory theory. In HeymarR.[and M.J. Sobel, editorandbooks in
ORand MS volume 2. Elsevier Science Publishers, B.V., North Hallat990.

[5] Bayindir, Z.P., Birbil, S.and J.B.G Frenk. A multi-item inventory model with jointtsp and
concave production costs. Technical Report EI-2004-25nBmetric Institute, Erasmus Univer-
sity Rotterdam, Rotterdam, The Netherlands, 2004. heps/eur.nl/fewdocs/econometiitsti-
tute/109326502/.

[6] Sniedovich, M. C-programming - An outlin®perations Research Letters, 4(1):19-21, 1985.

[7] Frenk, J.B.G., Kleijn, M.J. and R. Dekker. An efficiengatithm for a generalized joint replenish-
ment problem European Journal of Operational Research, 118(2):413-428, 1999.

[8] Avriel, M. and Diewert, W.E. and Schaible, S. and |. Zar@generalized Concavity. Plenum Press,
New York, 1988.

[9] Hiriart-Urruty, J.B. and C. Lemachal. Convex Analysis and Minimization Algorithms, volume 1.
Springer Verlag, Berlin, 1993.

[10] Stummel, F. and K. Hainetntroduction to Numerical Analysis. Scottish Academic Press, 1980.

13 July 5, 2004



Publications in the Report Series Research® in Management

ERIM Research Program: “Business Processes, Logistics and Information Systems
2004

Smart Pricing: Linking Pricing Decisions with Operational Insights
Moritz Fleischmann, Joseph M. Hall and David F. Pyke
ERS-2004-001-LIS

http:/hdl.handle.net/1765/1114

Mobile operators as banks or vice-versa? and: the challenges of Mobile channels for banks
L-F Pau

ERS-2004-015-LIS

http:/hdl.handle.net/1765/1163

Simulation-based solution of stochastic mathematical programs with complementarity constraints: Sample-path analysis
S. llker Birbil, GUl Gilirkan and Ovidiu Listes

ERS-2004-016-LIS

http:/hdl.handle.net/1765/1164

Combining economic and social goals in the design of production systems by using ergonomics standards
Jan Dul, Henk de Vries, Sandra Verschoof, Wietske Eveleens and Albert Feilzer

ERS-2004-020-LIS

http://hdl.handle.net/1765/1200

Factory Gate Pricing: An Analysis of the Dutch Retail Distribution
H.M. le Blanc, F. Cruijssen, H.A. Fleuren, M.B.M. de Koster
ERS-2004-023-LIS

http://hdl.handle.net/1765/1443

A Review Of Design And Control Of Automated Guided Vehicle Systems
Tuan Le-Anh and M.B.M. De Koster

ERS-2004-030-LIS

http:/hdl.handle.net/1765/1323

Online Dispatching Rules For Vehicle-Based Internal Transport Systems
Tuan Le-Anh and M.B.M. De Koster

ERS-2004-031-LIS

http:/hdl.handle.net/1765/1324

Generalized Fractional Programming With User Interaction
S.I. Birbil, J.B.G. Frenk and S. Zhang

ERS-2004-033-LIS

http:/hdl.handle.net/1765/1325

A complete overview of the ERIM Report Series Research in Management:
https://ep.eur.nl/handle/1765/1

ERIM Research Programs:

LIS Business Processes, Logistics and Information Systems
ORG Organizing for Performance

MKT Marketing

F&A Finance and Accounting

STR Strategy and Entrepreneurship



Meta-heuristics for dynamic lot sizing: A review and comparison of solution approaches
Raf Jans and Zeger Degraeve

ERS-2004-042-LIS

http:/hdl.handle.net/1765/1336

A Multi-ltem Inventory Model With Joint Setup And Concave Production Costs
Z.P. Bayindir, S.I. Birbil and J.B.G. Frenk

ERS-2004-044-LIS

http:/hdl.handle.net/1765/1535

The Level Set Method Of Jod And Its Use In Minimax Theory
J.B.G. Frenk and G. Kassay

ERS-2004-045-LIS

http:/hdl.handle.net/1765/1537

Reinventing Crew Scheduling At Netherlands Railways

Erwin Abbink, Matteo Fischetti, Leo Kroon, Gerrit Timmer And Michiel Vromans
ERS-2004-046-LIS

http://hdl.handle.net/1765/1427

Intense Collaboration In Globally Distributed Teams: Evolving Patterns Of Dependencies And Coordination
Kuldeep Kumar, Paul C. van Fenema and Mary Ann Von Glinow

ERS-2004-052-LIS

http:/hdl.handle.net/1765/1446

The Value Of Information In Reverse Logistics

Michael E. Ketzenberg, Erwin van der Laan and Ruud H. Teunter
ERS-2004-053-LIS

http://hdl.handle.net/1765/1447

Cargo Revenue Management: Bid-Prices For A 0-1 Multi Knapsack Problem
Kevin Pak and Rommert Dekker

ERS-2004-055-LIS

http:/hdl.handle.net/1765/1449

Real-Time Scheduling Approaches For Vehicle-Based Internal Transport Systems
Tuan Le-Anh and M.B.M. De Koster

ERS-2004-056-LIS

http:/hdl.handle.net/1765/1452

Activating Knowledge Through Electronic Collaboration: Vanquishing The Knowledge Paradox
S. Qureshi and P. Keen

ERS-2004-058-LIS

http:/hdl.handle.net/1765/1473

A Grounded Theory Analysis Of E-Collaboration Effects For Distributed Project Management
S. Qureshi, M. Liu and D. Vogel

ERS-2004-059-LIS

http:/hdl.handle.net/1765/1448

Collaborative Infrastructures For Mobilizing Intellectual Resources: Assessing Intellectual Bandwidth In A
Knowledge Intensive Organization

R. Verhoef and S. Qureshi

ERS-2004-060-LIS

http:/hdl.handle.net/1765/1474

Satisfaction Attainment Theory As A Model For Value Creation
R.O. Briggs, S. Qureshi and B. Reining

ERS-2004-062-LIS

http:/hdl.handle.net/1765/1450




Diagnosis In The Olap Context
Emiel Caron, Hennie Daniels
ERS-2004-063-LIS
http://hdl.handle.net/1765/1492

A Deterministic Inventory/Production Model With General Inventory Cost Rate Function And Concave Production Costs
Z.P. Bayindir, S.I. Birbil and J.B.G. Frenk

ERS-2004-064-LIS

http:/hdl.handle.net/1765/1536




