
Chapter 11
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Abstract This chapter examines the short term production, transportation and
inventory planning problems encountered in the fine-paper industry. Af-
ter positioning the problems in the context of a general supply chain
planning system for the pulp and paper industry, a comprehensive syn-
chronized production-distribution model is gradually developed. First,
a model for the dynamic lot-sizing of intermediate products on a sin-
gle paper machine with a predetermined production cycle is proposed.
The model also plans the production and inventory of finished products.
Then, we consider the lot-sizing of intermediate products on multiple
parallel paper machines with a predetermined production sequence. Fi-
nally, simultaneous production and distribution planning for a single
mill multiple distribution centers network is studied by considering dif-
ferent transportation modes between the mill and its Distribution Cen-
ters (DCs).

1. Introduction

The pulp and paper industry is one of the most important industries
of Canada in terms of contribution to its balance of trade. In 2001,
it represented 3% of Canada's Gross Domestic Product (FPAC, 2002).
The expertise of the Canadian pulp and paper industry is well renowned.
Over the years, the industry has been confronted with different market
pressures. For example, currently, global production capacity is abun-
dant due to major consolidations in the sector. Companies are working
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closely to integrate the different business units of their supply chain due
to this consolidation. They are reengineering their supply chain, which
means they are trying to define the optimal network structure and plan-
ning approach in order to maximize profit.

1.1 The pulp and paper supply chain

Total shipments within the industry supply chain in 2002 included
pulp (10.5 million tons), newsprint (8.5 million tons), printing and writ-
ing paper (6.3 million tons) as well as other paper and paperboard (5.2
million tons). These products are produced and distributed in com-
plex supply chains composed of harvesting, transformation, production,
conversion and distribution units, as shown in Figure 11.1. The main
components of the pulp and paper supply chains are their supply net-
work, their manufacturing network, their distribution network and the
product-markets targeted. Different companies in the world are struc-
tured in different ways. Some are vertically integrated: they possess
and control all the facilities involved in this value creation chain, from
woodlands to markets. Others are not integrated and they rely on out-
sourcing to fulfill part of their commitments to their customers. For ex-
ample, some companies buy pulp on the market, produce the paper and
convert it through a network of external converters, before distributing
the final products. All these possibilities are illustrated in Figure 11.1.
The links between the external network and the internal network define
these outsourcing alternatives.

An important problem is therefore to determine the supply chain
structure and capacity, to decide how and where intermediate and fin-
ished products should be manufactured and how they should be dis-
tributed. These decisions relate to the company's business model as well
as to its strategic supply chain design. In the pulp and paper industry,
these decisions are tightly linked to the availability of fiber and the sup-
ply of raw materials. For example, Canadian paper is made from 55%
chips and sawmill residues, 20% recovered paper and 25% round wood.
The quality of the paper produced depends directly on the quality of
the fiber used. Therefore, designing the supply chain imposes a thor-
ough analysis of the supply network. Also, the industry is very capital
intensive. Even the modification of a single paper machine is a long-term
investment project. A planning horizon of at least five years must be
considered to evaluate such projects. The final output of this strategic
decision process defines the supply chain network structure, that is its
internal and external business units (woodlands, mills warehouses, etc.),
their location, their capacity, their technology as well as the transporta-
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Figure ILL The pulp and paper supply chain

tion modes to favor. Large scale mixed-integer programming models
can often be formulated to support this complex design process. In
order to take the uncertainty of the future business environment into
account, these models must be used in conjunction with a scenario plan-
ning approach. The application of such a modeling approach to capital
budgeting problems at Fletcher Challenge Canada and Australasia are
documented respectively in Everett, Philpott and Cook (2000) and in
Everett, Aoude and Philpott (2001).

Once the structure of the supply chain is decided, managers need to
plan supply, production and distribution over a rolling horizon. Usually
this process is conducted in two phases: tactical planning and opera-
tional planning. Tactical planning deals with resource allocation prob-
lems and it defines some of the rules-of-the-game to be used at the op-
erational planning level. The tactical plans elaborated usually cover a
one year horizon divided into enough planning periods to properly re-
flect seasonal effects. The rules-of-the-game relate to supply, production,
distribution and transportation policies such as: customer service levels,
safety stocks, the assignment of customers to warehouses or to mills, the
selection of external converters, the size of parent rolls to manufacture,
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the assignment of paper grades to paper machines and the determination
of their production sequence, sourcing decisions for the mills, etc. These
tactical decisions frame the operational planning decisions by identifying
operational targets and constraints. They are made to convey an inte-
grated view of the supply chain without having to plan all activities for
all business units within a central planning engine. Again, mathemati-
cal programming models can often be used to support tactical planning
decisions. Philpott and Everett (2001) present the development of such
a model for Fletcher Challenge Paper Australasia.

At the operational planning level, managers are really tackling ma-
terial, resource and activity synchronization problems. They have to
prepare short-term supply, production and distribution plans. Usually
at this planning level, information is no longer aggregated and the plan-
ning horizon considered covers a few months divided into daily plan-
ning periods. The plans obtained are usually sufficiently detailed to be
converted into real-time execution instructions without great difficulty.
The procurement, lot-sizing, scheduling and shipping plans made at this
level are based on trade-offs between set-up costs, production and trim
loss costs, inventory holding costs and transportation economy of scales,
and they take into consideration production and delivery lead times, ca-
pacity, etc. The objective pursued at the operational planning level is
usually to minimize operating costs while meeting targeted service levels
and resource availability constraints. Mathematical programming mod-
els can often be used to support operational planning decisions. Everett
and Philpott (2002) describe a mixed integer programming model for
scheduling mechanical pulp production with uncertain electricity prices.
Bredstrom et al. (2003) present an operational planning model for a
network of pulp mills. Keskinocak et al. (2002) propose a production
scheduling system for make-to-order paper companies. An integrated
diagram of the system of strategic, tactical and operational planning de-
cisions required to manage the pulp and paper supply chain is provided
in Figure 11.2.

In an integrated pulp and paper plant, the production process can be
decomposed in four main stages. The first stage (the chip mill) trans-
forms logs into chips. The second stage (the pulp mill) transforms chips
and chemicals into pulp. The third stage (the paper mill) transforms
pulp into paper rolls. The paper mill is usually composed of a set of
parallel paper machines. Finally, the last stage (convention mill) con-
verts paper rolls into the smaller rolls or sheets which are demanded
by external customers. Figure 11.3 illustrates the material flow within
an integrated pulp and paper mill. As can be noted, some production
stages can be partially or completely bypassed through external provi-
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Chip mill Pulp mill Paper mill Converter

Figure 11.3. Processes and material flows in an integrated pulp and paper mill

sioning of intermediate products (chips and/or pulp). Also, although,
some paper is lost during the paper making, reel finishing and sheet fin-
ishing operations, it is recovered and fed back into the pulp production
process.

The planning challenge is to synchronize the material flow as it moves
through the different production stages, to meet customer demand and
to minimize operations costs. The paper machine is often the bottleneck
of this production system and this is why production plans are usually
defined in terms of this bottleneck.

The problem we focus on in this chapter is the synchronized pro-
duction-distribution planning problem for a single mill and the set of
distribution centers it replenishes for a make to stock and to order pa-
per company. It is addressed gradually, starting by current industrial
practices where production and distribution are planned independently
and moving toward the integration of production and distribution de-
cisions. Under the first paradigm two business contexts have attracted
our attention. The first one refers to production planning on a single
machine constrained by a production cycle, within which all different
products are produced in a pre-defined sequence. It is referred to as
the Single-Machine Lot-Sizing Model The second context considered
relates to production planning on several parallel machines each con-
strained by a pre-defined production sequence. It is referred to as the
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Multiple-Machine Lot-Sizing Model Finally, distribution considerations
are introduced in the last part of this paper and the problem is set in
its complete form as the Synchronized Production-Distribution Planning
Model Harvesting decisions and pulp making planning decisions are
not taken into consideration in this chapter as they are in Bredstrom
et al. (2001). Their work, however, fits within the planning paradigm
presented in this chapter.

1.2 Production and distribution planning
problems

In what follows, we concentrate our attention on the short term pro-
duction and distribution planning problems encountered in the fine-
paper industry. The specific context considered is illustrated in Fig-
ure 11.4 (see Tables 11.1 and 11.2 for notations). In this industry, some
products are made-to-stock, others are made-to-order and others are
shipped to external converting plants. Although the demand for prod-
ucts is partly planned and partly random, we assume, as is customary
in ERP and APS systems, that it is deterministic and time-varying (dy-
namic). This demand is based on orders received and on forecasts, and
we assume that the safety stocks required as protection against the ran-
domness of demand are determined exogenously, prior to the solution of
our problem. In order to provide a competitive service level, the make-
to-stock products must be stored in distribution centers (DCs) which are
close to the market. Part of the company demand is therefore fulfilled
from these DCs. Make-to-order demand, converter demand and local
make-to-stock demand is however fulfilled directly from the mills.

Manufacturing Location

Pulp Paper
Mill Machines

m/c 1

Om

m/c2

Intermediate
bottleneck stage

Distribution
Centers

Finished products
inventory

Dynamic
local demand

(4)

Dynamic
DC
demand

Figure 11.4- Paper industry production and distribution context
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As indicated before, production at the mills involves multiple stages,
with one of them, the paper machines, creating a bottleneck. Paper
machines can run 24 hours a day during the whole year, but they can
also be stopped (or slowed down) from time to time to adapt to low
market demand or for maintenance purposes. In the bottleneck stage,
a small number of intermediate products (IP) are manufactured by par-
allel paper machines, each machine producing a predetermined set of
intermediate products with a fixed production sequence. A changeover
time is required to change products on a paper machine, which means
that capacity is lost when there is a production switch. In the suc-
ceeding stages, the intermediate products are transformed into a large
number of finished products (FP). However, in the paper industry, any
given finished product is made from a single intermediate product (di-
vergent Bill-of-Material). The conversion operations can be done within
a predetermined planned lead-time. We assume that no inventory of
intermediate products is kept, but the finished products can be stocked
at the plant before they are shipped.

Several transportation modes (mainly truck, train and intermodal),
can be used to ship products from the plants to the warehouses. The
transit time for a given origin-destination depends on the transportation
mode used. For each mode, there are economies of scale in transporta-
tion costs, depending on the total loads shipped during a time period,
independently of the type of finished products in the shipments.

Planning is done on a rolling horizon basis, with daily time buckets.
Within this context, three different problems are examined in the next
sections of the chapter:
(1) Single machine lot-sizing of intermediate and finished products with

a predetermined IP production cycle.
(2) Single-mill multiple-machine lot-sizing of intermediate and finished

products with a predetermined IP production sequence.
(3) Synchronized production-distribution planning for a single-mill mul-

tiple-DC subnetwork, with a predetermined IP production sequence.
The general notation used in the chapter is introduced in Tables 11.1

and 11.2. Additional notation specific to the three problems studied is
defined in their respective sections,

1.3 Literature review

The three problems studied in the chapter relate to the multi-item
capacitated dynamic lot-sizing literature. A recent survey of the lot-
sizing literature covering these problems is found in Rizk and Martel
(2001). Under the assumptions that there is a single production stage,
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that set-up costs and times are sequence independent and that capac-
ity is constrained by a single resource, three formulations of the prob-
lem have been studied extensively: the Capacitated Lot-Sizing Problem
(CLSP), the Continuous Setup Lot-Sizing Problem (CSLP) and the Dis-
crete Lot-Sizing and Scheduling Problem (DLSP). The CLSP involves

Table ILL Indices, parameters and sets

T
t
IP
FP
i, if

m
M%

jrn

w
JJW

T

T1 u
JW

ait

da
C m

t

K it

it

SC*

Number of planning periods in the planning horizon.
A planning period (t = 1, . . . , T).
Set of intermediate products ({1, . . . , N}).
Set of finished products ({n + 1, . . . , N}).
Product type indexes (z, ir G IP U FP).
A paper machine for the production of IP (m = 1, . . . , M).
The set of machines m that manufacture product i (i G IP).
The set of intermediate products manufactured by machine ra(IPm C IP).
Number of intermediate products manufactured on machine m (i.e., |IPm|).
Set of distribution centers, w G W.
Set of transportation modes available to ship products to DC w (u G Uw).
Planned production lead-time.
Supply lead-time of DC w when transportation mode u is used.
Effective external demand for product i at DC w during period t.
Effective demand at the mill for product i during period t.
Production capacity of machine m in period t (in time units).
Changeover time required at the beginning of period t to produce i G IPm

on machine m.
Product i changeover cost on machine m in period t (i G IPm).
Transportation resource absorption rate for product i (in tons).
Inventory holding cost of product i at DC w in period t.
Inventory holding cost of product i at the mill in period t.
Number of product i units required to produce one unit of product % .
Machine m capacity consumption rate of product i G IPm in period t.
Set of finished products manufactured with intermediate product i (SC* =

g* > 0}).

Table 11.2. Decision variables

Rit

lit

Iit

Rl

Quantity of finished product i G FP added to the mill inventory for the
beginning of period t.
Quantity of intermediate product i G IP produced with machine m during
period t.
Inventory level of finished product i G FP on hand in the mill at the end
of period t.
Inventory level of finished product i G FP on hand at DC w at the end of
period t.
Quantity of item i shipped by transportation mode u from the mill to DC
w at the beginning of period t.
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the elaboration of a production schedule for multiple items on a single
machine over a planning horizon, in order to minimize total set-up, pro-
duction and inventory costs. The main differences between the CLSP
and the CSLP are that in the latter, at most one product is produced
in a period and a changeover cost is incurred only in the periods where
the production of a new item starts. In the CLSP, several products can
be produced in each period and, for a given product, a set-up is neces-
sary in each period that production takes place. For this reason, CLSP
is considered as a large time bucket model and CSLP as a small time
bucket model. DLSP is similar to CSLP in that it also assumes at most
one item to be produced per period. The difference is that in DLSP, the
quantity produced in each period is either zero or the full production
capacity.

The first problem studied in this chapter can be considered as an
extension of the CLSP to the case where the items manufactured in-
clude both intermediate products and finished products made from the
IP products. When a predetermined fixed production cycle is used, pro-
duction planning on a single paper machine reduces to such a problem.
The length of the IP production cycle to use can be determined by first
solving an Economic Lot-Sizing and Scheduling Problem, (Elmaghraby,
1978; Boctor, 1985). Florian et al. (1980) and Bitran and Yanasse (1982)
showed that CLSP is NP-hard even when there is a single product and
Trigeiro et al. (1989) proved that when set-up times are considered, even
finding a feasible solution is NP-hard« Exact mixed integer programming
solution procedures to solve different versions of the problem were pro-
posed by Barany et al. (1984), Gelders et al. (1986), Eppen and Martin
(1987), Leung et al. (1989) and Diaby et al. (1992). Heuristic meth-
ods based on mathematical programming were proposed by Thizy and
Wassenhove (1985), Trigeiro et al. (1989), Lasdon and Terjung (1971)
and Solomon et al. (1993). Specialized heuristics were also proposed by
Eisenhut (1975), Lambrecht and Vanderveken (1979), Dixon and Silver
(1981), Dogramaci et al. (1981), Gunther (1987), and Maes and Van
Wassenhove (1988).

When set-up costs are sequence dependent, the sequencing and lot-
sizing problems must be considered simultaneously and the problem is
more complex. This problem is known as lot sizing and scheduling with
sequence dependent set-up and it has been studied by only a few authors
(Haase, 1996; Haase and Kimms, 1996). Particular cases of the problem
were also examined by Dilts and Ramsing (1989) and by Dobson (1992).

The second problem studied in this chapter can be considered as an
extension of the CSLP to the case of several parallel machines with a
predetermined production sequence, and with a two level (IP and FP)
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product structure. The multi-item CSLP has been studied by Karmarkar
and Scharge (1985) who presented a Branch and Bound procedure based
on Lagrangean relaxation to solve it. An extension to the basic CSLP
that considers parallel machines was studied by De Matta and Guignard
(1989) who proposed a heuristic solution method based on Lagrangean
relaxation. The DLSP, which is also related to our second problem, has
been studied mainly by Solomon (1991).

The third problem studied in this chapter is an extension of the sec-
ond one involving the simultaneous planning of the production and dis-
tribution of several products. Coordinating flows in a one-origin multi-
destination network has attracted the attention of some researchers (see
Sarmiento and Nagi (1999), for a partial review). Most of the work done
involves a distributor and its retailers and it considers a single product.
Anily (1994), Gallego and Simchi-Levi (1990), Anily and Federgruen
(1990, 1993), and Herer and Roundy (1997) tackle this problem in the
case of a single product and deterministic static demand. In these pa-
pers, transportation costs are made up of a cost per mile plus a fixed
charge for hiring a truck. The objective is to determine replenishment
policies that specify the delivery quantities and the vehicle routes so as to
minimize long-run average inventory and transportation costs. Viswan-
than and Mathur (1997) generalized Anily and Federgruen (1990) with
the multi-item version of the problem. Diaby and Martel (1993) and
Chan et al. (2002) consider the single-item deterministic dynamic de-
mand case with a general piece-wise linear transportation cost. Martel
et al. (2002) consider the multi-item dynamic demand case with a general
piece-wise linear transportation cost but they do not include production
decisions in their model. To the best of our knowledge, the only models
including production-distribution decisions for multi-item dynamic de-
mands are Chandra and Fisher (1994), Haq et al. (1991) and Ishii et
al. (1988).

2. Single-machine lot-sizing problem

2.1 Problem definition and assumptions

In order to reduce the complexity of the complete production-distribu-
tion problem defined in Figure 11.4, the current practice in most paper
mills is to plan production for each paper machine separately. Further-
more, as indicated earlier, in order to simplify the planning problem
and the implementation of the plans produced, the set of IP products
to be manufactured on a given paper machine, the sequence in which
the products must be manufactured and the length of the production
cycles (in planning periods) to be used are predetermined (at the tac-
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tical planning level). The fixed sequence context also implies that the
intermediate products are all manufactured in each cycle. However, as
illustrated in Figure 11.3, the paper rolls (jumbo) coming out of the
paper machines are not inventoried: they are transformed immediately
into finished products. The finished products however are stored in the
mill warehouse and it is from this stock that products are shipped, ev-
ery planning period, to distribution centers or customers. In order to
prepare adequate production plans, the relationships between the IP lot-
sizes and the FP inventories and demands must be considered explicitly.
Our aim in this section is to present a model to determine the lot-size
of the IP to manufacture on a single paper machine which minimizes
total relevant costs for all the production cycles in the planning horizon
considered.

In order to relate the model proposed to the general problem, the
timing conventions used must be clarified. Figure 11.5 illustrates the re-
lationships between planning periods, production cycles, production lead-
times and the planning horizon. As can be seen, a production cycle p,
is defined by a set Tp of planning periods and there are P production
cycles in the planning horizon. For the finished products, the planning
horizon is offset by the production lead-time. This planned lead-time is
assumed to be the same for all finished products and it is expressed in
planning periods. It includes the total elapsed time from the beginning
of the period in which an IP production order is released until the fin-
ished products are available to be shipped from the mill warehouse. In

Production _ . . Planning j ....]j
lead-time (x) 1]-[%J,O,/) period ! / / • • „ / I rp

—'—T=T=r^ r i . t '; . . i . . .

Finished J
products

/"€ SCt

1 2 3 4 5 6 7 t

=.sc, •—•—•-
1 2 3

-•—•—4—•—•-
i_5 6 7 d,,

R,,,i'e SC,

Intermediate
product

Production cycle

Figure 11.5. Planning horizon for IP and FP products
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other words, it is assumed that the finished products made from the in-
termediate products produced in a production cycle will be available in
inventory r planning periods after the beginning of the cycle, indepen-
dently of the position of the IP product in the predetermined machine
production sequence. Clearly, this is a gross approximation and it is
reasonable only when the production cycles are relatively short. This
assumption, however, provides a rational for aggregating planning pe-
riod effective demands into production cycles effective demands.

In what follows, we assume that planning is based on the finished
products effective demands. Following Hax and Candea (1984), the ef-
fective demand da of a finished product i G FP in planning period t > r
is defined as the demand for the period which cannot be covered by the
projected inventory on hand I{T at the end of period r, taking the desired
safety stock level SSi for the product into account. More precisely,

_
\ditJ otherwise

where dit is the demand for finished product i at the mill in planning
period t. We also assume that, for each cycle p in the planning horizon,
the cumulative capacity available is greater than or equal to the cumu-
lative effective demand. When this condition is not satisfied, there is
no feasible solution. We also assume that there is a lower bound on the
production lot-size for each product made in a cycle. Finally, we assume
that the unit production costs for an intermediate product are the same
in every production cycle.

2.2 Single-machine lot-sizing model

Since this is a single-machine problem, the index m is dropped in what
follows from the notation defined in Tables 11.1 and 11.2. The additional
notations in Table 11.3, are also required to formulate our fixed cycle
lot-sizing model.

In order to formulate the model, we first need to define the aggregate
effective demand for the production cycles. As illustrated in Figure 11.5,
the cycles' effective demands are given by:

teTp

Note next that one of the implications of using predetermined fixed
production cycles is that every IP is manufactured during each cycle.
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Table 11.3. Additional notation

Number of production cycles in the planning horizon.
A production cycle.
Set of planning periods in production cycle p.
Production capacity available in cycle p, net of set-up times (in time units).
Minimum lot-size for product i £ IP (minimum hours/a^).
Product i £ FP effective demand for production cycle p.

This implies that the total set-up costs over the planning horizon are
constant and that they do not have to be taken into account explicitly.

In order to economize set-up times for the entire planning horizon,
while maintaining the fixed sequence, as illustrated in Figure 11.6, we
can impose that the last item scheduled at the end of a given cycle is
scheduled at the beginning of the next cycle. The example in Figure 11.6
assumes that product 1 was the last product manufactured in cycle 0.
Given this, the net capacity available in each cycle, CVl p = 1,... , P,
can be calculated a priori. For example, for cycle 2 in Figure 11.6,
the net capacity available is Cp = YlteT ^t — k\ — &2, where ki is the
changeover time for product i. More generally, the capacity available
can be calculated with the expression:

c = Y^ c —
i^first(p)

where first (p) is the index of the product scheduled for production at
the beginning of cycle p.

Also, since we have a deterministic demand and since the variable
production costs do not change from cycle to cycle, the total production

Capacity

P=I p=2 p=3 p=4 p=5

Figure 11.6. Example of a fixed cycle production plan for three products
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cost is a constant and it does not have to be taken into account explicitly.
Consequently, the only relevant costs under our assumptions are the
intermediate products inventory holding costs. The lot-sizing problem
to solve in order to minimize these costs is the following:

p

Min ^2YlhiPTiP (1 L 1)

subject to:

9ii>Ri'P = 0 i e P (11.2)

E>. _L T.f -x _ r — T- i G- F P - n — 1 P (T-n — fh f i i ^
1^ip I 1l[jp—\) J-ip — ^ip t KZ L L ^ JJ — ! , . . . , ! \-Ll\J — VJ J y±±*OJ

Y^ aivQiV <&V p = 1, . . . , P (H.4)

Qiv > Q. i G lP ;p= 1,...,P (11.5)

/ i p > 0 i G F P (11.6)

Q i P > 0 i e l P ; p = l , . . . , P (11.7)

i?ip > 0 i e F P ; p = l , . . . , P (11.8)

The constraints include product bills of material (11.2), inventory ac-
counting equations for finished products (11.3), and production output
capacity of the machine (11.4), taking into account set-up times incurred
for each cycle. Constraints imposing a minimum production quantity for
each cycle (11.5) were also included. These constraints guarantee that
each product can be manufactured in each cycle according to the pre-
determined sequence. Backorders are not allowed (11.6). Finally, non-
negativity constraints for production variables are also included (11.7)
and (11.8). The experimental evaluation of the impact of this model
and its various parameters are discussed is Bouchriha, D'Amours, and
Ouhimmou (2003).

Although it is common practice in the fine paper industry to prepare
fixed cycle length production plans for the paper machines and to use
all the capacity available (i.e., to replace the inequality by an equality in
constraint (11.4)), it is clear that the planning approach, developed in
this section, is not really satisfactory. When the market demand for pa-
per is low, as it currently is, the approach may lead to the production of
products which are not required or to high inventory levels which could
be avoided. It is therefore clear that this approach is suboptimal. More-
over, depending on the cycle length used and the demand variability, the
approach could even lead to unfeasible solutions. For all these reasons,
in the following sections, the fixed cycle length assumption is relaxed
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but the assumption that the production sequence is predetermined is
maintained.

3. Multiple-machines lot-sizing problem

3.1 Problem definition and assumptions

In this section, we consider the simultaneous planning of the lot-sizes
of intermediate products on all the paper machines in a mill, as well
as the production and inventory planning of its finished products. We
assume that the paper machines are capacity constrained but that the
conversion stages are not capacity constrained. This is realistic, since it
is always possible to subcontract part of the finishing operations if addi-
tional capacity is required. Although it is important in the industry to
preserve the predetermined production sequence on the paper machines
(launching production according to increasing paper thickness minimizes
paper waste and set-up times), the use of fixed length production cycles
is not imposed by any technological constraints. In this section we there-
fore relax the assumption of a fixed length production cycle. However,
we assume that at most one production changeover is allowed per pa-
per machine per planning period. This is reasonable provided that the
planning periods used are relatively short (a day or a shift). We also
assume that it is not necessary to use the total capacity available in a
given period. Although in practice this is rarely the case, it is possible to
reduce the production paste in order to produce less during a planning
period without stopping the machine. The approach proposed in this
section and the next is based on Rizk, Martel, and D'Amours (2003).

Let gat be the number of units of IP i required to produce one unit
of FP i', taking any waste incurred in the transformation process into
account. Since each FP is made from a single IP product, the set of FP
can be partitioned according to the IP it is made of. In addition, it is
assumed that a standard production sequence of IP must be maintained
for each machine m = 1,. . . , M, and that at most one product type
can be produced in a given time period. Let em denote the index of
the IP in the eth position in machine m production sequence, so that
^m — lm5 • • • ? /m> where fm represents the product in the final position
in machine m production sequence. Thus, when e < f product (e + l ) m

can be produced on machine m, only after product em has finished its
production batch (see Figure 11.7). The production resource consump-
tion for intermediate products is assumed to be concave, that is, a fixed
resource capacity consumption is incurred whenever production switches
from one IP to another (changeover time), and linear resource consump-
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i

P52=0

1m=5 1m=5

P33=l

2 m = 3

" 6 4 = 1

P 6 4= l

3m=6

to

3m=6

" 5 6 = 1

P.S6=1

t = 6
Planning horizon

t = 1 t-<2 t =\ 3 A = 4 A =

1^ "

Production changeover

Figure 11.7. Example of a production plan for machine m

tion is incurred during the production of a batch of IP. Inventory holding
costs are assumed to be linear.

3,2 Multiple-machines lot-sizing model

Using the notation in Tables 11.1, 11.2 and 11.4, the production plan-
ning problem of the manufacturing plant can be represented by the fol-
lowing optimization model:

T r MMi« Z E E
t=l lm=l iGlPrr

subject to

T+T r N

+ E EE E (11.9)

z = 1 , . . . , n; t = 1 , . . . , T

h{t+r-l) "~ h{t+r) =

(11.10)

= 0 (11.11)

T (11.12)

Additional notation

Pzt

The eth item in the production sequence of machine m, em = l m , . . . , / m

(/<n)
Binary variable equal to 1 if a new production batch of product i is started
on machine m at the beginning of period t and to 0 otherwise
Binary variable equal to 1 if product i is made on machine m in period t
and to 0 otherwise
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t t

^emt - Z_^ Pemu -r /^ P(e+l)mu ~ U

u=i u=i m = i , . . . , M ; e m = l m , . . . , ( / - l ) m ;

* = 1,...,T (11.13)

^/m* ~ 2-jPfmU + 2L^PlmU = l

u=1 u=l m = 1 , . . . , M; t = 1 , . . . , T (H-14)

7TJ? < 1 m = l , . . . , M ; t = l , . . . , T (11.15)

m = 1 , . . . ,M;TX G IPm;^ = 1,-..,T (11.16)
/ i t > 0 z = n+l, . . . , iN/ r ; t = T + l . . . , T + T (11.17)

i?it > 0 z = n + l , . . . , iV;t = 1,...T (11.18)

In model 2, (11.10) and (11.11) are the flow conservation constraints of
IP and FP products at the manufacturing location. Constraints (11.12)
ensure that production capacity is respected. Constraints (11.13) and
(11.14) make sure that the production sequence is respected for each
machine. For a given machine m, when e < / , constraint (11.13) enforces
the number of product (e+l)m changeovers to be less than or equal to the
number of product em changeovers for any given period of time. Hence,
it forces product (e + l ) m production to start only after the production
batch of product em is completed. Constraints (11.14) do the same job
for product fm which has the particularity of being last in the machine
m production sequence. Thus, after its production batch, machine m
has to switch production to product l m and start another sequence.
Constraints (11.15) makes sure that at most one product is manufactured
per period of time for each machine. Finally, constraints (11.16) restrict
the changeovers on a machine to the periods in which there is some
production.

This is a mixed-integer programming model of moderate size and it
can be solved efficiently with commercial solvers such as Cplex. Rizk,
Martel and D'Amours (2003) showed, however, that its solution time
can be decreased significantly by the addition of appropriate valid in-
equalities (cuts).
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4. Synchronized production-distribution
planning problem

4.1 Problem definition and assumptions

In this section, we consider the flow coordination problem of multiple
products in a single plant multi-warehouse network. In this network, one
or multiple transportation modes are used to replenish different distri-
bution centers with finished goods. The different transportation modes
may have different transportation lead times from the plant to its clients
and their cost structure can be represented by a general piece-wise lin-
ear function z(S) to reflect economies of scale. These transportation
economies of scale may have a major impact on inventory planning and
replenishment strategies for both the plant and its clients. Transit in-
ventory costs may have an impact on which transportation mode to
use between the plant and a destination. Transit inventory costs can
be embedded in each transportation mode cost structure as shown in
Figure 11.8. Figure 11.8 also shows that, when different transporta-
tion modes have the same lead time to a given destination, their cost
structures can be amalgamated in a single piece-wise linear function.
Major cost savings can be achieved by integrating inventory control and
transportation planning.

4.2 Synchronized production-distribution
planning model

The type of general piece-wise linear function used to model trans-
portation costs can be represented as a series of linear functions, as shown
in Figure 11.9. Let Sj, j = 0, . . . , 7, So — 0 denote the break points of

Shipment
Cost

Total cost per shipment
including transit inventory cost ——

i r Shipment
Cost

Load (tons)

Shipment by truck with
lead time = n time units

Total cost per shipment
including transit inventory cost

Load (tons)

Shipment by Rail with
lead time = 2n time units

Figure 11.8. Cost structures for two different transportation modes
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b5

Quantity shipped

Figure 11.9. General transportation cost function

the piece-wise linear function and let bj = Sj — Sj_i, j ' = 1 • • • > 7 denote
the length of the j th interval on the S-axis defined by the break points
(So, . . . , S7). Finally, for interval j , let Vj be the slope of its straight
line (variable cost), Aj be the discontinuity gap at the beginning of the
interval and Ej be the value of the function at the end of the interval,

- i < S < we havei.e. Ej — z(Sj). Then, it is seen that for j j
z(S) = (Ej-i + Aj) + VjSj, SJ = (S - Sj-i).

For an amount S to be shipped in a given period of time, let j be
the interval for which Sj_i < S < Sj, j > 1, So = 0. S can then be
expressed as S = AjSj where Aj = Sf'Sj for j > 1. Based on the above,
S can be written in general as S = Yl]=o ^j$j where (Sj_i/Sj) < Aj < 1
if Sj_i < S < Sj and Aj = 0 otherwise, for j = 1 , . . . ,7.The last two
conditions can be represented by a binary variable aj where

0, otherwise,
1, if 5 = 0;
0, otherwise.

Using the above observation, S can be expressed in an LP model by the
following set of constraints:

= E (11.19)

j < Aj < a , - , j = 1 , . . . , 7

^ • € { 0 , 1 } , J = 0 , . . . , 7

(11.20)

(11.21)

(11.22)
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From the definition of Ej and the above set of constraints, it is seen
that z(S) can be expressed as a linear function of variables aj and Aj,

7

- Vjbj )Otn + V7O7 A,' (11.16)

In addition, we can observe from constraints (11.21) and (11.22) that
aj, j = 0,. . . , 7 form a Special Ordered Set of type 1 (SOS1) as defined
by Beale and Tomlin (1970). Declaring aj, j = 0, . . . , 7 as SOS1, the
process of Branch and Bound can be further improved (see Beale and
Tomlin, 1970). In addition, by defining aj) j — 0, . . . , 7 as SOS1 along
with constraints (11.21), constraints (11.22) are not needed.

For a given destination w G W, let f3w = Minuet/™ (T™)- j3w is the
shortest transportation lead time to destination w. Let's assume that
in period 1, a quantity of product i £ FP is manufactured at the plant
and at the end of period 1 we decide to ship an amount of product i
to destination w. Because of the production and transportation lead
times, the quantity of product % shipped cannot get to destination w
earlier than time period r + f3w + 1. Thus, destination w replenishment
planning can only start at period r + (3W + 1. Figure 1L10 illustrates
different transportation mode shipments (R™it) to satisfy the demand
for product i at destination w. In this example, the planning horizon
includes five (T = 5) planning periods. There are three transportation
modes available to ship finished products from the plant to destination
w (Uw = {1,2,3}). The transportation modes lead time from the plant

7 = 5
Production planning at the manufacturer

Replenishment planning at destination w

'' T+ x + ft"-1- x"\ - 6 Mode 1

Mode 2

J
r+ T + r- f°, = 4 Mode 3

Figure 11.10. Example of multiple transportation mode shipments
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to destination w are T™ = 1, r™ = 2, and r^ = 3. Production planning
in the plant starts at period 1 and ends at period T = 5. On the
other hand, because of production and transportation lead times, as
stated above, replenishment planning for destination w starts at period
r + (3W + 1 and ends at period T + r + (3W'. Note that for a given
transportation mode u G Uw, only shipments that are made before time
period T + r + (3W — T™ can get to destination w within its replenishment
planning horizon ([r + /3W + 1, T + r + /?™]). In practice, to get around
this difficulty, planning must be done on a rolling horizon basis and the
number of periods in the planning horizon must be sufficiently long to
have a significant horizon for all the transportation modes, i.e, T ^> T™,

Vwew,ue uw.
Using the notation in Tables 11.1, 11.2, 11.4 and 11.5, the flow co-

ordination problem in a single manufacturer multi-destination network
with multiple transportation modes can be formulated as follows:

Table 11.5. Additional notation

utj

Utj

autj

\W
Autj

JW
ait

jth interval of the piece wise linear cost function of a transportation
mode u to destination w in period £, j = 0,..., j™t
The maximum volume (in tons) that can be shipped by transportation
mode u to destination w to incur the fixed plus linear cost associated to
interval j in period t.
Fixed cost associated to the jth interval of transportation mode u piece-
wise linear cost function to destination w in period t.
Cost of shipping the volume S™tj to destination w by transportation
mode u in period t.
Variable cost associated to the jth interval of transportation mode u to
destination w piece-wise linear cost function in period t.
Transportation lead-time to destination w by transportation mode u in
period t.
Binary variable associated with the jth interval of mode u to destination
w transportation cost function in period t.
Multiplier associated to interval j of the quantity shipped by transporta-
tion mode u from the plant to location w for period t.
Effective external demand at destination w for item i during period t.
Transportation resource absorption rate for item i (in cwt, cube...).
Inventory level of finished item i in destination w at the end of period t.
Quantity of finished item i shipped by transportation mode u from the
plant to destination w in period t.
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345

T

E -m m
it Pit +Z2hi(t+T)li(t+T) +2Z

i<EFP -I
£ Z /

zGFP

4 ^ it

+ E E £ £Wy - + \vutjSutj)\

subject to

= °' ^ IP; 1 < ̂  < T

(11.24)

(11.25)

Rit + h{t+T-l) ~ h{t+r) ~ 7 J

ieFP;l<t<T;

E

- C r ^ < 0,

;=1 n = l

U=l

< 1, me M;l < t <T

t = 0 , V t > T + T - 7 S (11.26)
; ^ IP ro; l<t<T (11.27)

(11.28)

(11.29)

(11.30)

+ F" + 1 < t < T + r + /T; i?St = 0, Vt < r + 1 (11.31)

/ ^ ' i -^uit / j Aut%

l)l °utj)autj — Autj — autji

w e W] u e Uw] r + 1 < t < T + r - r%; 1 < j <

(11.32)

(11.33)

(11.34)
3=0

Pu < *%,*% e {0, i}jP
m e {0, i} ,gs > 0

me M;ielPm;l<t<T (11.35)

/•? >0> wG W;i€FP;T + / T + 1 < t < T + r +/3W (11.36)
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Rit > 0, Ii{t+T) > 0, ieFP;l<t<T (11.37)

Kit > 0, w G ^ ; u G ^ ; i G F P ; r + l < t < T + r - T / J (11.38)

0<a^<l ,0<A£, .<l ,

ii;G^;uG^;T + l < K r + T-T/J;l<i<75 (11.39)

i D G ^ ; ^ ^ ; r + l < t < r + r - t f . (11.40)

This is a large scale mixed-integer programing model and only small
cases can be solved efficiently with commercial solvers such as Cplex.
For the case when there is a single distribution center, Rizk, Martel, and
D'Amours (2003) proposed valid inequalities which can be added to the
model to speed up the calculations. Work on the development of an
efficient heuristic method to solve the problem is also currently under
way.

5. Conclusion

This chapter presents a review of the supply chain decision processes
needed in the pulp and paper industry, from strategic supply chain de-
sign to operational planning, but with a particular emphasis on produc-
tion and distribution planning for a paper mill logistic network. Gradu-
ally more relevant and comprehensive planning models are sequentially
introduced starting from current industry practice and ending with a
sophisticated synchronized production-distribution planning model.

The implementation of these models raises some interesting questions.
From a practical point of view, solving the distribution and the produc-
tion planning problem in sequence may seem interesting, since it reduces
the problem size and complexity. Although the size of the problem may
increase with the number of intermediary products and planning pe-
riods, large linear problems of this sort are easily solved with today's
commercial solvers. Under this planning approach, the multi-machine
lot-sizing problem provides a better solution than the single-machine lot
sizing model where a production cycle constraint is imposed. However,
for some demand contexts, experimental work has shown that the po-
tential gains may be small in regard to the planning simplicity induced
by the latter approach. Moreover, the imposition of a production cycle
time is often useful to synchronize sales and operations, especially when
order-promising is conducted on the web.

The last model proposed integrates both production and distribution
planning processes. It takes advantage of transportation economies of
scale and permits a better selection of transportation modes. However,
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in order to solve the model within practical time limits, specialized so-
lution methods taking the structure of the problem into account must
be developed. An approach which has shown interesting potential, is
the addition of valid inequalities (cuts) to the original model. Initial
experimentation has shown that the use of appropriate cuts can reduce
computation times by an order of magnitude for this class of problem.
The application of various decomposition approaches to the solution of
the problem is also under study.

It is important to remember that the synchronized production-distri-
bution model assumes that converting facilities are in-house (transporta-
tion between roll production and converting facilities is not considered)
and over-capacitated in comparison with the bottleneck which was as-
sumed in this chapter to be the paper making machines. Therefore, rolls
can be converted within a known delay. Obviously, before applying the
model this assumption should be assessed with regard to the company's
situation.

Finally, the models presented in this chapter were designed to plan
production and distribution over a two-week to a month rolling plan-
ning horizon. Since such a short horizon may limit visibility over sea-
sonal parameters, tactical planning models should be used to supply
key information to the production-distribution planning model. More
specifically they should define end-of-horizon inventory targets for each
product produced. Not doing so may results in very bad planning de-
cisions over time, especially in the context of cyclic or highly variable
demand. Including such end-of-horizon inventory targets in the model
proposed presents no difficulty.

Acknowledgments We would like to thank the business partners of
the FOR@C Research Consortium for their financial support and their
contributions to our understanding of their planning problems. We
would also like to thank the Natural Science and Engineering Research
Council (NSERC) for its support through grant # CAP 248987. Fi-
nally, we express special thanks to internship student Annie Larochelle
who helped in defining the problem with our business partners.

References
Anily, S. (1994). The general multi-retailer EOQ problem with vehicle routing costs.

European Journal of Operational Research, 79:451-473.
Anily, S. and Federgruen, A. (1990). One warehouse multiple retailers systems with

vehicle routing costs. Management Science, 36:92-114.
Anily, S. and Federgruen, A. (1993). Two-echelon distribution systems with vehicle

routing costs and central inventories. Operations Research, 41:37-47.



348 LOGISTICS SYSTEMS: DESIGN AND OPTIMIZATION

Barany, I., Van Roy, T.J., and Wolsey, L.A. (1984). Strong formulations for multi-item
capacitated lotsizing. Management Science, 30:1255-1261.

Beale, E.M.L. and Tomlin, J.A. (1970). Special facilities in general mathematical
programming system for non-convex problems using ordered sets of variables. In:
Proceedings of the Fifth International Conference on Operational Research, pages
447-454, Tavistock Publications, London.

Bitran, G. and Yanasse, H.H. (1982). Computational complexity of the capacitated
lot size problem. Management Science, 28:1174-1185.

Boctor, F.F. (1985). Single machine lot scheduling: A comparison of some solution
procedures. RAIRO Operations Research, 19:389-402.

Bouchriha, H., D'Amours, S., and Ouhimmou M. (2003). Lot Sizing Problem on a
Paper Machine Under a Cyclic Production Approach. FORAC, Working paper,
Universite Laval.

Bredstrom, D., Lundgren, J., Mason, A., and Ronnqvist, M. (2003). Supply chain
optimization in the pulp mill industry. EJOR, In press.

Chan, L.M.A., Muriel, A., Shen, Z.J., Simchi-Levi, D., and Teo, C. (2002). Effective
zero-inventory-ordering policies for the single-warehouse multiretailer problem with
piecewise linear cost structures. Management Science, 48:1446-1460.

Chandra, P. and Fisher, M.L. (1994). Coordination of production and distribution
planning. Journal of the Operational Research Society, 72:503-517.

De Matta, R. and Guignard, M. (1989). Production Scheduling with Sequence-
Independent Changeover Cost. Technical Report, Wharton School, University of
Pennsylvania.

Diaby, M., Bahl, H.C., Karwan, M.H., and Zionts, S. (1992). A Lagrangean relaxation
approach for very-large-scale capacitated lot- sizing. Management Science, 38:1329-
1340.

Diaby, M. and Martel, A. (1993). Dynamic lot sizing for multi-echelon distribution
systems with purchasing and transportation price discounts. Operations Research,
41:48-59.

Dilts, D.M. and Ramsing, K.D. (1989). Joint lotsizing and scheduling of multiple
items with sequence dependent setup costs. Decision Science, 20:120—133.

Dixon, P.S. and Silver, E.A. (1981). A heuristic solution procedure for the multi-item
single level, limited capacity, lotsizing problem. Journal of Operations Management,
2(l):23-39.

Dobson. G. (1992). The cyclic lot scheduling problem with sequence-dependent setups.
Operation Research, 40:736-749.

Dogramaci, A., Panayiotopoulos, J.C., and Adam, N.R. (1981). The dynamic lot
sizing problem for multiple items under limited capacity. AIIE Transactions,
13(4):294-303.

Eisenhut, P.S. (1975), A dynamic lotsizing algorithm with capacity constraints. AIIE
Transactions, 7:170-176.

Elmaghraby, S.E. (1978). The economic lot scheduling problem (ELSP): Review and
extensions. Management Science, 24(6):587-598.

Eppen, G.D. and Martin, R.K. (1987). Solving multi-item capacitated lotsizing prob-
lems using variable redefinition. Operations Research, 35:832-848.

Everett, G., Aoude, S., and Philpott, A. (2001). Capital planning in the paper industry
using COMPASS. In: Proceedings of 33th Conference of ORSNZ.

Everett, G. and Philpott, A. (2002). Pulp mill electricity demand management. In:
Proceedings of 33th Conference of ORSNZ.



11 Planning in the Pulp and Paper Industry 349

Everett, G., Philpott, A., and Cook, G. (2000). Capital Planning under uncertainty
at fletcher challenge Canada. In: Proceedings of 32th Conference of ORSNZ.

Florian, M., Lenstra, J.K., and Rinnooy Kan, A.H.G. (1980). Deterministic produc-
tion planning: Algorithms and complexity. Management science, 26:12-20.

Forest Products Association of Canada — FPAC. (2002). 2002 Annual Review,
Gallego, G. and Simchi-Levi, D. (1990). On the effectiveness of direct shipping strategy

for the one warehouse multi-retailer r-systems. Management Science, 36:240-243.
Gelders, L.F, Maes, J., and Van Wassenhove, L.N. (1986). A branch and bound

algorithm for the multi-item single level capacitated dynamic lotsizing problem. In:
S. Axsater, Ch. Schneeweiss and E. Siver (eds.), Multistage Production Planning
and Inventory Control, Lecture Notes in Economics and Mathematical Systems
266, pages 92-108, Springer, Berlin.

Gunther, H.O. (1987). Planning lot sizes and capacity requirements in a single stage
production system. European Journal of Operational Research, 31(2):223-231.

Haase, K. (1996). Capacitated lot-sizing with sequence dependent setup costs. OR
Spektrum, 18:51-59.

Haase, K. and Kimms, A. (1996). Lot Sizing and Scheduling with Sequence Dependent
Setup Costs and Times and Efficient Rescheduling Opportunities. Working paper
No. 393, University of Kiel.

Haq, A., Vrat, P., and Kanda, A. (1991). An integrated production-inventory-
distribution model for manufacture of urea: A case. International Journal of Pro-
duction Economics, 39:39-49.

Hax A.C. and Candea, D. (1984). Production and Inventory Management. Prentice-
Hall.

Herer, Y. and Roundy, R. (1997). Heuristics for a one-warehouse multiretailer distri-
bution problem with performance bounds. Operations Research, 45:102-115.

Ishii, K., Takahashi, K., and Muramatsu, R. (1998). Integrated production, inventory
and distribution systems. International Journal of Production Research, 26-3:473-
482.

Karmarkar, U.S. and Schrage, L. (1985). The deterministic dynamic product cycling
problem. Operation Research, 33:326-345.

Keskinocak, P., Wu, F,, Goodwin, R., Murthy, S., Akkiraju, R., Kumaran, S., and
Derebail, A. (2002). Scheduling solutions for the paper industry. Operations Re-
search, 50-2:249-259.

Lambrecht, M.R. and Vanderveken, H. (1979). Heuristic procedure for the single
operation, multi-item loading problem. AIIE Transactions, ll(4):319-326.

Lasdon, L.S. and Terjung, R.C. (1971). An efficient algorithm for multi-item sched-
uling. Operations Research, 19(4):946-969.

Lehtonen, J.M. and Holmstrom, J. (1998). Is just in time applicable in paper industry
logistics? Supply Chain Management, 3(l):21-32.

Leung, J.M.Y., Magnanti, T.L., and Vachani., R. (1989). Facets and algorithms for
the capacitated lotsizing. Mathematical Programming, 45:331-359.

Maes, J. and Van Wassenhove, L.V. (1988). Multi-item single-level capacitated dy-
namic lot sizing heuristics: A general review. Journal of the Operational Research
Society, 39(ll):991-1004.

Martel, A., Rizk, N., and Ramudhin, A. (200'2). A Lagrangean Relaxation Algorithm
for Multi-Item Lot-Sizing Problems with Joint Piecewise Linear Resource Costs.
CENTOR Working paper, Universite Laval.

Philpott, A. and Everett, G. (2001). Supply chain optimisation in the paper industry.
Annals of Operations Research, 108(1):225-237.



350 LOGISTICS SYSTEMS: DESIGN AND OPTIMIZATION

Rizk, N. and Martel, A. (2001). Supply Chain Flow Planning Methods: A Review of
the Lot-Sizing Literature. CENTOR Working paper, Universite Laval.

Rizk, N., Martel, A., and D'Amours, S. (2003). The Manufacturer-Distributor Flow
Coordination Problem. CENTOR Working paper, Universite Laval.

Sarmiento, A.M. and Nagi, R. (1999). A review of integrated analysis of production-
distribution systems. HE Transactions, 3:1061-1074.

Solomon M. (ed.) (1991). Multi-stage production planning and inventory control.
Lectures Notes in Economics and Mathematical Systems, 355:92-108, Springer-
Verlag, Berlin.

Solomon, M., Kuik, R., and Van Wassenhove, L.N. (1993). Statistical search methods
for lotsizing problems. Annals of Operations Research, 41:453-468.

Thizy, J.M. and Wassenhove, L.N. (1985). Lagrangean relaxation for the multi-item
capacitated lotsizing problem: A heuristic approach. HE Transactions, 17:308-313.

Trigeiro, W.W., Thomas, L.J., and McClain, J.O. (1989). Capacitated lot sizing with
setup times. Management Science, 35:353-366.

Viswanathan, S. and Mathur, K. (1997). Integrating routing and inventory decisions in
one-warehouse multiretailer multiproduct distribution systems. Management Sci-
ence, 43:294-312.




