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Abstract
This chapter examines the short term production, transportation and inventory planning

problems encountered in the fine-paper industry. After positioning the problems in the context
of a genera supply chain planning system for the pulp and paper industry, a comprehensive
synchronized production-distribution model is gradually developed. First, a model for the
dynamic lot-sizing of intermediate products on a single paper machine with a predetermined
production cycle is proposed. The model aso 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. Finally, simultaneous production and
distribution planning for a single mill multiple distribution centers network is studied by
considering different transportation modes between the mill and its Distribution Centers

(DCs).

1. Introduction
-

The pulp and paper industry is one of the most important industries of Canadain 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 abundant due to major consolidationsin
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the sector. Companies are working 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 planning 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 writing paper (6.3 million tons) as well as
other paper and paperboard (5.2 million tons). These products are produced and distributed in
complex supply chains composed of harvesting, transformation, production, conversion and
distribution units, as shown in Figure 1. The main components of the pulp and paper supply
chains are their supply network, their manufacturing network, their distribution network and
the product-markets targeted. Different companies in the world are structured in different
ways. Some are vertically integrated: they possess and control all the facilitiesinvolved in this
value creation chain, from woodlands to markets. Others are not integrated and they rely on
outsourcing to fulfill part of theilr commitments to their customers. For example, 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 areillustrated
in Figure 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 finished products should be manufactured and how
they should be distributed. 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 tighly
linked to the availability of fiber and the supply 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.
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Therefore, designing the supply chain imposes a thorough analysis of the supply network.
Also, the industry isvery capital intensive. Even the modification of a single paper machineis
along-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 transportation
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 planning
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).
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Figure 1: The pulp and paper supply chain

DT-2004-AM-1 4



Synchronized Production-Distribution Planning in the Pulp and Paper Industry

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 operational planning. Tactical planning deals with resource
allocation problems and it defines some of the rules-of-the-game to be used at the operational
planning level. The tactical plans elaborated usually cover a one year horizon divided into
enough planning periods to properly reflect 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, the assignment of paper grades to paper
machines and the determination of their production sequence, sourcing decisions for the mills,
etc. These tactical decisons frame the operational planning decisions by identifying
operational targets and constraints. They are made to convey an integrated view of the supply
chain without having to plan all activities for all business units within a central planning
engine. Again, mathematical 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 material, 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
planning horizon considered covers a few months divided into daily planning 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, capacity, 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 models can
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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 decisions required to manage the pulp and paper supply chain is

provided in Figure 2.
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Figure 2 : Supply chain decision processes in the pulp and paper industry
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In an integrated pulp and paper plant, the production process can be decomposed in four
main stages. The first stage (the chip mill) transforms 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 paralel paper
machines. Finally, the last stage (convention mill) converts paper rollsinto the smaller rolls or
sheets which are demanded by external customers. Figure 3 illustrates the materia flow
within an integrated pulp and paper mill. As can be noted, some production stages can be

partially or completely bypassed through external provisioning of intermediate products
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(chips and/or pulp). Also, although, some paper is lost during the paper making, reel finishing

and sheet finishing 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

J 3
. Paper P i el
R e / making
“. 2

/
/

Recovered
paper

Chip mill Pulp mill Paper mill Converter

Figure 3: Processes and material flows in an integrated pulp and paper mill

The problem we focus on in this chapter is the synchronized production-distribution
planning problem for a single mill and the set of distribution centers it replenishes for a make
to stock and to order paper 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 decisions. 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-Szing Model. The
second context considered relates to production planning on several parallel machines each
constrained by a pre-defined production sequence. It is referred to as the Multiple-Machine

Lot-Szing Model. Finally, distribution considerations are introduced in the last part of this
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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

Inwhat follows, we concentrate our attention on the short term production and distribution
planning problems encountered in the fine-paper industry. The specific context considered is
illustrated in Figure 4 (see tables 1 and 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 products is partly planned and partly random, we assume, as is
customary in ERP and APS systems, that it is deterministic and time-varying (dynamic). This
demand is based on orders received and on forecasts, and we assume that the safety stocks
required as protection against the randomness of demand are determined exogenoudly, 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.

Asindicated before, production at the millsinvolves 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 owed 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 parallel 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 succeeding stages, the intermediate

products are transformed into alarge number of finished products (FP). However, in the paper
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industry, any given finished product is made from a single intermediate product (divergent
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.

Manufacturing Location Distribution
Centers
Pulp  Paper Conversion
Mill Machines

m/c 1
Qr
et m/c 2

locd dermend
bottleneck tege inventory @)

Intermediate Finished products

Figure 4 : Paper industry production and distribution context
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
transportation costs, depending on the total loads shipped during atime period, independently
of the type of finished products in the shipments.

Planning is done on arolling 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 | P production sequence.

3) Synchronized production-distribution planning for a single-mill multiple-DC sub-
network, with a predetermined | P production sequence.

The general notation used in the chapter is introduced in Table 1 and Table 2. Additional

notation specific to the three problems studied is defined in their respective sections.
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T Number of planning periods in the planning horizon
t A planning period (t= 1,..., T)
IP | Setof intermediate products ({1, ..., n} )
FP | Setof finished products ({n+ 1, ..., N} )
i,i’ | Product typeindexes(i,i' 0 1P O FP)
m A paper machine for the production of IP (m= 1,..., M)
i | The set of machines m that manufacture product i (i O IP)
IP, | The set of intermediate products manufactured by machinem (1P, L1 IP)
fm | Number of intermediate products manufactured on machinem i.e. |IP.|).
W | Setof distribution centers, (w [J W)
U" | Setof transportation modes available to ship productsto DC w (u [ UW)
T Planned production lead-time
TYJV Supply lead-time of DC w when transportation mode u is used
dn' Effective external demand for product i at DC w during period t
d,; | Effective demand at the mill for product i during period t
C{n Production capacity of machine min periodt (in time units)
kint] Changeover time required at the beginning of period t to produce i O I P, on machinem
Kint] Product i changeover cost on machine min periodt (i O 1P,)
ri Transportation resource absorption rate for product i (in tons)
hn' Inventory holding cost of product i at DC w in period t
h;; | Inventory holding cost of product i at the mill in period t
Giir | Number of product i units required to produce one unit of product i’
aiT Machine m capacity consumption rate of product i [J 1P, in period t
SC; | Set of finished products manufactured with intermediate product i (SC; = {i" | g;; > 0})
Table 1: Indexes, Parameters and Sets
R;; | Quantity of finished product i [ FP added to the mill inventory for the beginning of period t
QiT Quantity of intermediate product i [J 1P produced with machine m during period t
li; | Inventory level of finished product i [ FP on hand in the mill at the end of period t
I}’\t/ Inventory level of finished product i [ FP on hand at DC w at the end of period t
R\l'Jvit Quantity of itemi shipped by transportation mode u from the mill to DC w at the beginning of

period t

Table 2: Decision Variables
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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, that
set-up costs and times are sequence independent and that capacity is constrained by a single
resource, three formulations of the problem have been studied extensively: the Capacitated
Lot-Szing Problem (CLSP), the Continuous Setup Lot-Szing Problem (CSLP) and the
Discrete Lot-Szing and Scheduling Problem (DLSP). The CLSP involves the elaboration of a
production schedule for multiple items on a single machine over a planning horizon, in order
to minimize total set-up, production 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 CL SP, several products can be produced in each period and, for agiven product, aset-up is
necessary 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. DLSPissimilar to CSLPin
that it also assumes at most one item to be produced per period. The difference is that in

DL SP, 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 include both intermediate products and finished
products made from the IP products. When a predetermined fixed production cycle is used,
production 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-Szing 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 proposed by Barany et al. (1984), Gelders et al. (1986), Eppen
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and Martin (1987), Leung et al. (1989) and Diaby et al. (1992). Heuristic methods 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 |ot
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) 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 second one involving the
simultaneous planning of the production and distribution of several products. Coordinating
flows in aone-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 papers,

transportation costs are made up of a cost per mile plus a fixed charge for hiring atruck. The
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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.
Viswanthan 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 demand 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 demands 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-distribution problem defined
in Figure 4, the current practice in most paper mills is to plan production for each paper
machine separately. Furthermore, 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 tactical planning level). The fixed sequence context also implies that the
intermediate products are all manufactured in each cycle. However, asillustrated in Figure 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, every planning period,
to distribution centers or customers. In order to prepare adequate production plans, the
relationships between the | P |ot-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
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manufacture on a single paper machine which minimizes total relevant costs for all the

production cyclesin the planning horizon considered.

In order to relate the model proposed to the general problem, the timing conventions used
must be clarified. Figure 5 illustrates the relationships 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 Ty, 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 al finished products and it is expressed
in planning periods. It includes the total elapsed time from the beginning of the period in
which an I P production order is released until the finished products are available to be shipped
from the mill warehouse. In other words, it is assumed that the finished products made from
the intermediate products produced in a production cycle will be available in inventory t
planning periods after the beginning of the cycle, independently 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 period 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 effective demand d;; of a finished product
i 0FP inplanning period t > 1 isdefined as the demand for the period which cannot be covered
by the projected inventory on hand I;; at the end of period T, taking the desired safety stock

level SS for the product into account. More precisely,

Oy . dy—; it d1=0
g _{max{ Db =1+1Yit IT+SS} I i, t—1 , t=1+1,..T (d;=0)

it
dit

otherwise
where d;; is the demand for finished product i at the mill in planning period t. We a so assume

that, for each cycle p in the planning horizon, the cumulative capacity available is greater than
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or equal to the cumulative 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. Finaly, we assume that the unit production costs for an

intermediate product are the same in every production cycle.
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Figure 5 : Planning horizon for IP and FP products
2.2 Single-Machine Lot-Sizing Model
Since this is a single-machine problem, the index mis dropped in what follows from the
notation defined in Tables 1 and 2. The additional notations in Table 3, are also required to

formulate our fixed cycle lot-sizing model.

P Number of production cycles in the planning horizon

p A production cycle

Ty Set of planning periodsin production cycle p

ép Production capacity available in cycle p, net of set-up times (in time units)
Q Minimum lot-size for product i O 1P (minimum hours/g).

x

Product i O FP effective demand for production cyclep

Table 3: Additional Notation
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In order to formulate the model, we first need to define the aggregate effective demand for

the production cycles. Asillustrated in Figure 5, the cycles’ effective demands are given by:

Xip = > i, iOFP,p=1..,P
toT,

Note next that one of the implications of using predetermined fixed production cycles is that
every |P is manufactured during each cycle. Thisimplies 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 6, we can impose that the last item scheduled at the
end of agiven cycleis scheduled at the beginning of the next cycle. The example in Figure 6
assumes that product 1 was the last product manufactured in cycle 0. Given this, the net
capacity available in each cycle, ép, p=1,.., P, can be calculated a priory. For example, for
cycle 2 in Figure 6, the net capacity available is 62 = ZtDTZCt—kl—kz, where k; is the
changeover time for product i. More generally, the capacity available can be calculated with
the expression:

G = Tior, S Tistiran -

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

_ Capacity

Production time

p=1 p=2 p=3 p=4 p=5

FIGURE 6: Example of a fixed cycle production plan for three products
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Also, since we have a deterministic demand and since the variable production costs do not
change from cycle to cycle, the total production 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 zp:l > higl, (2.0
igIp

subject to:

Qp— Y GiRyp =0 igIpP (1.2)
i'0sC

Rp* li_nip = Xip iOFP; p=1,..,P (lig=0) (1.2)

> 8,Q,<Cp p=1..,P (1.3

iglpP

Q20 i0IP; p=1,..,P (14)

lip20 i OFP (1.5)

Qipz0 i0lP; p=1,..,P (1.6)

Rp20 iOFP; p=1..P (1.7)

The constraints include product bills of material (1.1), inventory accounting equations for
finished products (1.2), and production output capacity of the machine (1.3), taking into
account set-up times incurred for each cycle. Constraints imposing a minimum production
guantity for each cycle (1.4) were also included. These constraints guarantee that each product
can be manufactured in each cycle according to the predetermined sequence. Backorders are
not allowed (1.5). Finally, non-negativity constraints for production variables are also
included (1.6 and 1.7). 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 1.3), it is clear that the planning approach,
developed in this section, is not really satisfactory. When the market demand for paper islow,

asit currently is, the approach may lead to the production of products which are not required
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or to high inventory levels which could be avoided. It is therefore clear that this approach is
suboptimal. Moreover, 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 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 machinesin amill, 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. Thisisrealistic, sinceit is always possible

to subcontract part of the finishing operationsif additional 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 therefore relax the
assumption of a fixed length production cycle. However, we assume that at most one
production changeover is alowed per paper machine per planning period. This is reasonable
provided that the planning periods used are relatively short (a day or a shift). We aso assume
that it is not necessary to use the total capacity available in a given period. Although in
practice thisisrarely 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 ;- 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
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single I P 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 1P 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 &,
denote the index of the IP in the e position in machine m production sequence, o that e, =
1y Ty Where f,, represents the product in the final position in machine m production
sequence. Thus, when e < f product (e+1),,, can be produced on machine m, only after product
e, has finished its production batch (see Figure 7). The production resource consumption for
intermediate products is assumed to be concave, that is, afixed resource capacity consumption
is incurred whenever production switches from one IP to another (changeover time), and
linear resource consumption is incurred during the production of a batch of IP. Inventory

holding costs are assumed to be linear.

A Tl TRl TeEl el TREL el
p51:1 p52:0 pggzl p54:1 p55:0 p55:1

g Capacity
g
S
t=1 = t=3 1=4 = t=6
Panning horizon
Production changeover

Figure 7 : Example of a production plan for machine m

3.2 Multiple-Machines Lot-Sizing Model
Using the notation in Tables 1, 2 and 4, the production planning problem of the

manufacturing plant can be represented by the following optimization model:
T M m m T+1 N
Min Z { Z Z Kit Pit }+ Z { Z hitlit:| (2-0)
t=1m=1i01P, t=t+1li=n+1

subject to
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> Q- ¥ giR, =0 i=1..nt=1.,T (2.1)
noM, i'0SC,
Ri+ligsron=ligsn = i i=n+l, . .N;t=1,..,T;l,,=0 (2.2
ki pyp +arQ.—Cl, <0 m=1,..,Mi0IP ;t=1,..T (2.3
T | —zL:lp':mu +2L:1p(”;+1)mu =0 m=1,..,Me, =1 .., (f-1)t=1..T (2.4)
t t
i -zu:lp?;u +zu:1me” =1 m=1,..,Mt=1,..T (2.5)
> m o<1 m=1, .., Mt=1..T (2.6)
ioIP,,
pp <t 0{0,3p "0{0,1},Q; =0 m=1,..,Mi0IP t=1..T (2.7)
;20 =N+l N t= THL L, THT (2.8)
R20 i=n+l,..,N;t=1,..,T (2.9)
€m The eMiteminthe production sequence of machinem, e,,=1,, ..., f,, (f<n)
o Binary variable equal to 1 if anew production batch of product i is started on
I
machine m at the beginning of period t and to O otherwise
uh Binary variable equal to 1 if product i is made on machine min period t and to O
otherwise

Table 4: Additional Notation

In model 2, (2.1) and (2.2) are the flow conservation constraints of 1P and FP products at
the manufacturing location. Constraints (2.3) ensure that production capacity is respected.
Constraints (2.4) and (2.5) make sure that the production sequence is respected for each
machine. For a given machine m, when e < f, constraint (2.4) enforces the number of product
(et 1), changeovers to be less than or equal to the number of product e, changeovers for any
given period of time. Hence, it forces product (e+1),, production to start only after the
production batch of product e, is completed. Constraints (2.5) do the same job for product f,,
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 1,, and start another
sequence. Constraints (2.6) makes sure that at most one product is manufactured per period of
time for each machine. Finally, constraints (2.7) restrict the changeovers on a machine to the

periods in which there is some production.
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Thisisamixed-integer programing model of moderate size and it can be solved efficiently
with commercial solverssuch as Cplex. Rizk, Martel and D’ Amours (2003) showed, however,
that its solution time can be decreased significantly by the addition of appropriate valid

inequalities (cuts).

4. Synchronized Production-Distribution Planning

Problem
-

4.1 Problem Definition and Assumptions

In this section, we consider the flow coordination problem of multiple productsin asingle
plant multi-warehouse network. In this network, one or multiple transportation modes are
used to replenish different distribution 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 linear 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
inventory 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 8. Figure 8 also shows that, when different transportation 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 genera piece-wise linear function used to model transportation costs can be
represented as a series of linear functions, as shown in Figure 9. Let q ] =0y, &% =0
denote the break points of the piece-wise linear function and let bj =S - q_l,j =1,..Y

denote the length of the jth interval on the S-axis defined by the break points (S,;,..., Sy).
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Finally, for interva j, let v, be the slope of its straight line (variable cost), A be the

discontinuity gap at the beginning of the interval and E; be the value of the function at the end
of the interval, i.e E = z(q). Then, it is seen that for §.1<S<§, we have

2(9) = (E

i1t A) VS, s = (S-§_,).

Total cost for a planning period Total cost for a planning period
. .
Shipment _ ! Shipment
Cost 25 tons N b-----d : Cost
Trucks |——7——— : L
20 tons K - : : | |
L ——— P Rai Car | |
[ ! I I
=] P _é(J |
__________ = o { !
T Pl I L
! Lol I in-transit L.
.......... o Oy DL e v
Load (tons) Load (tons)
Shipments by truck with Shipments by train with
T dayslead time 21 dayslead time

Figure 8 : Cost structures for two different transportation modes

A
()]
1%2]
S 25(s3)
c
°
B
g’ = V2
v1 =0 )
§ Ei1 H
a ini . technological
minimum .
order constraint
tit) S
quantity — . . .
Dl —g -~ e ~ > — —
S S A - &
0 b, 1 b, 2 b, 3 b‘4 Sy

b
Qu;ntity shipped

Figure 9 : General transportation cost function
For an amount S to be shipped in a given period of time, let | be the interval for which
§_.1<S8<§,j21 §= 0. Scan then be expressed as S = \;§ where A; = &§ for
j=1. Based on the above, S can be written in general as S = ijzo}‘i% where
(§_1/§)<)\js1 if §_1<S=<§ and )\j = 0 otherwise, for j = 1, ...,y. The last two
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. . . _ (LifS_;<S< .
conditions can be represented by a binary variable Q; where a; = (0’ Otﬁervlvise %) Ji=1 .y

and a, = ($1S=0 ) Using the above observation, S can be expressed in an LP model by

0, otherwis

the following set of constraints:

$= 3/ 0MS (1)
ig—lla]d\]saj, =1 ..y (2)
ij:oaj =1 (3)
o;0{02, |=0..y (4)

From the definition of E; and the above set of constraints, it is seen that z(S) can be expressed

asalinear function of variables Q; and )\j,j =1 ..V

CEDWRCROLEIUENN (5)

j jth interval of the piece wiselinear cost function of atransportation mode u to destination win
periodt, j=0,..., v

Sy | Themaximum 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

u; | Fixed cost associated to thejth interval of transportation mode u piece-wise linear cost
function to destination w in period t

Ey | Costof shipping the volume s“ftj to destination w by transportation mode u in period t.

vy | Variable cost associated to the j interval of transportation mode u to destination w piece-
wise linear cost function in period t

T, Transportation lead-time to destination w by transportation mode u in period t

u | Binary variable associated with thej™ interval of mode u to destination w transportation cost
function in period t

Afj“tj Multiplier associated to interval j of the quantity shipped by transportation mode u from the
plant to location w for period t

dy | Effective external demand at destination w for item i during period t.
i Transportation resource absorption rate for item i (in cwt, cube...).
it Inventory level of finished itemi in destination w at the end of period t

R,; | Quantity of finished item i shipped by transportation mode u from the plant to destination w
in period t

Table 5: Additional Notation
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In addition, we can observe from constraints (3) and (4) that Gj,j =0,..,vy forma
Soecial Ordered Set of type 1 (SOSL) as defined by Beale and Tomlin (1970). Declaring
Gj,j =0, ...,y as SOSI, the process of Branch and Bound can be further improved (see
Beadle and Tomlin (1970)). In addition, by defining Gj,j =0,...,y as SOS1 aong with

constraints (3), constraints (4) are not needed.

T=5
- - I Production planning at the manufacturer
| | | | | | | | | .
| | | | | | | | | o
1 2 3 4 5 6 7 8 9
> —— 1= T+ 1+ pe=7
TR =2 dv, d%iy d%is d%i d%iz
____________ v s > “' Replenishment planning at destination w
=1 "// __________________ 7 4 -“f ............ '4. ................ /.- -
< <N [ Z [ A [ A [ A
< > - > o T+ 1+ BO-19 =6 Mode 1 s >
szn (f 4R'W1§‘ “ jswn “ .AR‘,ﬁns 7 .:g“rne
Py atZ ._-' i -.-‘
L ( ( ( T+1+B*-19,=5 Mode2 — — —
.k . .J:Qw _ éw'.
2i2 . 23 . 2i4 2i5
) ’
ey o
& ﬁ H; T+ 1+ Bw_ -l-w3 =4 Mode 3 --------- »
W W,
3i2 3i3 3i4

Figure 10 : Example of multiple transportation mode shipments

For agiven destinationw O W, le3 " = Min UW(T:’JV) . B" isthe shortest transportation
lead time to destination w. Let's assume that in period 1, a quantity of product i O 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 i shipped cannot get to destination w earlier than time period t+p" + 1. Thus,
destination w replenishment planning can only start at period T + B + 1. Figure 10 illustrates
different transportation mode shipments (R\L’Jvit) 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 (U" = {1,2,3 ). The transportation modes lead time from the plant to

destination w are 1y = 1, T, = 2, and T3 = 3. Production planning in the plant starts at
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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
T+ [3W +1 andendsat period T+ T + [3W. Note that for a given transportation mode u [ u”,
only shipments that are made before time period T+ 1 + BW—T:'JV can get to destination w
within its replenishment planning horizon ([t +BW+ 1, T+1 +[3W] ). 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» 1, Ow OW, u 0 U".

Using the notation in Table 1, Table 2, Table 4 and Table 5, the flow coordination problem
in a single manufacturer multi-destination network with multiple transportation modes can be

formulated as follows;

Mini{ )3 { > Kit pi }* 2 hi(t+r)'i<t+r)}+ b {Tﬂiﬂw { 2 hm‘ﬂ]

t=1tmomLiomp, iOFP WOW[, gy 1DFP
+ T+T_r|‘3/ ym W W W w W W )\W 30
> > | X (Bug = Vuy Sug) Qg + (Vug Sug))Augg (3.0)
wOW[ypu*Lt=t+1]j=1
subject to
m .
> Qi - Y gyR,=0 idIP;1<t<T (3.1)
mO M, i'0SC
i . pV _ w
Ritligsrn—ligsn— 2 { ZRnli(m) } = diyq 1OFPISESTIR, = 0,0t2T+1-n, (3.2
wOWLy g y*
Kt pip +aiQ —Cp'my <0 mOM; i0IP,;1<t<T (3.3
m m m .
Tt =Y - 1Peu +ZL=1p(e+1)mu <0 mOM; 1, <i <(f-1);1<t<T (3.4)
m t m t m
T, — + =1 mOM;1<t<T 3.5
ot zu - 1pfmu zu - 1p1mu ( )
> m o<1 mOM; 1<t<T (3.6)
ioIpP,
W w W_dW . w W, W
2 Ry Hlic-p~lie = di wOW;iOFPr 4 "+1<t<sT+1+p"R},= 0,0t<t+1 (3.7)
uou®
Yar
Y R - Y ANSly = 0 wOW:uOUYr +1<t<T+1-n" (3.8)
iOFP j=1
(S‘j’t(j_l)/smj)amjs)\mjsam]— wOWuOUYr +1<t<sT+1-n;1<j<y), (3.9
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Y

tam]- =1 wOWuOUYr +1<t<T+1-n (3.10)
i=0

m o m_m m m r : 311
Pir <TG, M U{0Gp 0{0F,Qy =0 mOM;iOIP,;1<t<T (3.11)
{20 wOW:;iOFPr B “"+1<t<sT+1+p" (3.12
R20, 4720 iOFP;1<t<T (3.13)
W w, . w
RY >0 wOWuDOUYiOFP1+1<t<sT+1-n, (3.14)
O<oy<1,0sAj<1 wOWuOU"T +1<tsT+1-n;l<j<yy, (3.15)
(Atg -+ Oyy) 0 SOSL wOWuOU"r +1<t<T+1-ny (3.16)

Thisis alarge 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 design to operational planning, but with a
particular emphasis on production and distribution planning for a paper mill logistic network.
Gradually 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 production 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 periods, 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
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single-machine lot sizing model where a production cycle constraint isimposed. However, for
some demand contexts, experimental work has shown that the potential 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, in order to solve the model within practical time limits,
specialized solution 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 isimportant to remember that the synchronized production-distribution model assumes
that converting facilities are in-house (transportation between roll production and converting
facilitiesis not considered) and over-capacitated in comparison with the bottleneck which was
assumed 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 planning horizon. Since such a short horizon
may limit visibility over seasonal 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 decisions over time, especially in the context of cyclic or highly
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variable demand. Including such end-of-horizon inventory targets in the model proposed

presents no difficulty.
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	This chapter examines the short term production, transportation and inventory planning problems e...
	1. Introduction
	The pulp and paper industry is one of the most important industries of Canada in terms of contrib...
	1.1 The Pulp and Paper Supply Chain
	Total shipments within the industry supply chain in 2002 included pulp (10.5 million tons), newsp...
	An important problem is therefore to determine the supply chain structure and capacity, to decide...
	Figure 1 : The pulp and paper supply chain

	Once the structure of the supply chain is decided, managers need to plan supply, production and d...
	At the operational planning level, managers are really tackling material, resource and activity s...
	Figure 2 : Supply chain decision processes in the pulp and paper industry

	In an integrated pulp and paper plant, the production process can be decomposed in four main stag...
	The planning challenge is to synchronize the material flow as it moves through the different prod...
	Figure 3 : Processes and material flows in an integrated pulp and paper mill

	The problem we focus on in this chapter is the synchronized production-distribution planning prob...

	1.2 Production and Distribution Planning Problems
	In what follows, we concentrate our attention on the short term production and distribution plann...
	As indicated before, production at the mills involves multiple stages, with one of them, the pape...
	Figure 4 : Paper industry production and distribution context

	Several transportation modes (mainly truck, train and intermodal), can be used to ship products f...
	Planning is done on a rolling horizon basis, with daily time buckets. Within this context, three ...
	1) Single machine lot-sizing of intermediate and finished products with a predetermined IP produc...
	2) Single-mill multiple-machine lot-sizing of intermediate and finished products with a predeterm...
	3) Synchronized production-distribution planning for a single-mill multiple-DC sub- network, with...

	The general notation used in the chapter is introduced in Table 1 and Table 2. Additional notatio...
	Table 1: Indexes, Parameters and Sets
	Table 2: Decision Variables


	1.3 Literature Review
	The three problems studied in the chapter relate to the multi-item capacitated dynamic lot- sizin...
	The first problem studied in this chapter can be considered as an extension of the CLSP to the ca...
	When set-up costs are sequence dependent, the sequencing and lot-sizing problems must be consider...
	The second problem studied in this chapter can be considered as an extension of the CSLP to the c...
	The third problem studied in this chapter is an extension of the second one involving the simulta...


	2. Single-Machine Lot-Sizing Problem
	2.1 Problem Definition and Assumptions
	In order to reduce the complexity of the complete production-distribution problem defined in Figu...
	In order to relate the model proposed to the general problem, the timing conventions used must be...
	In what follows, we assume that planning is based on the finished products effective demands. Fol...
	Figure 5 : Planning horizon for IP and FP products


	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 ...
	Table 3: Additional Notation

	In order to formulate the model, we first need to define the aggregate effective demand for the p...
	In order to economize set-up times for the entire planning horizon, while maintaining the fixed s...
	FIGURE 6: Example of a fixed cycle production plan for three products

	Also, since we have a deterministic demand and since the variable production costs do not change ...
	The constraints include product bills of material (1.1), inventory accounting equations for finis...
	Although it is common practice in the fine paper industry to prepare fixed cycle length productio...


	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 ...
	Although it is important in the industry to preserve the predetermined production sequence on the...
	Let gii’ be the number of units of IP i required to produce one unit of FP i’, taking any waste i...
	Figure 7 : Example of a production plan for machine m


	3.2 Multiple-Machines Lot-Sizing Model
	Using the notation in Tables 1, 2 and 4, the production planning problem of the manufacturing pla...
	subject to
	Table 4: Additional Notation

	In model 2, (2.1) and (2.2) are the flow conservation constraints of IP and FP products at the ma...
	This is a mixed-integer programing model of moderate size and it can be solved efficiently with c...


	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...

	4.2 Synchronized Production-Distribution Planning Model
	The type of general piece-wise linear function used to model transportation costs can be represen...
	Figure 8 : Cost structures for two different transportation modes
	Figure 9 : General transportation cost function

	For an amount S to be shipped in a given period of time, let j be the interval for which . S can ...
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	, (2)
	(3)
	, (4)
	(5)
	Table 5: Additional Notation


	In addition, we can observe from constraints (3) and (4) that form a Special Ordered Set of type ...
	Figure 10 : Example of multiple transportation mode shipments

	For a given destination , let . is the shortest transportation lead time to destination w. Let’s ...
	Using the notation in Table 1, Table 2, Table 4 and Table 5, the flow coordination problem in a s...
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	This is a large scale mixed-integer programing model and only small cases can be solved efficient...


	5. Conclusion
	This chapter presents a review of the supply chain decision processes needed in the pulp and pape...
	The implementation of these models raises some interesting questions. From a practical point of v...
	The last model proposed integrates both production and distribution planning processes. It takes ...
	It is important to remember that the synchronized production-distribution model assumes that conv...
	Finally, the models presented in this chapter were designed to plan production and distribution o...
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