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In this paper, we propose a robust hierarchical production planning approach for a two-stage real world
capacitated production system operating in an uncertain environment. The first stage of the system pro-
duces a set of semi-finished products having relatively stable annual demands, and the second finishing
stage produces finished products having highly variable weekly demands. The fixed production setup
costs incurred at the first stage are considerably high. Fixed production setup costs incurred at the second
stage are fairly small compared to those of the first stage. We propose an integrated hierarchical planning
model, where semi-finished products from the first stage (i.e. the aggregate level) are disaggregated into
finished products to be produced in the second stage (i.e. the operational level). As a result of the rela-
tively stable demands and the high setup costs experienced at the first stage, a cyclical aggregate plan-
ning model is proposed for production planning at the upper level of the hierarchical plan. Based on
this aggregate plan, a modified periodic review policy is then proposed for production planning at the
lower level. Finally, a coupling plan, linking the two planning levels, is proposed to ensure the feasibility
of the disaggregation process at every period.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The two-stage production system discussed in this paper is a
real world production process having some particular features
which, if taken into account in the planning process, may unequiv-
ocally lead to effective production plans. The first stage of the pro-
duction system produces some 200 different semi-finished
products which are either shipped directly in this current status
to other manufacturers or processed further in the second stage
to produce some 10,000 different finished products. Therefore, pro-
duction plans developed for the first stage can naturally be consid-
ered as aggregate production plans (i.e. the aggregate level), which
can subsequently be disaggregated to provide plans for the second
stage (i.e. the operational level). The first special feature of the pro-
duction system is that fixed production setup costs experienced at
the first stage are significantly higher than those experienced at
the second stage. This fact differs from the usual hierarchical pro-
duction planning processes which consider that fixed costs at the
aggregate level are negligible and take these costs into account
only at the detailed level (i.e. the operational level). In addition,
as it is often the case in almost all manufacturing systems, it is dif-
ficult to accurately forecast finished product demands. This is what
ll rights reserved.

.-H. Aghezzaf).
usually makes aggregate plans less effective in practice. The second
special feature is related to the fact that demands of the semi-fin-
ished products are relatively stable, due to the strong position of
the manufacturers in the semi-finished product market. Moreover,
the variability of the finished product demands can be approxi-
mated by looking back into the past demand realizations.

The main objective of this research is to develop a robust hier-
archical production planning approach for the two-stage produc-
tion system, which explicitly considers those special features
during the planning process. The production planning approach
also takes the variability of finished product demands into account,
which consequently generates plans for the whole system that are
robust (i.e. less sensitive to the demand variability).

The proposed planning approach is based on the hierarchical
production planning approach presented by Bitran and Hax
(1977), which benefits are well-established in the literature (see
also Bitran, Haas, & Hax, 1981, 1982). In a typical hierarchical
production planning model, the objective is mainly to decompose
a large and complex planning problem into less complex planning
sub-problems resulting in consistent aggregate and master pro-
duction schedules. In the production system at hand, the fact that
demands of semi-finished products are relatively stable suggests
that, even though demands of the finished products are random,
planning at the level of semi-finished products may have some
stabilizing effect on the aggregate production planning of the
whole system.

http://dx.doi.org/10.1016/j.cie.2010.12.005
mailto:elhoussaine.aghezzaf@ugent.be
http://dx.doi.org/10.1016/j.cie.2010.12.005
http://www.sciencedirect.com/science/journal/03608352
http://www.elsevier.com/locate/caie
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The remainder of this paper is organized as follows. Section 2
provides a brief review of the literature. In Section 3, we describe
and formulate the two-stage production planning problem. Section
4 presents and discusses an alternative robust planning approach.
Section 5 provides an extensive analysis of the approaches and pre-
sents related computational results. Finally, some concluding re-
marks are given in Section 6.

2. Literature review

Developing aggregate production planning models and their
corresponding solution approaches has been, and still is, an area
of active research since the seminal work of Wagner and Whitin
(1958). There exists a vast literature discussing lot-sizing problems
and related solution approaches when the critical production plan-
ning parameters such as demands, lead times, and costs are deter-
ministic. A comprehensive literature review addressing these
deterministic lot-sizing problems can be found in Bahl, Ritzman,
and Gupta (1987), Drexl and Kimms (1997) and Jans and Degraeve
(2008). When these parameters are stochastic, the resulting lot-
sizing problems become more challenging since they also include
the complexity of their deterministic versions. Bitran and Yanasse
(1984) discussed a stochastic single item lot-sizing problem and
proposed a deterministic equivalent for it, incorporating a stockout
probability constraint. They showed that the relative error bound is
small enough, which justifies its practical use. Bookbinder and Tan
(1988) have considered an uncapacitated single item lot-sizing
problem with stochastic demands, also incorporating a service le-
vel constraint on the probability of a stockout. They proposed a sta-
tic–dynamic uncertainty strategy, where the replenishment
periods are fixed at the beginning of the first period, while the
lot sizes are determined dynamically based on the known demands
for all periods since the most recent production decision. Their
model is later extended by Tarim and Kingsman (2004) to include
unit variable purchase/production costs. They showed that in case
of non-zero variable costs, the problem cannot be treated as a sto-
chastic form of the Wagner–Whitin problem. Finally, a study by
Axsater (1996) showed an error bound of approximately 0.1180
if the deterministic EOQ (Economic order quantity) is used as a
heuristic to solve the stochastic lot-sizing problem.

Robust optimization models (see e.g. Leung & Wu (2004)) based
on the approach proposed by Mulvey, Vanderbei, and Zenios
(1995) has been used to generate aggregate plans. Mulvey et al.
(1995) modified the Markowitz two-stage stochastic model by
adding a measure of variability of the objective function of the sec-
ond stage to the objective function considered at the first stage le-
vel. Depending on the weight put on this variability measure, the
optimization process may favor solutions with lower expected val-
ues in trade for a lower expected second stage deviation. Mulvey
et al. (1995) refer to this paradigm as robust optimization. This ro-
bust optimization approach has been used for capacity planning of
Fig. 1. A two-stage production process (adap
power systems (Malcom & Zenios, 1994), for chemical-process
planning under uncertainty (Ahmed & Sahinidis, 1998) and for
telecommunications network design (Bai, Carpenter, & Mulvey,
1997; Laguna, 1998). Velagapudi and Ghosh (1989) discussed the
issue of robustness in automated batch manufacturing systems.
The authors proposed a robust planning and scheduling model
which combines preparation and implementation of plans along
with learning from system’s own experience. Also, Kleijnen and
Gaury (2003) considered a production-control study, and define
robustness as the capability to maintain short-term service under
a variety of scenarios. They presented a stage wise method, which
combines simulation, optimization, risk or uncertainty analysis,
and bootstrapping techniques to achieve robust solutions.

In addition to the stochastic and robust optimization models for
stochastic lot-sizing problems thoroughly discussed in the litera-
ture, various researchers such as Ari and Axsäter (1988), Lasserre
and Merce (1990), Gfrerer and Zapfel (1995), Raa and Aghezzaf
(2005) and Aghezzaf et al. (2010) have investigated the idea of
integrating variability of some critical production planning param-
eters in the process of developing robust production planning sys-
tems. In particular, the issue of developing deterministic robust
aggregate planning models within a hierarchical production plan-
ning framework is investigated. A robust aggregate plan is defined
as a plan that results in at least one feasible disaggregation for any
demand realization. The model proposed by Gfrerer and Zapfel
(1995) assume that the demand of each product family is known
(deterministic) but the demands of the finished products may take
any values between known demand lower and upper bounds. In
this paper, we take advantage of the fact that demands of the
semi-finished product can be considered as deterministic. The
resulting aggregate plan is then used to generate robust plans for
the whole system taking into account the variability of the finished
product demands.

3. Problem description and formulation

Consider the two-stage production process depicted in Fig. 1. An
Example of such production setting corresponds with Agfa’s man-
ufacturing process for X-ray film. The first stage is a coating depart-
ment, where a photographic emulsion is coated on base rolls,
producing master-rolls of medical and other applications films. In
the second stage these master-rolls (semi-finished products) are
cut into a large number of finished products, different in size and
packaging format, and shipped to the final consumers. A large part
of these semi-finished products are produced on a Make-To-Stock
(MTS) basis and stored to feed the finishing department (the sec-
ond stage). Only few semi-finished products are produced and
delivered directly to customers on a Make-To-Order (MTO) basis.
For simplicity, the MTO demands is not included in the current
model as their contribution to the total demand is marginal and
are manufactured upon receipt of customers orders (i.e. the setup
ted from Van den Broecke et al. (2005)).



Fig. 2. Current production planning process (adapted from Van den Broecke (2006)).

E.-H. Aghezzaf et al. / Computers & Industrial Engineering 60 (2011) 361–372 363
costs will occur eventually every time the manufacturer receives
orders and the holding costs are also zero). Fig. 2 summarize the
current planning approach for which we propose in this paper an
appropriate optimized hierarchical planning model.

The following notation is used throughout the paper. Let P be
the set of semi-finished products and Pi be the set of finished prod-
ucts resulting after stage 2 from of the semi-finished product i,
where i 2 P. Let Qit be the quantity of semi-finished product i
coated in period t and Xijt be the quantity of finished product j pro-
duced in period t, for all j 2 Pi. Let Zit be a binary variable assuming
value 1 if production of semi-finished product i takes place in per-
iod t, and zero otherwise. Let Yijt be a binary variable assuming va-
lue 1 if production of finished product j 2 Pi, takes place in period t,
and zero otherwise. The inventory levels, Sit for semi-finished prod-
ucts i 2 P and Iijt for finished products j 2 Pi, respectively, are re-
corded at the end of each period t. The parameters of the
problem include the fixed coating cost Fit, the variable coating cost
Cit and the holding cost Hit for semi-finished product i in period t.
For the finishing department, the corresponding costs are the fixed
finishing cost fijt, the variable finishing cost cijt and the holding cost
hijt for finished product j 2 Pi in period t. Let Kt and jt be, respec-
tively, the capacity of the coating department and the capacity of
the finishing department in period t. Let dijt be the demand of fin-
ished product j 2 Pi in period t, the deterministic capacitated lot-
sizing problem can be formulated as follows:

(GAPP): Minimize

X
i2P

XN

t¼1

FitZit þ CitQ it þ HitSitð Þ þ
X
j2Pi

fijtY ijt þ cijtXijt þ hijtIijt
� �" #

ð1Þ

Subject to :

Si;t�1 þ Q it �
X
j2Pi

Xijt � Sit ¼ 0; 8i 2 P; t 2 1; . . . ;Nf g; ð2Þ

Iij;t�1 þ Xijt � dijt � Iijt ¼ 0; 8i 2 P; j 2 Pi; t 2 1; . . . ;Nf g; ð3Þ
Q it � KitZit 6 0; 8i 2 P; t 2 1; . . . ;Nf g; ð4Þ

Xijt � min jr;
XN
s¼t

dijs

( ) !
Yijt 6 0;

8i 2 P; j 2 Pi; t 2 1; . . . ;Nf g; ð5ÞX
i2P

Q it 6 Kt; 8t 2 1; . . . ;Nf g; ð6ÞX
i2P

X
j2Pit

Xijt 6 jt ; 8t 2 1; . . . ;Nf g; ð7Þ

Q it; Xijt ; Sit; Iijt P 0; Zit ; Yijt 2 0;1f g;
8i 2 P; j 2 Pi; t 2 1; . . . ;Nf g:

The objective function (1) denotes the sum of fixed, variable costs
and holding costs for both semi-finished and finished products over
planning horizon PO = {1, . . . ,N}. Eqs. (2) and (3) show the material
balance constraints for semi-finished and finished products respec-
tively, where Si0 and Iij0 denote the inventory levels at the beginning
of the planning horizon. Eq. (4) forces the variable Zit to take value 1
if coating of semi-finished product i takes place in period t. Eq. (5)
forces the variables Yijt to take value 1 if production of finished
product j 2 Pi takes place in period t. If backlogging is not allowed
then a tighter bound of finishing production is given by
minðjt;

PN

s¼tdijsÞ, i.e. the minimum of capacity and the remaining
cumulative demand from period t up to the end of the planning
horizon. Eqs. (6) and (7) denote the capacity constraints of the coat-
ing and finishing production stages respectively.

This formulation solves the deterministic lot-sizing problems
both for the first and second stages simultaneously. However, in
addition to its inherent computational complexity, this model pro-
duces in almost all cases plans that may turn out to be unfeasible
or non-effective because they do not take the variability of the fin-
ished product demands into account. In the following section, we
propose a planning approach which takes advantage of the specific
features of the production system and attempts to generate plans
which are robust and close to optimal.

4. An alternative robust planning approach

Available data on demands of semi-finished and finished prod-
ucts shows that finished products demands are random, while the
consumption of semi-finished products tends to be relatively sta-
ble. Therefore, planning production at the first stage can be real-
ized using a deterministic lot-sizing model. The planning for
finished products at the second stage, however, should be carried
on a more cautious way because of the randomness of the de-
mands. We propose a solution approach, where the first stage
problem and the second stage problem are solved independently
but coupled by another coordinating plan (mechanism) to guaran-
tee that the first stage production plan can be disaggregated into a
feasible second stage plan. We refer this mechanism as a coupling
plan. We assume that the demand of the finished product j 2 Pi in
week t, dijt, is stationary, independent and normally distributed
with average lijt and standard deviation rijt. We will assume from
now on that the fixed cost, variable cost, holding cost and capacity
are constant over time, and thus index t may be omitted from these
parameters.

4.1. Planning production at the first stage: a cyclic plan

As already mentioned above, demands for semi-finished prod-
ucts are stable and are given in form of yearly consumption rates.
This provides adequate and favorable conditions to implement a
cyclic planning approach at this level. We therefore propose a
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cyclical production planning model for the first stage as it offers sim-
plicity and ease of control (see Campbel & Mabert, 1991; Van den
Broecke, Van Landeghem, & Aghezzaf, 2005). We use the well known
Doll and Whybark (1973) procedure to determine the production
cycle length for each semi-finished product i. We also assume that
weekly (maximum) coating capacity is the same for each week
and denoted by j (in m2 units). If we denote di ¼

P
j2Pi

lij for the
weekly demand rate of semi-finished product i, then its annual de-
mand is given by Di = 52di. The Doll–Whybark procedure estimates
iteratively the production cycle time length, Ti = kiT, for each
semi-finished product i, where T is the fundamental cycle time
and ki is an integer number. The procedure stops when two consec-
utive iterations generate an identical value for ki. The fundamental
cycle time T (an integer number of weeks) is selected in such a
way that the total cost is minimum. The reduced planning horizon
for the first stage is redefined to cover all production cycle times.
It has thus length of RPO = LCMi2P{Ti} weeks, where LCM means the
least common multiple of all cycle time. Once the fundamental cycle
time T and ki are obtained, the analytical model can be used to
schedule each semi-finished product which minimizes the total
costs over cycle planning horizons RPO. Because the problem is
cyclic, it is possible to set the inventory level at the beginning of
the planning horizon the same as the inventory level at the end of
the cycle planning horizon. The first stage problem can now be
formulated as follows:

ðFSPPÞ : MinimizeX
i2P

XRPO

t¼1

FitZit þ CitQ it þ HitSitð Þ ð8Þ

Subject to :

Si;t�1 þ Q it � di � Sit ¼ 0;
8i 2 P; t 2 1; . . . ;RPOf g; ð9Þ

Q it � KtZit 6 0; 8i 2 P; t 2 1; . . . ;RPOf g; ð10ÞX
i2P

Q it 6 Kt; 8t 2 1; . . . ;RPOf g; ð11Þ

kiTdið ÞZit � Q it 6 0; 8i 2 P; t 2 1; . . . ;RPOf g; ð12Þ
Si;0 � Si;RPO ¼ 0; 8i 2 P; ð13Þ
Q it; Sit P 0; Zit 2 0;1f g; 8i 2 P; t 2 1; . . . ;RPOf g:
Eq. (8) shows the objective function over the production cycle times
with length of RPO. Eq. (9) shows the semi-finished product balance
constraints for all periods during the production cycle times. Eq.
(10) forces variables Zit to take value 1 if production of semi-fin-
ished products i takes place in period t. Eq. (11) shows the capacity
constraints for production of semi-finished products. Eq. (12) guar-
antees that the quantity of each semi-finished product i produced in
a period must satisfy the demand during its cycle time Ti = kiT. Eq.
(13) shows the cyclical process of the inventory level. The quantity
Qit for each semi-finished product is then made available for the
second stage (i.e. finished products). The Qit quantity is considered
as a constraint on the available amounts of semi-finished product.
Now, we have to make sure that the first stage plan can be disaggre-
gated into a feasible plan in the second stage. This issue is of high
importance and is studied, among many other, by Erschler, Fontan,
and Merce (1986), Lasserre and Merce (1990) and Sikora et al.
(1996).

Lasserre and Merce (1990) proposed a set of inequalities in the
aggregate level (i.e. the first stage) to ensure a consistent disaggre-
gation assuming that each finished product demand has a lower
bound, dijt, which can be anticipated deterministically. The uncer-
tainty of demand, related to the part (Dit� Dit) of Dit (where
Dit ¼

P
j2Pi

dijt), is processed in period t when exact amount of fin-
ished product demand is known, which gives a lower bound for
the aggregate production in any period. The set of sufficient condi-
tion as stated by Lasserre and Merce (1990) is given as follows:
Xt

s¼1

eQ is P
X
j2Pi

max 0;
Xt
s¼1

dijs � Iij0

( ) !
; 8i 2 P;

t 2 f1; . . . ;RPOg; ð14ÞeQ it ¼ Qit � ðDit � DitÞ; 8i 2 P; t 2 f1; . . . ;RPOg: ð15Þ

The above inequalities are derived based on the assumption that
only inventory costs are taken into account in the aggregate model.
Eqs. (14) and (15) suggest that production of semi-finished products
take place at every period to satisfy a minimum demand. This
assumption is valid if the setup costs at the aggregate level are neg-
ligible as assumed in many typical theoretical hierarchical produc-
tion planning models (see also Ari & Axsäter (1988)). When large
fixed costs are present, it is easy to see that these bounds are not
appropriate. Lasserre and Merce (1990) tackled the uncertainty at
the detailed level by forcing a set of constraints at the aggregate level,
which gives a lower bound on production at each period. The proce-
dure also fails if the lower bound of finished products demand is very
small or zero as in this practical case. We believe that the uncertainty
of finished product demand should be treated at the detailed level
(i.e. second stage) because producing each period in the first stage
is very costly. We propose a coupling strategy linking the production
plan at the first stage and the production plan at the second stage.

4.2. Intermediate stage: a coupling plan

It is a common practice to manage finished product inventories
based on the product’s significance or value (ABC classification).
Typically, group A includes a small number of high value finished
products, group B includes a fairly large number of moderately
high value finished products, and group C includes a large number
of low value finished products. Grouping the finished products into
these three groups brings about a smaller variance. This enables us
to reasonably assume that the group demands are bounded. We
will use this classification to develop a coupling plan that ad-
dresses the issue of feasibility when disaggregating the production
plan determined at the first stage to drive production plans for the
second stage. Each semi-finished product produces, henceforth,
three groups of finished product denoted by Gi, where G = {A,B,C}.
For each semi-finished product, the production plan at the first stage
is given by PPi ¼ ftk : Zitk

¼ 1;Q itk
g, where tk is the period during

which kth production of semi-finished product i takes place and
Qitk

is the production quantity. As noted earlier, we impose some
conditions on the group demand, i.e. there is a lower bound dGi

for
the group demand of Gi and that the sum of all group demand for
each semi-finished product is constant. The coupling plan is devel-
oped just after we have observed the exact value of the group de-
mand at the beginning of period t. Thus, the planning depends on
the current available information, i.e. the inventory level at the
beginning of period t and the group demand at period t. We use
the notation ~dGit for an exact value of demand realization at period
t to distinguish it from the potential demand dGit .

Assume that the inventory of the grouped products at the
beginning of period 1 is zero and that the demand in period 1 is
known then the following disaggregation procedure is feasible
and consistent: xGi1 ¼ edGi1. Although this disaggregation procedure
guarantees feasibility, it does not guarantee the optimality given
that setup costs are significant. This strategy is referred to as a dy-
namic (chasing) or ‘‘wait and see’’ strategy (see Bookbinder & Tan
(1988)). Actually, Bookbinder and Tan (1988) have proposed a two-
steps approach, where in the first step setup periods are deter-
mined (i.e. periods in which setup costs and therefore production
occur) and then in a second step amounts of production at the cor-
responding periods are determined. Some extra quantities are
added to these amounts to cover the variability of demand during
the interval time between consecutive setup periods. In our case,



Table 1
Chase strategy.

Product Unit Period 0 1 2 3 4

Semi-finished Production 400 0 0 0
Average 100 Demand A + B + C 100 100 100 100

Production A + B + C 100 100 100 100
Inventory 0 300 200 100 0

Group A Demand 70 60 80 70
Average 70 Max extra 60 40 20 0
Std.dev. 10 Production 70 60 80 70
Min demand 20 Inventory 0 0 0 0 0

Group B Demand 20 24 16 20
Average 20 Max extra 30 20 10 0
Std.dev. 5 Production 20 24 16 20
Min demand 10 Inventory 0 0 0 0 0

Group C Demand 10 16 4 10
Average 10 Max extra 12 8 4 0
Std.dev. 2 Production 10 16 4 10
Min demand 4 Inventory 0 0 0 0 0
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this approach cannot be applied directly because the group pro-
duction is constrained by the available amount of the semi-fin-
ished product. If an extra quantity is added to one group then
this may lead to a possible shortage for the production of other
groups. Thus, adding an extra quantity as ‘‘safety stock’’ to meet
service level requirement at the lower level is not feasible given
that the first stage plan has already been fixed.

We propose an anticipative strategy, combining the chase strat-
egy and the ‘‘extra quantities’’ strategy. Unlike Bookbinder and Tan
(1988), the extra quantities are not intended to cover the variabil-
ities of the group demands during the interval of two consecutive
setup periods but to anticipate future demands (i.e. the lower
bound of group demand for the remaining periods before the next
production of the semi-finished product). If we produce a group at
any period, it is more rewarding not only to chase the demand as in
the ‘‘wait and see’’ procedure but also to add some extra quantities
such that there is a probability of not been forced to produce at the
next period (hence saving some setup costs). Adding these extra
quantities still provides a feasible plan for the future only if these
quantities do not exceed the sum of lower bound demand for all
remaining periods before the next production of the semi-finished
product. Note that this approach is basically the same as the chas-
ing strategy if all lower bound demands are zero.

Assume that the inventories for all groups at the beginning of
period 1 (i.e. the beginning of cycle time) are zero. The setup costs
for all groups must occur at period 1 because demand must be met
from productions. Adding some extra quantities into productions,
eventually needed at period t = 2, . . . ,T, may lead to some cost sav-
ings (especially for groups with high setup costs). If the actual de-
mand at period 2, ~dGi2 6 ðT � 1ÞdGi

, then producing this group at
that period is not needed (i.e. setup cost is zero). Thus, we are
anticipating future demand (i.e. the deterministic parts of de-
mand/lower bound) using inventory. The probability of not pro-
ducing in a period is bigger if the period is closer to the
beginning of the cycle time. Although having more product group
inventory brings about more holding costs in the second stage, it
reduces the inventory in the first stage. Thus, an optimal trade
off is needed to maintain the feasibility for future disaggregation.
We propose the following heuristic at each period t to disaggregate
semi-finished products into their corresponding product groups.

Step 1: Calculate for each group Gi,xþGit
¼ ðkiT � tÞdGi

, i.e. a possi-
ble extra quantity produced at period t for future demand antic-
ipation. Calculate the probability PðdGit 6 xþGit

Þ for each group Gi.
Step 2: Calculate the expected cost improvement if we add an
extra quantity to production at period t, i.e. PðdGit 6 xþGit

ÞFGi
þ

ðHi � HGi
ÞxþGit

, where the product group setup cost is expected
to decrease, the semi-finished product holding cost to decrease,
while the group product holding cost to increase. The group
fixed cost and holding costs are defined as FGi

¼
P

j2PGi
fijt and

HGi
¼
P

j2PGi
hijt=jPGi

j respectively.
Step 3: Arrange the groups in non-increasing order of cost
improvement.
Step 4: Production in period t is given by xGit ¼ ~dGit �eIGi ;t�1 þ xþGit

if ð~dGit �eIGi ;t�1Þ > 0 and xGit ¼ 0 if ð~dGit �eIGi ;t�1Þ 6 0. If the above
plan is not feasible (due to capacity constraint), take the group
G0i that results in the least cost improvement and let x0Git

¼ 0.
Continue to revise the plan until the production plan is feasible.

Note that at period t = Ti (i.e. the end of the cycle time), there is
no other choice but to disaggregate semi-finished product such
that all demands are satisfied (anticipating future demand using
group inventory is not possible anymore). Therefore, the procedure
forces the production of a semi-finished product in the beginning
of its cycle to be exhaustively disaggregated during the cycle per-
iod and then starts over again for the next cycle. Thus, adding an
extra quantity for a group at any period is always feasible and con-
sistent as long as this extra quantity never exceeds the sum of all
lower bound demand in the remaining of the cycle time. Note that
cost improvement is more likely to happen if the period of decision
is closer to the beginning of cycle time or if we have a longer cycle
time in the first stage.

Tables 1 and 2 illustrate the process of disaggregating each
semi-finished products into their corresponding product groups
using chase strategy and anticipative strategy respectively. Assume
that the demand of a semi-finished product is 100 units/week and
the optimal cycle time for this semi-finished product is 4 weeks,
i.e. 400 units are produced in the beginning of its cycle time. As-
sume also that there is no inventory at the beginning of the cycle.
The semi-finished product has three product groups (A,B,C) with
the average demand of 70, 20 and 10 units/week respectively.
The standard deviation of group demand is 10, 5, 2 units/week
for groups A–C respectively. Assume also that the minimum of
group demand is given as 20, 10, and 4 units/week for groups A–
C respectively. In the chase strategy, the production of groups A–
C waits after the realization of group demand and produce exactly
the same as the demand which means that production of groups is
taking place at all periods (see Table 1).

In the anticipative strategy (see Table 2), Group A is produced in
period 1 for 130 units which consists of 70 units to satisfy current
demand and 60 units for future anticipation. In period 2, group A is
not produced because demand is less than or equal the inventory.
In period 3, production of group A also tries to anticipate demand
for period 4. Since demand in period 4 is higher than the inventory,
group A has to be produced to satisfy the demand. The production
of group B also follows the same rule as group A. The production of
group C is following the chase strategy. The decision to add some
extra quantities depends on the expected cost improvement as de-
scribed earlier. Note that the inventory of the semi-finished prod-
uct and its product group becomes zero at the end of the cycle.

4.3. Production planning at the second stage: a periodic review policy

For the finished product planning, we use a periodic review pol-
icy (Q,r) subject to capacity and the availability of semi-finished
products. The re-order point and the quantity of production for
each finished product j for a lead time of 1 week, are defined as
follow:

rij ¼ lij þ zarij; 8j 2 Pi;

qij ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2f ijlij

hij

s
; 8j 2 Pi;



Table 2
Anticipative strategy.

Product Unit Period 0 1 2 3 4

Semi-finished Production 400 0 0 0
Average 100 Demand A + B + C 100 100 100 100

Production A + B + C 190 16 114 80
Inventory 0 210 194 80 0

Group A Demand 70 60 80 70
Average 70 Max extra 60 40 20 0
Std.dev. 10 Production 130 0 100 50
Min demand 20 Inventory 0 60 0 20 0

Group B Demand 20 24 16 20
Average 20 Max extra 30 20 10 0
Std.dev. 5 Production 50 0 10 20
Min demand 10 Inventory 0 30 6 0 0

Group C Demand 10 16 4 10
Average 10 Max extra 12 8 4 0
Std.dev. 2 Production 10 16 4 10
Min demand 4 Inventory 0 0 0 0 0
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where lij is the average demand of finished product j 2 Pi and
za = 2.33 if we want the demand to be met 99% of the time. The
quantity of production qij, for all j 2 Pi is approximated with the
EOQ calculated independently for each semi-finished product. At
any period, the quantity qij is produced only if the inventory level
of finished product j 2 Pi falls below level rij. Thus, the required pro-
duction of group Gi in period t is defined by:

vGit
¼

X
j2PGi

:Iij;t�16rij

qij;

where PGi
denotes the set of finished products which belongs to

semi-finished product i and product group Gi. However, we may
need to revise the plan because the finishing capacity is insufficient
and/or the available amounts of semi-finished products are also
insufficient. We evaluate three policies for the revision of such plan-
ning. If at any period the sum of all production exceeds capacity
and/or the available semi-finished product as in the following
equations:X

i2P

vA;t þ vB;t þ vC;t

� �
P j; 8t; ð16Þ

vA;t þ vB;t þ vC;t P Si;t�1; 8i 2 P; t; ð17Þ

then the production plan needs to be revised. The plan is revised by
excluding the production of the finished products, which consumes
the most (i.e. the highest qij), one by one, until all constraints are
satisfied. Therefore, the production amounts of finished products
are defined by:

xijt ¼
qij if Iij;t�1 6 rij and item ij is not excluded

0 otherwise:

�
ð18Þ

To summarize, the production of the finished item j 2 Pi produced
from semi-finished product i requires a good management of the
available amount of the semi-finished product i (which is shared
among all finished items in Pi), and requires in the same time that
the variability of the finished items demand be taken into account.
In other words, we seek to cover the finished items demands
(including variability) while assuring a feasible disaggregation of
the available quantity of semi-finished product i during the cycle
kiT. One can use the EOQ model as an urgency indicator for semi-fin-
ished product quantity allocation. If the capacity at the second stage
does not allow producing these quantities we use a fair-share ap-
proach to adjust the production quantities so that the capacity con-
straint is satisfied. We refer to this as the ‘‘base policy’’. The service
level of this procedure is relatively high (Van den Broecke et al.,
2005). However, it should be noted that for some finished products
this will result in a worst service level.

The second policy is referred to as the ‘‘modified policy’’ using
the coupling plan, which has already addressed the capacity issue
and the availability of the semi-finished products. However, we
still need to economically distribute the available production of
each group xGit to the production of its finished products. To do
so, we distribute the group production proportionally based on
the required production for all finished products during each per-
iod. If the group production at any period is higher than the sum of
all required finished product amounts, then we plan evenly some
additional production for each finished product. Conversely, we
subtract evenly from the required production if the group produc-
tion is smaller than the sum of all required production. If at any
period, the required production is zero for a certain finished prod-
uct then it is no need to add production to this finished products.
Let the difference between the required production and the group
production be given as:

dGit ¼ vGi ;t
� xGit; 8i 2 P; t: ð19Þ

These amounts are then distributed evenly (either subtracted
from or added to) the production of finished products qij. Therefore,
the production of the finished products is defined as:

xijt ¼
qij �

qijdGi t

vGit
if Iij;t�1 6 rij;

0 otherwise:

(
ð20Þ

Thus, we force the production of finished products to exhaustively
consume its corresponding group production for period t.

The third policy is derived from the base policy and includes the
possibility of revising the first stage production plan. We simply re-
fer to it as the ‘‘base policy revised’’. Since some finished products
may be excluded especially when capacity is tight, the unused
inventory level in the original base policy may increase rapidly
leading to a significant increase in the total costs. To make a fair
comparison, we assume that the production planning of the
semi-finished products can be revised to avoid excessive invento-
ries. In the beginning of week t, the production of semi-finished
products is defined as:

Q 0it ¼ max 0;Qit � Si;t�1
� 	

; 8i 2 P; t;

where Qit is the targeted production of semi-finished products as
described in the Section 4.1 and Si,t�1 is the inventory level at the
beginning of week t.

The proposed robust hierarchical production planning process
is summarized in Fig. 3. Currently, some real scale tests are carried
out, where the approach depicted in Fig. 3 is combined with the
framework shown in Fig. 2 to generate robust production plans
for the two-stage production process depicted in Fig. 1.
5. Computational results

To illustrate our approach, we present an example, where fore-
casted demand and cost parameters for semi-finished products and
product groups are given in Table 3. The weekly aggregate demandP

i2Pdi is 1,000,000 m2 while the weekly production capacity is
1,300,000 m2 (for both stages). The holding costs per year for both
stages are 16% of the production costs.

Applying Doll–Whybark (DW) approach, the resulting funda-
mental cycle time T is 2 weeks and the cycle time for each semi-
finished product is 4, 2, 4, 4, and 6 periods respectively. The pro-
duction plan for each semi-finished product at the first stage is gi-
ven in Table 4. The mixed integer linear program for the first stage
plan is executed on a 3 GHz/2 GB RAM PC using OPL Studio with
solver CPLEX. The application delivers an optimal solution in less



Fig. 3. Summary of the proposed robust hierarchical production planning process.
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than 5 min. Note that when capacity is limited the DW approach
might not be feasible meaning that both fundamental cycle time
T and ki have to be modified to find a feasible solution. For a de-
tailed discussion of this issue, interested readers are referred to
Doll and Whybark (1973).

As an example, we use the semi-finished product 4 which pro-
duces 38 different finished products. Group A includes six finished
Table 3
Forecasted demand and cost parameters.

Semi- Anual Setup Prod. Produ
finished demand cost cost groups
products 1000 m2 (€) (€/unit)

1 16,726 5528 1.00 A
B
C

2 10,695 4240 1.24 A
B
C

3 10,328 8366 2.05 A
B
C

4 8540 5909 1.86 A
B
C

5 5967 8738 1.41 A
B
C

products; Group B includes 12 finished products and Group C
includes 20 finished products. Without loss of generality, we
evaluate only finished products that belong to Group A and B.
We assume that the demand of finished products belonging to
group C in period t is satisfied using the production in that period,
hence holding cost is zero but setup cost may occur upon demand.
We evaluate two different levels of finishing stage capacity, i.e.
ct Weekly Std. dev. Setup Prod.
demand demand cost cost
1000 m2 1000 m2 (€) (€/unit)

179.06 59.09 992 1.48
106.12 35.02 1736 1.48

36.48 12.04 2232 1.48

106.15 35.03 868 1.68
77.40 25.54 1364 1.68
22.12 7.30 2480 1.68

117.08 38.64 992 2.68
58.54 19.32 1364 2.68
23.00 7.59 2728 2.68

87.27 28.80 744 2.35
52.63 17.37 1488 2.35
24.33 8.03 2480 2.35

63.50 20.96 620 1.91
36.62 12.08 116 1.91
14.63 4.83 1860 1.91



Table 4
First stage production plan.

Semi-finished products Week

1 2 3 4 5 6

1 0 1,286,640 0 0 0 1,286,640
2 411,340 0 411,340 0 411,340 0
3 0 0 794,480 0 0 794,480
4 656,920 0 0 0 656,920 0
5 0 0 0 0 0 688,500

1 0 0 0 1,286,640 0 0
2 411,340 0 411,340 0 411,340 0
3 794,480 0 0 0 794,480 0
4 0 0 0 656,920 0 0
5 0 0 0 0 0 688,500

Table 5
(Q, r) policy for individual finished products.

Finished
products

Average
weekly
demand

Std. dev
weekly
demand

Setup
cost

Production
cost
(€/unit)

(Q,r) policy

qij rij

1 24,080 15,770 124 2.35 28,739 60,824
2 19,800 12,740 124 2.35 26,060 49,484
3 16,830 11,420 124 2.35 24,026 43,439
4 9610 6990 124 2.35 18,155 25,897
5 8520 13,690 124 2.35 17,095 40,418
6 8430 6220 124 2.35 17,004 22,923
7 7790 10,060 124 2.35 16,346 31,230
8 6060 4170 124 2.35 14,417 15,776
9 5930 5210 124 2.35 14,262 18,069
10 5830 8310 124 2.35 14,141 25,192
11 4860 5110 124 2.35 12,911 16,766
12 4710 3550 124 2.35 12,710 12,982
13 3350 4460 124 2.35 10,720 13,742
14 3250 6740 124 2.35 10,558 18,954
15 2870 2510 124 2.35 9922 8718
16 2810 4560 124 2.35 9818 13,435
17 2590 3510 124 2.35 9426 10,768
18 2430 5390 124 2.35 9130 14,989
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210,000 m2 for a moderately loose capacity and 170,000 m2 for a
tight capacity. The loose capacity level is set to 1.3 times the
average demand of the semi-finished product 4, which is the same
proportion of capacity and demand as that of the first stage. The
tight capacity level equals to 1.01 of the average demand. The cycle
time of the semi-finished product is 4 weeks when the capacity is
moderately loose and 3 weeks when the capacity is tight (i.e. using
modified Doll–Whybark).

Table 5 shows the data parameter and a (Q,r)-policy for each
finished product, where qij is the economic order quantity and rij

is the re-order point for finished product j. We assume that back-
logging is not allowed and unmet demand becomes lost sales.
The service level is defined as the fraction of finished products de-
mand satisfied from the inventories. We simulate the three policies
Table 6
Performance results.

Stage Policy Capacity = 210,000 m2

Base Modified

1 Holding cost 109,192 71,982
Setup cost 76,817 76,817

2 Holding cost 87,369 105,690
Setup cost 50,026 56,334
Total cost 323,405 310,284
Service level 94.32 96.07
(base policy, modified policy and base policy with possible revi-
sion) for 100 trials, where each trial consists of 52 weeks and eval-
uate their performance as shown in Table 6.

From Table 6, it can be seen that the modified policy is better
than the original base policy both in term of costs and service le-
vel. In the case of moderately loose capacity, the total cost of the
modified policy is 4% lower than the total cost of the base policy.
The service level is almost 2% higher than the service level of the
base policy. Although the original base policy has a smaller ser-
vice level, it gives a higher cost. The reason is that the base policy
keeps producing in the first stage (i.e. push production policy)
even when the production in the second stage is limited by the
capacity and the availability of the semi-finished product. There-
fore, the unused semi-finished product is accumulated over time
because the policy excludes some finished products from produc-
tion to satisfy the capacity and semi-finished availability con-
straints (see Fig. 4). The semi-finished inventory level of the
modified policy, however, follows an EOQ-like behavior because
it forces all semi-finished products exhaustively disaggregated
during the cycle time. When capacity is tight (see Fig. 5), the un-
used inventory of the base policy increases rapidly which also in-
creases the total costs. However, the inventory level of the base
policy revised (i.e. the revised first stage production plan) follows
a similar behavior as the inventory level of the modified policy.
The inventory level at the end of the cycle time is not necessarily
zero (see Fig. 5).

Although the total costs of the base policy revised are smaller
than the modified policy, the service level is worse than the origi-
nal base policy and the modified policy. The base policy (both ori-
ginal and revised) always tries to replenish the finished product
inventory as soon as possible when the semi-finished products
are available (especially in the beginning of the cycle time). Hence,
it reduces the availability of the semi-finished product in the next
periods. In the end of the cycle time, the base policy produces fin-
ished products with the lowest level compared to the other periods
because of the scarce availability of the semi-finished products (see
Fig. 6). In case of tight capacity, the aggregated production of fin-
ished products is very small (see Fig. 7) because it excludes fin-
Capacity = 1,700,000 m2

Base revised Base Modified Base revised

75,164 153,776 49,815 57,921
76,817 106,362 106,362 106,362

85,428 78,266 105,615 78,242
49,845 48,051 56,630 48,040
287,256 386,456 318,423 290,565
93.91 88.73 95.94 88.70



Fig. 4. Inventory of the semi-finished product, capacity = 210,000 m2.

Fig. 5. Inventory of the semi-finished product, capacity = 170,000 m2.

Fig. 6. Aggregated productions, capacity = 210,000 m2.
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ished products with the highest qij. The modified policy, which
makes use the coupling plan, is very cautious when disaggregating
semi-finished products into finished products. In case of moder-
ately loose capacity, an extra production of finished products is
added but with very limited amount which depends on the lower
bound of the group’s demand (see Fig. 6). In the case of tight capac-
ity, the aggregated production is constant (see Fig. 7). In other
words, there is no need to add some extra quantities to production
while guaranteeing that these quantities are disaggregated evenly
to finished products.



Fig. 7. Aggregated productions, capacity = 170,000 m2.

Fig. 8. Inventory of finished product 1, capacity = 210,000 m2.

Fig. 9. Inventory of finished product 1, capacity = 170,000 m2.
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Figs. 8 and 9 show the inventory evolution of the finished prod-
uct 1 for loose and tight capacity respectively. In case of loose
capacity, both base policy revised and modified policy show similar
behavior. The inventory level of the base policy is very low at the
end of the cycle time. This is aligned with the production level in
the end of the cycle time. In case of tight capacity, the inventory le-
vel is very low hence service level is also low. The modified policy,
in the other hand, shows some robust results in term of the service
level.

We simulate our problem with different capacity levels of the
finishing stage (stage 2). Table 7 shows the effect of different levels
of capacity to the performance of the policies. As expected, the per-



Table 7
The effect of capacity to performance results.

Capacity Cycle Base policy Modified policy Base revised policy

time Total cost Service level Total cost Service level Total cost Service level

170,000 3 386,456 88.73 318,423 95.94 290,655 88.70
180,000 3 356,657 91.56 317,945 95.97 291,187 91.00
190,000 3 341,497 93.22 318,323 95.97 291,516 92.45
200,000 3 331,210 94.10 315,552 96.14 291,221 93.24
210,000 4 323,405 94.32 310,824 96.07 287,256 93.91
220,000 4 321,165 94.48 311,507 96.09 286,713 94.09
230,000 4 317,011 94.71 311,176 96.04 286,409 94.34
240,000 4 316,910 94.69 311,076 96.05 286,212 94.33
Unlimited 4 311995 94.96 301,910 96.02 284,248 94.61
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formance of a policy is better when capacity is moderately loose or
unlimited. Both total costs and service levels are deteriorating
when the capacity is tightening. The modified policy shows a stable
service level even when the capacity is tight. When compared to
the revised base policy, the modified policy always gives a better
service level. In particular when the capacity is tight, the difference
of the service level is up to 7%. The modified policy is robust in
term of service levels as results of the coupling planning. The total
cost of the modified policy is, however, 8% higher than the total
cost of the revised base policy when the capacity is tight. The dif-
ference of the total costs is down to only 5% when the capacity is
unlimited.
6. Conclusion

The common hierarchical production planning approaches typ-
ically consider holding costs at the aggregate level and setup costs
at the detailed level. This is, however, not the case for the aggrega-
tion–disaggregation approach pursued for the two-stage capaci-
tated production process discussed in this paper. The first stage
is considered as the aggregate level and the second stage as the de-
tailed level. The fact that the setup costs in the first stage (i.e. the
aggregate level) are significantly higher than the setup costs in-
curred in the second stage (i.e. the detailed level) is explicitly taken
into account during the planning process. Demands of semi-fin-
ished products in the first stage are relatively stable; therefore a
cyclical planning model is proposed. The resulting plan is then
used as a basis for the production planning in the second stage. A
coupling plan linking the aggregate and the detailed level is pro-
posed based on the group demands (using the ABC rule). For this
coupling plan, an anticipative strategy is proposed based on a mod-
ified chase strategy, where each production is augmented with an
‘‘extra quantity’’. These extra quantities are intended to anticipate
the deterministic part of future group demand which is repre-
sented by the lower bound of group demand for the remaining
periods before the next semi-finished production. It is not meant
to cover the variability of the demand as in the ‘‘safety stock’’ strat-
egy. The robustness and consistency conditions are ensured as long
as the extra quantities never exceed the sum of lower bound de-
mand for all remaining periods before the next production of
semi-finished products. The modified periodic review is used for
the finished product planning, where the available production for
each group is fairly shared among the finished products within
the group. The modified policy gives a robust (stable) performance
in terms of service levels because the coupling plan consistently
guarantees the availability of the semi-finished products during
the cycle time. The performance (i.e. the total costs and the service
level) of the revised base policy depends on the capacity and dete-
riorates when the capacity is very limited. The modified policy, in
the other hand, shows some robustness in term of service levels.
The total cost of the modified policy is only 5% higher in the case
of limited capacity than that in the unlimited capacity. Future re-
search is directed toward the search for a better disaggregation
procedure besides the proportional share between finished prod-
ucts. It is also of our interest to seek a proper approach if the aggre-
gate demand is stochastic.
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