
Integrated Production Planning, Shift Planning
and Detailed Scheduling in a Tissue Paper
Manufacturer

Zehra Melis Teksan, Ali Tamer Ünal, Z. Caner Taşkın

Abstract In this study, we report an integrated planning system that we developed
for a large tissue paper manufacturer in Turkey. The system is composed of three in-
tegrated models to solve the capacity planning, shift planning and scheduling prob-
lems. All three problems are solved by a combination of optimization methods and
heuristics. We also report the implementation process of the system in the manu-
facturing organization, and discuss observed benefits of the system in terms of the
competitive position of the company.

1 Introduction

In this study we develop an integrated planning system in the largest tissue paper
manufacturing company in Turkey. Production process of the company is composed
of two major phases: paper production, where tissue paper is produced in bulk quan-
tities, and converting, where large paper rolls are cut into size and packaged.

In the system that we model, paper is produced in one plant. After the bulk paper
is obtained, it can either be sold directly to customers as bulk tissue paper, or it
can be converted to any one of the possible end products, such as bath tissue, paper
towels and napkins. The organization of the multi-facility manufacturing system is
given in Figure 1. The main converting facility is adjacent to the paper production
plant. There is a second converting facility owned by the company in a different
region in Turkey. The company also works with two contractors with converting
facilities in different geographical locations.
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Fig. 1 Manufacturing organi-
zation of the company.
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The competitive strength of the company (in terms of manufacturing strategy)
depends on the better management of the following factors:

• End products are produced to inventory. The company needs to have a proper
mix of inventories in the face of changing market dynamics.

• Since tissue paper production is performed on large dedicated machines, capacity
installed for the paper production phase is considerably larger than the require-
ments of the converting facilities. Hence, the company needs to balance the pos-
sibility of selling the bulk paper as a product and the internal demand generated
by the converting facilities.

• The company operates in a very dynamic market, and needs to respond to
changes in the market rapidly without compromising operational integrity.

• Profit margins of the sector are relatively limited, and the company must keep its
operational costs as low as possible.

Architecture of the integrated planning system that we developed is shown in
Figure 2. The planning system includes three integrated modules: capacity planning
(CPM), shift planning (SPM) and scheduling (SM). In the company, there are three
major operation processes that our planning systems interacts with:

• Forecasting: Demand forecasts are generated by the Sales & Marketing Depart-
ment (SMD) on a monthly basis. Within the month, forecasts may be updated
jointly by the SMD and the Planning Department, through continuous evaluation
of current market conditions, competitor actions and realized sales.

• ERP: Most of the data needed by our planning system is maintained in the En-
terprise Resource Planning (ERP) system used by the company. The master data
maintained by the ERP system consists of product and raw material definitions
and inventory levels, production resource and routing definitions, bill of materi-
als, open production orders, customer orders and requested deliveries.

• Shop floor control: On-line shop floor control is managed on the company’s Pro-
duction Management System (PMS). PMS collects data about production real-
izations and machine breakdowns from the shop floor and feeds the ERP system.
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Fig. 2 Integrated planning system architecture.

The modeled planning system has three main components, which perform the
following tasks in conjunction with these external processes:

• Capacity Planning Module (CPM) generates a monthly production plan for the
medium-term planning horizon, which typically consists of the next four months.
The generated plan optimizes inventory flow both within the company’s facilities
and its contractors by explicitly considering production capacity, technical con-
straints of the production processes and manpower availability. CPM uses the
forecasts generated by the SMD and retrieves the other required data from the
ERP system.

• Shift Planning Module (SPM) determines the optimum number of shifts each
work center should operate on a weekly basis throughout the planning horizon.
SPM explicitly considers the man-hour requirements determined by the CPM,
maintenance schedules and restrictions dictated by the labor law.

• Scheduling Module (SM) generates a detailed schedule for the short-term plan-
ning horizon, which typically consists of the next two weeks. The generated
schedule is based on the net productions requirements (determined by the CPM)
and the installed man-hours (determined by the SPM). Generated schedule is
released to the PMS to guide the production processes in the shop floor.

Organization of remaining sections is as follows: Section 2 provides an overview
of the literature, where problems in this study are considered. In Section 3, we in-
troduce the characteristics of the competitive environment in which the company
is operating. We also give the main characteristics of production environment and
mention the performance indicators in planning activities. In Section 4, we define
the planning problem as a whole and give definitions of the three individual prob-
lems. Section 5 contains descriptions of the three models in detail. In Section 6 we
give the details of implementation of the models. The integration of planning sys-
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tem with other systems is also explained in this section. Finally, in Section 7 the
implementation results are mentioned.

2 Literature Survey

Each of the individual problems that we consider has received a significant amount
of interest in the literature. We refer the reader to [29] for a comprehensive treatment
of production planning using mathematical programming methods. Mula et al. [27]
provide a review of literature in production and transportation planning, where a
wide range of mathematical programming methods, such as linear programming,
mixed integer programming, non-linear programming, stochastic programming etc.,
are used in tactical decision level.

In literature, there exist a number of different approaches to different extensions
of aggregate production planning problem. Alain [3] and Akartunali et al. [2] work
on solving mixed integer programming (MIP) formulations of production planning
problem, where fixed or setup costs are considered. Fumero [10] and Jolayemi et al.
[16] consider production planning problem on a network of production plants. Both
studies formulate the problem as MIP models.There are studies where lead times
are considered in combination with classical aggregate planning approach [17, 35].
Multi-objective approaches also received interest such as goal programming [22]
and fuzzy multi-objective linear programming approach [37].

Optimization methods have been used for shift planning in various industries.
Ernst et al. [9] provide a review of staff scheduling problems of different kinds, ap-
plication areas and methods. Reader is referred to [5, 8, 14, 19, 20, 36] for some
applications in various industries such as food manufacturing, packing, health care
and airline, where different approaches are developed to solve shift planning prob-
lem.

In our survey we focus on hybrid flow shop scheduling problems where opti-
mization techniques are used. Mendez et al. [26] survey the use of optimization
techniques for solving scheduling problems. Ruiz et al. [33] review studies on hy-
brid flow shop scheduling problem. In [4], an extensive review on scheduling prob-
lems with setup times is provided. In literature, there are studies where real life
scheduling problems are solved using MIP models [32, 28, 11, 18]. Developing
MIP formulations for variations of scheduling problems has received interest by
many researchers (e.g., [7, 34, 13, 30, 25]).

There are studies which combine production planning and planning of labor ca-
pacity (e.g., [1]). Several studies have focused on designing integrated methods for
solving production planning and scheduling problems (e.g., [21, 23, 24]). Bhatna-
gar et al. [6] mention the problem of integrating aggregate production planning
and short-term detailed scheduling decisions, where different decisions are taken
in different planning levels. They combine those decisions by proposing a plan-
ning scheme with feedback mechanisms among different levels. Xue et al. [38] in-
tegrate aggregate production planning and sequencing problems in a hierarchical
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planning system where sequence-dependent family setups exist. Production plan-
ning and scheduling problems in a hybrid flow shop are integrated in a decision
support system in [31].

Relatively few researchers have considered the interaction between shift planning
and production scheduling ([39, 12]). However, to the best of our knowledge, no
prior work that integrates capacity planning, shift planning and scheduling exists in
the literature.

3 Planning Environment

In this section we provide information about characteristics of competitive environ-
ment and the properties of production environment.

3.1 Characteristics of Competitive Environment

The company operates in a highly competitive market where the products are fully
substitutable by competitors’ products. Through planning activities, the company
aims to prevent loss of sales against competitors due to late deliveries and to take
proper position against changing market conditions.

Demand reaches through various sales channels to company; wholesale deal-
ers, supermarket chains and export channel. Customers from different sales chan-
nels have different business strategies with which the company has to align itself.
Wholesale dealers send replenishment orders as soon as their inventory level de-
creases under a certain level. The magnitude of the order changes by the size of the
wholesale dealer. Nevertheless their orders are usually in large quantities. The oper-
ation of supermarket chains is different than wholesale dealers in the sense that they
do not keep inventory of products. Even if they have a very small inventory located
in supermarkets’ warehouse and/or shelf, that inventory and also the costs incurred
by inventory holding are usually owned by the company. Since supermarkets oper-
ate with limited amount of products, they usually generate replenishment orders in
small quantities and tight due dates compared to wholesale dealers. The company
has to have the ability to satisfy those urgent demands, since the end-consumers
have many other choices to buy, if they cannot find company’s products on the shelf,
which will result in direct loss of sales. Export channel operates based on customer
orders from different regions of Europe and Asia. The operation of export channel
is very similar to wholesale dealers. The difference is the way they interpret “late”
deliveries. Customers out of the country are more prone to cancel orders and also
agreements compared to domestic wholesalers when they face disturbances in deliv-
ery schedule. The company tries to manage its production and inventory levels to be
able to satisfy the demands from different sales channels with different characteris-
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tics. The aim here is to keep customer satisfaction at the highest level by decreasing
the risk of being stock-out in any product.

The production and inventory management is mostly performed based on fore-
casts generated by Sales and Marketing department, where they consider all pos-
sible factors that might affect the orders originating from different sales channels.
Hence, the production mainly follows make-to-stock pattern. Also due to techno-
logical and cost-wise limitations, production is performed in large volumes, which
leads to high inventory levels and high inventory holding costs. However, the plan-
ning department should find a way to keep the inventory levels as low as possible
while eliminating the risk of losing sales.

Similar to most commercial institutions, the company aims to increase its prof-
its. This aim is not achievable by controlling the selling prices, since the prices are
set by the market. And the profit margins in the sector are highly limited. Hence,
in this sector, increasing the profit can only be obtained by decreasing costs such
as material acquisition costs, operational costs, i.e. transportation, energy consump-
tion, labor costs, inventory holding costs and setup costs. Since the company does
not have any control on the purchasing costs, the operational costs are mainly deter-
mining the profit margin. Transportation, process, overhead, inventory holding and
setup costs should be lowered through planning activities.

3.2 Characteristics of Production Environment

3.2.1 Two Phase Production

The production process of the company is composed of two major phases: paper
production and converting phase. In the first phase, tissue paper is produced in bulk
quantities. In the converting phase, bulk papers are “converted” into finished prod-
ucts such as toilet papers, paper towels and tissues.

In the paper production phase, chemical compounds of the paper are mixed in
huge containers. The mixture runs through various pipes where it is dried and flat-
tened to the required thickness of paper. The resulting thin paper is coiled up to
obtain paper bobbins whose weight differ from 0.5 up to 4 tons depending on the
paper type and whose width is approximately 2.5 meters. There are approximately
60 different types of papers, where one paper type can be used in production of
several finished products.

Paper production is performed on large dedicated machines, where one paper can
be produced in more than one machine. Because of the chemical processes during
paper production, product changes on paper machines necessitate significant setups.
That is, the remaining chemicals in the large mixing container should be completely
removed such that they do not get mixed with the chemicals of the next product,
so that the nature of consequent product is not harmed. Those setups require long
durations, workforce and high energy consumption.
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The second phase is called the “converting” phase. In this phase paper bobbins
are loaded on “converting” lines where the paper is cut into required sizes and pack-
aged. Each converting machine is composed of one single line where no interrup-
tions exist between cutting and packaging operations.

There are different types of converting lines. The distinction between converting
lines is based on the type of products produced on that line. Converting lines can
be divided into four major groups: toilet paper lines, where cylindrical products are
produced, tissue lines, napkin lines and facial tissue lines.

3.2.2 Multi-facility Production System

The manufacturing organization of the company is given in Figure 1. The company
owns two production plants in different geographical locations. The company has
also capacity allocation agreements with two contractors. There are 3 paper ma-
chines and 20 converting lines in all production plants.

In the previous section, we mentioned that the paper machines are large dedi-
cated machines. Each of them allocates an area of approximately 20000 m2. Paper
machine installation costs are very high such that they cannot be recovered in a short
amount of time. For this reason, among four production plants, paper production is
realized only in one plant which is owned by the company. There exists three paper
machines operating 7x24 where total production capacity is approximately 87000
tons per year. This installed capacity allows that the paper requirements of all fa-
cilities are satisfied from that plant. In most of the cases the needs of converting
machines are much lower than the total installed capacity. Therefore the remaining
paper production capacity is used for paper exports.

3.2.3 Product Families

Papers and some finished products are grouped in families for several reasons. The
concerns in family compositions are different for papers and finished products.

Paper Families: As stated in Section 3.2.1, paper production contains chemical
processes and production changes require costly setups, where chemicals of the last
production should be removed from the mixing container. To eliminate those costly
setups, paper production is designed as a continuous process, where the chemicals of
next paper is directly fed into container without removing the remaining chemicals
of last production. The consequence is that the chemicals of two papers produced
in succession are obliged to be mixed in some quantities. There exists an exception
for production with recycled papers, where the mixing container must be cleaned
up after a paper production with recycled papers.

Papers differ in their purpose of use and quality level. Quality indicators depend
on the type of the paper. For instance, softness and durability are two quality indica-
tors for toilet papers, that is the quality of toilet paper increases with the increase in
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the level of softness and durability. Characteristics such as softness and durability
are determined by the chemical ingredients of the paper. Since the quality of pa-
per depends on the chemical ingredients, successive paper productions on the same
resource should have similar ingredients to prevent loss in quality. For this reason,
papers are divided into families with respect to the similarity of their chemical com-
pounds. 60 different papers are grouped into approximately 15 paper families.

Since there exists 15 different types of paper families and only 3 paper machines,
it is not always possible to produce papers belonging to the same family only on the
same machine. Consequently, planners define some production change rules among
paper families, so that the quality of papers is not harmed.

Finished Product Families: For the converting phase, product families are com-
posed in such a way that the products having similar setup requirements belong to
the same family. The major setup causing factor in converting phase is the change
of paper bobbin. Hence, families are mainly defined by the paper types of products.

Planners define some production rules on product families so that setup require-
ments during converting phase are decreased. Some product families are produced
only once in a month. That is, all monthly production requirements of products in
that family are satisfied during a single production period. For some product fami-
lies, planners want to force the production to continue at least for a minimum amount
of time, which helps to limit the frequency of setups. Planners determine a fixed pro-
duction sequence for some families on some resources during a month. Here again,
the aim is to ensure minimum setup time spent on those resources.

4 Problem Definition

4.1 Basic Definitions

Every tangible item in the production system, such as raw materials, finished and
semi-finished goods, is called a part. Every part i ∈ I is either produced in one of
the facilities or supplied from other companies. Some parts can be both purchased
and produced. A process is an action which ensures the supply of a part. Set Pi
contains all processes whereby part i can be provided, i.e. produced or purchased,
where |Pi| ≥ 1 for any i ∈ I. Let P′i indicate all production processes and P′′i all
procurement processes of part i, where P′i ∪P′′i = Pi. Note that, |P′i |= 0 for all parts
i ∈M. Production process p of a part i ∈ F ∪S is defined by the resource where the
production will take place and by the bill of materials which will be used during that
process.

Each production process can be realized only on one resource. Let r(p) define the
resource of production process p, where p ∈ P′i for any i ∈ F ∪S. If part i ∈ F , then
r(p) ∈ R f for every p ∈ P′i . Similarly, if part i ∈ S, then r(p) ∈ Rs for every p ∈ P′i .
Also let Pi(r) be the set of processes of part i which are performed on resource r.
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A part must be located in an inventory after realization of its procurement and/or
production process. Let k(p) indicate the inventory location where part i is placed
after process p, where p ∈ Pi and k(p) ∈ Ki. Also let Pi(k) be the set of processes
of part i after which part i is placed in inventory location k. For basic set definitions
and parameters, reader is referred to Table 1.

Table 1 Basic definitions and parameters.

I Set of parts, i.e. raw materials, finished and semi-finished goods, indexed by i.
F Set of finished parts, i.e. output of converting phase.
S Set of semi-finished parts, i.e. bulk papers.
M Set of raw materials.

G Set of all part families, indexed by g.
χig 1 if part i is in family g; 0, otherwise.

P Set of all processes, indexed by p.
Pi Set of processes of part i.

R Set of all resources, indexed by r.
Rs Set of paper machines.
R f Set of converting lines.

K Set of all inventory locations, indexed by k.
Ki Set of inventory locations of part i.

Q Set of all demand types, indexed by q, where every demand type is associated
with a priority level.

Rq
i j Quantity of jth demand for part i of type q, where i ∈ F .

dq
i j Due date of the jth requirement for part i.

4.2 Planning Problem and Problem Architecture

Planners are in charge of taking various planning decisions which can be grouped
under long-term and short-term decisions.

Long-term decisions:

• Sales department generates forecasts for the sales of the next four months. Given
those forecasts, capacity allocations among all production plants should be de-
termined.

• Production requirements should be determined for each plant. Those require-
ments have to be determined at process level to clarify loads on machines and
raw material requirements.
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• Monthly material acquisition requirements should be provided for each plant.
• Monthly capacity availability for paper exports should be determined and sales

department should be informed about the possible capacity allocation to be able
to manage paper sales.

• Due to capacity allocations, labor force requirements for each plant and also for
each resource should be determined, whereas the rules and regulations negotiated
with the labor union should be obeyed.

Short-term decisions:

• The detailed production plan, i.e. quantities of every production batches, their
start and completion times, should be provided for a short term (typically for two
weeks).

• Quantity and dates of paper transshipments to other plants should be determined.
• Satisfaction of demands from various production batches should be determined.

Since there are different types and levels of decisions, we decomposed the prob-
lem into three separate problems: capacity planning, shift planning and scheduling.
The problems are designed to be solved in a hierarchical manner, where they are
connected by input-output relations (see Figure 3).

Monthly forecasts of sales department, capacity allocation agreements of con-
tractors, acquisition plans of raw materials and minimum stock levels determined
by planners are the main inputs of the capacity planning problem. In this problem
monthly production requirements for each product and resource capacity require-
ments for these productions are determined. Based on those requirements, weekly
shift plan of each resource are provided as a result of shift planning problem. Main-
tenance schedule and restrictions by labor law are further inputs of this problem.

Inputs of the scheduling problem mainly consist of the outputs of the capacity
planning and the shift planning problem. The output of this problem is the produc-
tion schedule for the next two weeks. Product family definitions, customer orders
and sales channel priorities are other additional factors which are taken into consid-
eration in the scheduling problem.

5 Solution Procedures

Considering the architecture in Figure 3 we constructed three models for three prob-
lems: capacity planning (Section 5.1), shift planning (Section 5.2) and scheduling
(Section 5.3) models.
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Fig. 3 Architecture of planning problem.

5.1 Capacity Planning Model

The capacity planning problem aims to determine production quantities based on
the monthly forecasts. It is based on a linear programming (LP) model similar to
a classical aggregate production planning model, where, in addition, a number of
planning issues specific to company’s needs are also considered.

Issue 1 Some finished and semi-finished parts are forced to have a certain level of
inventory at the end of a given period.

In aggregate capacity planning, the assumption is that parts are produced during the
period and demand for parts are satisfied at the end of the period. However in real
life, demand may occur at any time during the month. Consider a finished part i,
which sees a demand at the beginning of the period. It may be the case that the
production of this part can only be started towards the end of the period. To be able
to satisfy those early demands, the part should have some inventory at the beginning
of that period. To ensure that, planners define minimum inventory levels for the parts
which may require some stock at the beginning of a period.

Issue 2 There are agreements on capacity allocation of contractors.
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Contractors’ production activities mainly depend on the company’s demand, since
contractors do not have any other partners in their businesses. The capacity alloca-
tion agreements ensure for contractors the realization of a certain production level
in every month. This is necessary for contractors to ensure the sustainability of their
operations.

Issue 3 There are fixed production orders which are released to shop floor.

Planners control the production on the shop floor by releasing production orders for
a time interval, which usually varies between two to four days.

Issue 4 There exists a production sequence of part families that are produced on
same resource within a period.

In Section 3.2.3, we explained that there are product families in converting phase
which require major setups during production change from one family to another.
To prevent frequent setups, planners decide on a sequence for some part families on
some resources. Hence, parts belonging to those families are produced in a sequence
determined by the planner, where each part family is typically produced at most once
in a period.

Figure 4 shows an example for this case. Here, A,B,C and D are part families,
which are to be produced in the given sequence in periods t and t +1.

A B C D BCDA

Period t Period (t + 1)

Fig. 4 An example for the production sequence of product families.

Consider product family B, which is to be produced as the second batch in period
t and as the last batch in period t +1. The issue regarding the planning goals is that
inventory levels of the parts in family B at the end of period t should be able to meet
the demand that is expected to realize until the production of part family B starts in
period t +1.

Issue 5 Parts can be produced via different processes which have different priori-
ties.

A finished or semi-finished part can be produced through different processes.
Processes differ in resource and materials used during the production. That is, the
cost of production may differ for different processes. Therefore, planners define
priorities among production processes of parts.

Since the production decisions are to be made based on monthly forecasts, we
use monthly periods in capacity planning model. Let T define the planning horizon
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such that t = 1,2, . . . , |T |. Each t ∈ T represents a calendar month. Sales department
is usually able to forecast the demand of the next four months in advance.

Monthly production and procurement requirements are the main decision vari-
ables of CP model: xipt is the quantity of part i produced and/or procured in period
t using the process p, where i ∈ I, p ∈ Pi and t ∈ T .

Decision variables regarding ending inventory levels are used to manage produc-
tion distribution among months. Variable Iikt defines the inventory level of part i in
inventory location k at the end of period t, where i ∈ I, k ∈ Ki and t ∈ T . Let Iik0 be
the parameter indicating the initial inventory level of part i in inventory location k,
where i ∈ I, k ∈ Ki.

The company has a multi-facility production system as indicated in Section 3.2.2.
Since paper production is executed only in one plant, the transshipment amounts of
papers from one plant to the others have to be determined. yiklt is the amount of part
i transshipped from inventory location k to inventory location l in period t, where
i ∈ I, k, l ∈ Ki and t ∈ T .

Parameter IDit represents the independent demand for part i for period t, where
i ∈ F and t ∈ T . Independent demands correspond to monthly forecasts on finished
goods given by the sales department. Realized customer orders, i.e. orders which
are already delivered to the customer, are excluded from the forecasts for the first
month. DDit is the variable indicating the dependent demand for part i in period t,
where i ∈ S∪M and t ∈ T .

At any time there exists a shift plan for each resource which indicates the installed
capacity, i.e. regular capacity, RCrt , on that resource. Due to increase in production
requirements, planners may decide to assign additional shifts for the required re-
sources. We denote this available flexibility in capacity expansion by the parameter
OCrt . It indicates the additional capacity which can be added to resource r in period
t. Note that, using additional capacity is more costly than using regular capacity.

CP Model:

CP: min ∑
i∈I

∑
p∈Pi

∑
t∈T

cip xipt +∑
i∈I

∑
k∈K

∑
t∈T

hik Iikt +∑
i∈I

∑
k∈K

∑
l∈K\{k}

∑
t∈T

fikl yiklt

+ ∑
r∈R

∑
t∈T

rcr rcurt + ∑
r∈R

∑
t∈T

ocr ocurt + ∑
r∈R

∑
t∈T

o f cr o f curt (1)

subject to

Iik,t−1 + ∑
p∈Pi(k)

xipt + ∑
l∈Ki\{k}

yilkt − ∑
l∈Ki\{k}

yiklt − IDit = Iikt

∀i ∈ F , ∀k ∈ Ki and ∀t ∈ T (2)

Iik,t−1 + ∑
p∈Pi(k)

xipt + ∑
l∈K\{k}

yilkt − ∑
l∈K\{k}

yiklt −DDit = Iikt

∀i ∈ S∪M, ∀k ∈ Ki and ∀t ∈ T (3)

∑
i∈F∪S

∑
p∈Pi

uip j xipt = DD jt ∀ j ∈ S∪M and ∀t ∈ T (4)
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∑
i∈F∪S

∑
p∈Pi(r)

wipr xipt = rcurt +ocurt +o f curt ∀r ∈ R and ∀t ∈ T (5)

rcurt ≤ RCrt ∀r ∈ R and ∀t ∈ T (6)
ocurt ≤ OCrt ∀r ∈ R and ∀t ∈ T (7)
Iikt ≥ sikt ∀i ∈ F ∪S, k ∈ Ki and ∀t ∈ T (8)
xipt ≥ zipt ∀i ∈ F , ∀p ∈ Pi and ∀t ∈ T (9)
xip,1 ≥ oip ∀i ∈ S∪F and ∀p ∈ Pi (10)
Iikt ≥ αikt ∀i such that χig = 1, γ(g,r, t) exists, ∀r ∈ R∗, ∀t ∈ T (11)
xipt ≥ 0 ∀i ∈ I, ∀p ∈ Pi and ∀t ∈ T (12)
Iikt ≥ 0 ∀i ∈ I, ∀k ∈ K and ∀t ∈ T (13)
yiklt ≥ 0 ∀i ∈ I, ∀k, l ∈ K and ∀t ∈ T (14)
DDit ≥ 0 ∀i ∈ S∪M and ∀t ∈ T (15)
rcurt , ocurt , o f curt ≥ 0 ∀r ∈ R and ∀t ∈ T (16)

Objective of CP model is to minimize costs consisting of production, purchasing,
resource usage, and inventory holding costs, where cip, hik, fikl , rcr and ocr are unit
process, inventory holding, freight, regular capacity and additional capacity usage
costs, respectively.

Constraints (2) and (3) are the inventory balance equations. Constraints (4) ba-
sically determine raw material requirements of finished and semi-finished parts and
semi-finished part, i.e. paper, requirements of finished parts. The parameter uip j
indicates the required quantity of part j for one unit of part i in process p. Con-
straints (5) formulate the resource usages of finished and semi-finished parts. The
parameter wipr indicates the unit processing time of part i in process p on resource r.
The variables o f curt in Constraints (5) indicate the over f low capacity usage of re-
source r in period t. Those variables are used to capture infeasibilities of the model,
if there exist more production requirements than a resource can produce. That is,
variables o f curt have positive values if and only if a resource cannot satisfy pro-
duction requirements by operating 7x24. Constraints (6) and (7) set upper bounds
to resource usages.

Constraints (8) handle Issue 1, where sikt is the desired minimum ending inven-
tory level for part i in inventory location k at the end of period t. Constraints (9) han-
dle Issue 2, where zipt is the minimum production quantity determined by the plan-
ners for part i through process p in period t. Issue 3 is handled by Constraints (10),
where oip is the production order quantity of part i through process p. Issue 4 is
handled by Constraints (11), where αikt is the minimum ending inventory level of
part i in inventory location k for period t such that it can cover the demand until
production of the family of part i starts in period t + 1 and γ(g,r, t) indicates the
sequence of part family g on resource r in period t. R∗ is the set of resources for
which a family sequence is given.
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In implementation of CP model in real life, the number of decision variables and
constraints are approximately 72000 and 32000, respectively. The construction of
the optimization model and its solution process take less than two minutes.

5.2 Shift Planning Model

The company can operate on various shift plans in accordance with its agreements
with the labor union such as 8:00–16:00, 8:00–00:00, 7x24, etc. Each production
resource may either be assigned one of the available shift plans throughout the week,
or it may be closed for the week. Table 2 shows the working hours and days of all
shift types.

Table 2 Shift definitions.

Shift Type Working Hours Working Days

0 N/A N/A
1 8:00–16:00 Monday–Saturday
2 8:00–00:00 Monday–Saturday
3 All day Monday–Saturday
4 All day Monday–Sunday

Let S define the set of shift types, where s∈ S and S = {0,1,2,3,4}. The working
days and working hours in a day change due to shift type. Let ds be the number of
working days in a week and let hs be the number of working hours in a day due to
shift type s (see Table 3).

Table 3 Number of working hours and working days of each shift type.

s hs ds

0 0 0
1 8 6
2 16 6
3 24 6
4 24 7

The planning horizon of shift planning problem covers the planning horizon
of capacity planning problem, which is T and for every period t is defined as
t = 1,2, . . . , |T |. Let W be the set of weeks in planning horizon T , where w =
1,2, . . . , |W |. Some w ∈W are fully contained by a period t and some w ∈W are
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contained by two periods. Let Wt be the set of weeks which coincide with period t
and let Dwt be the set of days in week w and in period t.

The aim of shift planning model (SPM) is to generate weekly shift assignments
for all resources in accordance with the following planning issues.

Issue 6 Installed capacity generated by the shift plan should meet the requirements
due to results of capacity planning model.

Due to capacity allocations given by the capacity planning problem weekly shift
assignments on resources have to be determined. Since installed capacity by shift
plan should cover monthly capacity requirements, i.e. rcurt and ocurt , are taken as
inputs from capacity planning problem.

Issue 7 If shift type 4 is assigned to a week and the successive week has another
shift assignment, the operators do not work on Sunday in the week with shift type 4.

Issue 7 is related with shop floor practice. If shift type 4 is assigned for a series of
weeks, on Sunday of the last week with shift type 4, the resource is not operated.

Issue 8 Frequent shift type changes on a resource should be prevented.

There may be alternative shift assignments which provide same capacity installation
so that generated shift plan does not contradict with Issue 6. From those alternatives,
the one with the least shift type change should be selected.

Issue 9 Shift change between successive weeks may not be greater than one.

This issue states that there should not be drastic shift changes between the weeks.

Issue 10 The shift plan of the first week cannot be changed.

Due to limitations in labor arrangements, the shift assignments of the first week
cannot be changed.

Issue 11 Planners may decide to fix some shift assignments of some weeks.

Some shift assignments may be predetermined by the planners such that they cannot
be changed by the model.

The shift planning problem can be solved independently for each resource, since
there does not exist any constraint which relates shift assignments of different re-
sources (each machine has its own dedicated employees). Thus, we construct a
mixed-integer programming (MIP) model for each resource separately. Main de-
cision variables of our model represent the shift plan assigned to the resource for
each week.

ysw =

{
1 if shift s is assigned for week w
0 otherwise

where s ∈ S and w ∈W .
SP model for all r ∈ R:
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SP(r): min ∑
t∈T

∑
w∈Wt

∑
s∈S

hs dswt ysw + ∑
w∈W

βw (17)

subject to

∑
s∈S

ysw = 1, ∀w ∈W (18)

∑
w∈Wt

∑
s∈S

hs dswt ysw− (24)ωw ≥ (rcurt +ocurt)
1

3600
, ∀t ∈ T (19)

y4w + ys,w+1 ≤ ωw +1, ∀w ∈W\{|W |} and ∀s ∈ S\{4} (20)

∑
s∈S

gs ysw− ∑
s′∈S

gs′ ys′ ,w−1 ≤ βw, ∀w ∈W\{1} (21)

∑
s′∈S

gs′ ys′ ,w−1−∑
s∈S

gs ysw ≤ βw, ∀w ∈W\{1} (22)

∑
s∈S

gs ysw− ∑
s′∈S

gs′ ys′ ,w−1 ≤ 1, ∀w ∈W\{1} (23)

∑
s∈S

gs ysw− ∑
s′∈S

gs′ ys′ ,w−1 ≤ 1, ∀w ∈W\{1} (24)

yψ1 = 1 (25)
yγww = 1, ∀w ∈W ′ (26)
ysw ∈ {0,1} ∀s ∈ S and ∀w ∈W (27)
ωw ∈ {0,1} w = 1,2, . . . , |W |−1 (28)
βw ≥ 0 ∀w ∈W (29)

Objective of SP model is to minimize total working hours and total number of shift
changes.

Constraints (18) ensure that there is only one shift assignment for each week.
Constraints (19) handle Issue 6, where the resource usages are given in seconds.
The term hs dswt indicates the working hours of week w for shift type s which will
be available in period t. The term ωw ∗24 stands for a possible 24 hour capacity loss
due to Issue 7.

Constraints (20) calculate the capacity loss due to Issue 7, i.e. ωw, which is 1 if
shift type 4 is assigned to week w and another shift type is assigned to week w+1,
and 0 otherwise.

Constraints (21) and (22) handle Issue 8, where variable βw controls the change
in shift assignments between consecutive weeks. Here, gs = |s| for all s ∈ S. Issue 9
is handled by Constraints (23) and (24). Here, it is ensured that the shift type changes
between successive weeks do not exceed 1.

Constraint (25) handles Issue 10, where ψ is the shift assigned to resource r.
Issue 11 is handled by Constraints (26), where γw is the assigned shift for week w,
γw ∈ S and W ′ indicates set of weeks whose shift assignment is fixed.

In real life application, the MIP model for a single resource consists of around
120 decision variables and 150 constraints. Around 100 decision variables of the
model are binary variables. Construction and solution of the model to optimality
typically takes less than twenty seconds.
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5.3 Scheduling Model

The scheduling problem deals with determination of production batches for finished
and semi-finished parts. Main inputs are received from capacity planning and shift
planning problems:

• Monthly production requirements for finished and semi-finished parts, i.e. xipt ,
where i∈F∪S, p∈P

′
i and t ∈ T . Here, P

′
i only includes the production processes

of part i.

• Weekly shift assignments, which determine the installed capacities on resources
and the times when each resource starts and ends operating during the day.

Given the total production requirements, we want to determine a series of pro-
duction batches for finished and semi-finished parts, where we also consider the
following planning issues:

Issue 12 There exist minimum production lot constraints for finished and semi-
finished parts.

Planners define minimum production lot quantities for finished and semi-finished
parts to increase production efficiency and to avoid frequent setups.

Issue 13 Output of scheduling model should match with monthly production quan-
tities generated by CP model.

Scheduling problem takes process based production requirements from CP model.
Since the capacity allocation decisions are taken in CPM level, scheduling results
should comply with the production decisions of CP model.

Issue 14 Some families are produced once in a month.

To be able to minimize setup requirements, some part families are produced only
once in a month. That is, all production requirements of part in those families have
to be satisfied within the time interval where the family is being produced.

Issue 15 Some part families have restrictions on their minimum production dura-
tion.

The planners decide on a minimum production duration for some part families to
avoid frequent setup requirements.

Issue 16 Schedule of part families with given sequence must comply with that se-
quence.

In Issue 4 of CP model, we consider the monthly part family sequence determined
by planners. Same input is also considered in scheduling problem.

Issue 17 There are production change rules between paper families.
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Semi-finished goods, i.e. large rolls of paper, are produced in a continuous process.
That is transitions from one paper type to another is realized without interruption
between two production batches. Every paper type contains certain chemical com-
pounds that are specific to that type of paper. Since different papers contain different
and sometimes incompatible chemical compounds, transition between some paper
types have to be prohibited. For this reason, planners group products having similar
properties into families and define a set of transition rules.

Scheduling model (SM) generates a detailed schedule for a short-term planning
horizon, which is typically the next two weeks, by using a two-phase scheduling
algorithm. The output of scheduling model is the size, start and completion times
of those production batches. Let B[ j]

ip be the jth production batch for part i produced

by process p and let |B[ j]
ip | indicate the size of the batch B[ j]

ip . We define ST (B[ j]
ip ) and

CT (B[ j]
ip ) as the start and completion times of batch B[ j]

ip , respectively.
In the first phase of the scheduling algorithm, we solve an optimization model

(batch sizing model) to determine the optimum production batch sizes. The second
phase generates a feasible sequence of the resulting batches on the selected ma-
chine using a heuristic procedure. That is, first phase determines size of production
batches, |B[ j]

ip |’s, and second phase sets ST (B[ j]
ip ) and CT (B[ j]

ip )’s.

5.3.1 Batch Sizing Model

The batch sizing model (BSM) is a mixed-integer programming model that aims to
generate a production plan for the short-term planning horizon based on the produc-
tion plan of the CPM and the shift plan of the SPM. The model is very similar to
an aggregate production planning model with some additional binary variables and
special constraints.

In this model planning horizon and time periods are shortened. Let B be the
planning horizon for the batch sizing model where b = 1,2, . . . , |B|. The planning
horizon B covers next two months and each period b ∈ B has a length of 3 days. Let
s(b) and e(b) indicate start and end times of a period b.

Let xipb be the production quantity of part i through process p in period b, where
i ∈ F ∪S, p ∈ Pi and b ∈ B. And let yipb be the binary variable such that

yipb =

{
1 if part i will be produced via process p in period b
0 otherwise

where i ∈ F ∪S, p ∈ Pi and b ∈ B.
There are different types of requirements which should be satisfied by the pro-

duction batches. For this MIP model, requirements are grouped for each period and
each requirement type and the sum of requirements is defined as the demand for
the related period. Those requirements include customer orders of different sales
channels in addition to the forecasts given by the sales department. For this model,
monthly forecasts are evenly distributed among periods in B. We define IDq

ib as the
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demand for part i in period t of type q. Following calculation is done for all require-
ment types other than forecasts:

IDq
ib = ∑

s(b)≤dq
iu < e(b)

Rq
iu

where i ∈ F and b ∈ B. For forecasts we have the following calculations. Here, q′

stands for requirement type for forecasts.

IDq′
ib =

IDit

|B(t)|

where i∈F and b∈B. IDit is the monthly forecast of part i for monthly period t. B(t)
indicates the set of periods of length three days which are in the monthly period t.
Different types of requirements mean different priorities, that is the late satisfaction
of high priority requirements are penalized more than others. Here, forecasts have
the lowest priority among all requirements.

Let xq
ib be the production quantity of part i in period b to satisfy the requirement

type q, where i ∈ F and b ∈ B. Also let Iq
ib be inventory level of type q for part i at

the end of period b, where i ∈ F and b ∈ B. It is possible that some requirements
cannot be satisfied on time for some technical issues. To manage this, we define a
variable Uq

ib for unsatisfied requirement quantity of part i for requirement type q in
period b.

In the MIP model, there exist part family related constraints. To be able to keep
track of whether a part family g is produced in a period b, we define another binary
variable vgrb:

vgrb =

{
1 if part family g will be produced on resource r in period b
0 otherwise

where g ∈ G, r ∈ R and b ∈ B.
Resource capacities for each period is calculated given the shift plan generated

by the shift planning model. Let Crb be the capacity (in seconds) of resource r in
period b, where r ∈ R and b ∈ B. Crb’s are calculated using the output of SPM as
follows:

Crb = ∑
w∈W (b)

∑
s∈S

hs dswb yrsw

Here, S is the set of all shift types, hs is the working hours in a day for shift type
s. Period b may coincide with more than one week. W (b) defines the set of weeks,
which contain some portion of period b. dswb defines the number of working days in
period b due to shift type s assigned to week w. yrsw is the output of SPM, which has
value 1 if shift s is assigned to resource r for week w, and 0, otherwise. For capacity
usages we define variable urb, where r ∈ R and b ∈ B.

Batch sizing model is an MIP model, which can be formulated as follows:
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BSM: min∑
i∈I

∑
p∈Pi

∑
b∈B

cip xipb + ∑
i∈F

∑
q∈Q

∑
b∈B

hq
i Iq

ib +∑
i∈S

∑
k∈Ki

∑
b∈B

hik Iikb

+∑
i∈I

∑
q∈Q

∑
b∈B

uq
i Uq

ib +∑
i∈S

∑
k∈Ki

∑
l∈Ki\{k}

∑
b∈B

fikl ziklb + ∑
r∈R

∑
b∈B

rur urb (30)

subject to
Iq
i,b−1 + xq

ib− IDq
ib +Uq

ib−Uq
i,b−1 = Iq

ib, ∀q ∈ Q, ∀i ∈ F , ∀b ∈ B (31)

Ii,0 = ∑
q

Iq
i,0 ∀i ∈ F (32)

∑
p∈Pi

xipb = ∑
q∈Q

xq
ib ∀i ∈ F , ∀b ∈ B (33)

∑
i∈F

∑
p∈Pi

bip j xipb = DD jb ∀ j ∈ S, b ∈ B (34)

Iik,b−1 + ∑
p∈Pi(k)

xipb + ∑
l∈K\{k}

zilkb− ∑
l∈K\{k}

ziklb−DDib = Iikb

∀ j ∈ S, k ∈ Ki, b ∈ B (35)
xipb ≤M yipb ∀i ∈ F ∪S, p ∈ Pi, b ∈ B (36)

∑
i∈I

∑
p∈Pi

aipr xipb ≤Crb ∀r ∈ R, b ∈ B (37)

xipb ≥ µi yipb ∀i ∈ F ∪S, p ∈ Pi and b ∈ B (38)

∑
b∈B(t)

xipb = Xipt ∀i ∈ F ∪S, ∀p ∈ Pi and ∀t ∈ T (39)

vgrb ≥ χig yipb ∀i ∈ F ∪S, ∀p ∈ Pi(r), ∀g ∈ G, ∀b ∈ B (40)
vs

grb + ve
grb + vc

grb = vgrb ∀g ∈ G′, r ∈ R, b ∈ B (41)

∑
b∈B(t)

vs
grb ≤ 1 ∀g ∈ G′, r ∈ R, t ∈ T (42)

∑
b∈B(t)

ve
grt ≤ 1 ∀g ∈ G′, r ∈ R, t ∈ T (43)

∑
b≤b∗

vs
grb ≥ ve

grb∗ ∀g ∈ G′, r ∈ R, ∀b∗ ∈ B (44)

vgrb− + vgrb+ = vgrb +1 ∀g ∈ G′, r ∈ R, ∀b,b+,b− ∈ B

such that b− < b < b+ (45)

∑
i∈F

∑
p∈Pi(r)

χig aipr xipb ≥ vgrb τg ∀g ∈ G′′, r ∈ R, ∀b ∈ B (46)

xipb∗ = 0 ∀i such that χi,g j = 1, p ∈ Pi(r), ∀g ∈ G′′′, ∀b∗

such that b′g j ,t > b∗ or b′′g j ,t < b∗ and ∀t ∈ T (47)

vg jrb + vglrb = vgkrb +1 ∀g j,gk,gl ∈ Gs such that g j ≺ gk ≺ gl , ∀b ∈ B
(48)

xipb ≥ 0 ∀i ∈ F ∪S, ∀p ∈ Pi, ∀b ∈ B (49)
Iq
ib, Uq

ib, xq
ib ≥ 0 ∀i ∈ F , ∀q ∈ Q, ∀b ∈ B (50)

Iq
i0 ≥ 0 ∀i ∈ F , ∀q ∈ Q (51)

Iikb ≥ 0 ∀i ∈ S, ∀k ∈ Ki, ∀b ∈ B (52)
ziklb ≥ 0 ∀i ∈ S, ∀k, l ∈ Ki, ∀b ∈ B (53)
DDib ≥ 0 ∀i ∈ S, ∀b ∈ B (54)
urb ≥ 0 ∀r ∈ R, ∀b ∈ B (55)
yipb ∈ {0,1} ∀i ∈ F ∪S, ∀p ∈ Pi, ∀b ∈ B (56)
vgrb ∈ {0,1} ∀g ∈ G, ∀r ∈ R, ∀b ∈ B (57)
vs

grb, vc
grb, ve

grb ∈ {0,1} ∀g ∈ G′, ∀r ∈ R, ∀b ∈ B (58)
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The objective of batch sizing model is to minimize the total cost of production, re-
source usage, inventory holding, transportation and unsatisfied demand costs. Here,
cip, hq

i , hik uq
i , fikl and rur are the unit production, inventory holding for finished and

semi-finished parts, unsatisfied demand associated with demand type q, transporta-
tion and resource usage costs, respectively.

Constraints (31) and (35) are inventory balance equations for finished and semi-
finished parts, respectively. Constraints (32) and (33) handle the distribution of ini-
tial inventory and production requirements of finished parts among inventories and
production with different (demand) types. Constraints (34) determine dependent de-
mand for semi-finished parts, where, bip j indicates the quantity of part j used by part
i in process p. Constraints (36) determine the value of the binary variable indicat-
ing the existence of a production in a period. Constraints (37) are resource capacity
constraints, where aipr is the unit processing time of part i on resource r in process
p.

Constraints (38) handle Issue 12, where µi is this minimum lot quantity. Issue 13
is handled by the set of periods which are in month t. Constraints (39), where Xipt
indicates the production requirement for part i via process p in month t.

Constraints (40) ensure that vgrb is assigned to 1, if at least one of the parts in
that family has a production in period b on resource r.

Issue 14 is handled by Constraints (41), (42), (43), (44) and (45), where G′ be the
set of families which have to be handled by Issue 14. Since production of families
usually take longer than one period, the production of a family in successive periods
should be controlled. Variables vs

grb, ve
grb and vc

grb are equal to 1 if part family g
starts, ends or continues production, respectively, on resource r in period b, or 0
otherwise.

Constraints (46) handle Issue 15, where G′′ is the set of families which have a
minimum production duration, τg, defined for part family g.

Constraints (47) handle Issue 16, where G′′′ is the part families for which a pro-
duction sequence is given on a resource r. Given the sequence and monthly produc-
tion requirements, we can determine the periods in which a part family is going to
be produced. We call b′g j ,t and b′′g j ,t be start and end periods for production of family
g j in month t, respectively.

Issue 17 is handled by Constraints (48), where g j ≺ gk ≺ gl indicates production
transition rule between semi-finished part families gi, g j and gk, that is family k has
to be produced between families j and i. Here Gs is the set of semi-finished part
families and gi, g j and gk ∈ Gs.

The number of decision variables and constraints in batch sizing model are ap-
proximately 43000 and 23000, respectively. It is complicated to generate an optimal
solution in reasonable amount of time for a MIP model in that size. For this reason,
we ask planners to determine the number of periods where they want to see detailed
schedule and we relax all remaining binary variables. This time period usually has a
length of two weeks. Nevertheless, approximately 30% of all decision variables are
binary variables and hence it is still complicated to solve the resulting MIP to opti-
mality within a reasonable amount of time. Therefore, we stop the solution process
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once an optimality gap defined by the planner is reached. Construction of model and
the solution process take approximately five minutes.

5.3.2 Sequencing of Production Batches

The BSM assigns production batches to resources for every time period, that is it
determines |B[ j]

ip |’s for every part i ∈ F ∪ S. However, BSM does not sequence the

batches, which means that ST (B[ j]
ip ) and CT (B[ j]

ip )’s are not determined.
After BSM, we execute a heuristic algorithm to sequence the batches within each

time period. Our heuristic algorithm is a simple dispatching algorithm with some
specified sequencing criteria, which has an execution time not greater than twenty
seconds. The sequencing criteria to be used are specific to the resource and the prod-
uct family characteristics of the batches that are being sequenced. The sequencing
criteria can be summarized as follows:

1. Sequencing rules regarding product family restrictions
2. For finished goods, the level of importance of customer orders and the time of

the earliest customer order
3. For semi-finished goods, the time that the product becomes critical for the

progress of finished good production, i.e. the time when the projected inventory
of a semi-finished good reaches zero due to finished part schedule

4. For finished goods, the total forecast quantity

Our sequencing heuristic uses these criteria to determine the sequence of batches
to be produced. We then schedule the batches, i.e. calculate starting and ending
times of operations in accordance with the determined sequence. The scheduling
algorithm is shown in Algorithm 1.

Algorithm 1 Scheduling Algorithm.

Create production batches: B[ j]
ip ∀ i ∈ F ∪S, ∀ p ∈ Pi and ∀b ∈ B.

|B[ j]
ip | ← xipb.

Schedule converting batches. (Algorithm 2)
Schedule paper production batches. (Algorithm 3)
Reschedule converting production batches given paper availabilities. (Algorithm 4)

In the first step of Scheduling Algorithm, for every positive xipb a production
batch B[ j]

ip is created, where [ j] = b and

|B[ j]
ip |= xipb.
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In the algorithm shown in Algorithm 2, start and completion times for production
batches of finished parts, i.e. ST (B[ j]

ip ) and CT (B[ j]
ip ) where i∈ F , are determined due

to a number of sorting criteria. Let π(B[ j]
ip ) indicate the priority index of batch B[ j]

ip .

Algorithm 2 Schedule converting batches.

Calculate π(B[ j]
ip ) ∀ i ∈ F .

Determine set of requirements, i.e. R[ j]
i , which will be satisfied from batch B[ j]

ip .

π(B[ j]
ip ) is given by the maximum requirement priority among satisfied requirements in R[ j]

i .

Sort B[ j]
ip ’s with respect to following criteria:

Assigned period of B[ j]
ip , i.e. [ j].

Part family rules if part i is a member of any part family in G.
π(B[ j]

ip ).

Set ST (B[ j]
ip ) =max j′≤ j and k∈F{CT (B[

j′]
kp )}+sik where sik stands for the setup required between

parts i and k.
Set CT (B[ j]

ip ) = ST (B[ j]
ip )+ |B

[ j]
ip |aipr , where aipr is unit production duration on resource r through

process p.

In the algorithm shown in Algorithm 3, start and completion times for production
batches of semi-finished parts, i.e. ST (B[ j]

ip ) and CT (B[ j]
ip ) where i∈ S, are determined

due to the requirements generated by the converting schedule and paper production
change rules. Here again, let π(B[ j]

ip ) indicate the priority index of batch B[ j]
ip .

Algorithm 3 Schedule paper batches.

Calculate π(B[ j]
ip ) ∀ i ∈ S.

Calculate projected inventory for all i ∈ S due to paper usages of batches B[ j]
kp for all k ∈ F .

π(B[ j]
ip ) is determined by the time that the stock level of paper i reaches to zero.

Sort B[ j]
ip ’s with respect to following criteria:

Assigned period of B[ j]
ip , i.e. [ j].

Paper production change rules.
π(B[ j]

ip ).

Set ST (B[ j]
ip ) = max j′≤ j and k∈S{CT (B[

j′]
kp )}+sik where sik stands for the setup required between

parts i and k.
Set CT (B[ j]

ip ) = ST (B[ j]
ip )+ |B

[ j]
ip |aipr , where aipr is unit production duration on resource r through

process p.

Due to paper schedule, the availabilities of papers can be calculated. In the al-
gorithm shown in Algorithm 4, start and completion times for production batches
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of finished parts, i.e. ST (B[ j]
ip ) and CT (B[ j]

ip ) where i ∈ F , are recalculated given the
paper availabilities and the same sorting criteria as in the algorithm shown in Algo-
rithm 2.

Algorithm 4 Reschedule converting batches.

Sort B[ j]
ip ’s with respect to following criteria:

Assigned period of B[ j]
ip , i.e. [ j].

Part family rules if part i is a member of any part family in G.
π(B[ j]

ip ).
for All batches in sequence do

Pick the first batch in sequence.
Determine the earliest time ESi that the paper which is used by batch B[ j]

ip is ready to use.

Set ST (B[ j]
ip ) = max{ESi,max j′≤ j and k∈F{CT (B[

j′]
kp )}+ sik} where sik stands for the setup

required between parts i and k.
Set CT (B[ j]

ip ) = ST (B[ j]
ip ) + |B

[ j]
ip | aipr , where aipr is unit production duration on resource r

through process p.
Recalculate the availability of paper used by B[ j]

ip .
Remove scheduled batch from sequence.

end for

6 Implementation

Mathematical models and sequencing algorithms are implemented on ICRON Sup-
ply Chain Optimization System [15]. ICRON is an object oriented modeling system
and it provides a visual algorithm development environment. It is highly flexible for
implementing optimization models, heuristic and exact solution algorithms. ICRON
is also capable of communicating with other systems such as ERP or database man-
agement systems. [15]

6.1 Integration of Models

By the design of problem architecture (Figure 3), capacity planning, shift planning
and scheduling models are integrated to each other and they run in hierarchical
order. Figure 5 summarizes this sequence.

Capacity planning model (CPM) has two run modes: monthly and daily modes.
At the beginning of each month, sales department generates new forecasts for the
next four months. Based on those new forecasts, CPM runs to generate monthly
production requirements where the resource capacities are assumed to be at their
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Fig. 5 Integration of three models.

maximum possible level. That is, resource capacities are calculated such that each
of them is going to operate 7x24. Resulting production quantities are fed to shift
planning model (SPM) to determine weekly shift plan for the next four months (see
(1) in Figure 5). Planners may adjust the output of SPM due to some exceptional
needs (see Section 6.2 for the possible manual overrides). After the adjustments,
weekly shift plan is sent to CPM to adjust the production plan accordingly. In this
second run of monthly CPM, resource capacities are calculated based on the weekly
shift plan (see (2) in Figure 5).

It is highly possible that the monthly capacities generated by shift plan exceeds
the required capacity with respect to the production requirements, since the shift
assignments are discrete. For instance, if the required capacity for a resource during
a month is 30 hours due to existing demand forecasts, the smallest shift assignment
for that resource is obtained by assigning shift type 1 to one week and 0 to the
remaining weeks. Total working hours in that month is going to be 48, since there
is 6 working days for each week and 8 working hours for each day. It is not cost-
wise reasonable to shut down the resource for the remaining 18 hours. For this
reason, the shift plan generated by SPM is taken by the CPM to recalculate the
production quantities. This step is an adjustment step where the monthly production
and material requirements are recalculated.

The sales and production environment of the company is highly dynamic. It is
quite common that Sales and Marketing Department adjusts the forecasts during
the month due to changing customer orders and market conditions. To reflect those
changes on the production plan, CPM runs in daily mode, where the installed ca-
pacities generated by SPM are considered as regular capacity for resources (see (3)
in Figure 5). In this mode, the model allows deviations from installed capacities by
SPM by additional capacities for additional costs which are higher than the cost of
using regular capacity. If the model ends up with a solution where additional re-
source capacity is required, the planners are informed to run SPM to adjust the shift
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plan accordingly. Here, it is optional to run SPM for all resources or for a subset of
them.

The monthly production plan generated by CPM and shift plan generated by SPM
are provided as inputs for Scheduling Model (SM) to generate a detailed schedule
for a short-term planning horizon, which is typically next two weeks (see (4) and
(5) in Figure 5). The model runs usually following the run of daily CPM. The run of
the model may also be triggered by changes occurred in master data or in shop floor.
In Section 6.2, we provide information about further triggers initiated by planners
to run SM.

6.2 Manual Overrides

The data for models are gathered from a number of sources such as ERP, shop floor,
input data generated by planners etc. Besides those data sources, there are further
occurrences in real life which have to be involved in planning process and which
are difficult to transfer in written data. Following are some examples for such cases:
phone calls from various departments, a sudden breakdown in shop floor or plan-
ners’ own experiences about changing market conditions. We developed manual
override mechanisms to help planners include this information in planning deci-
sions.

6.2.1 Capacity Planning

• Towards the end of the first month, planners may decide to end the production
of some parts, even if the minimum stock requirements defined earlier are not
fully satisfied (Issues 1 and 4 in Section 5.1). In CPM, we create an additional
constraint for every selected part to set the production quantities for first month
to zero. To prevent infeasibility due to minimum inventory level constraints (con-
straints (8) and (11) in CPM), we remove those constraints related with the se-
lected parts for the first period.

• To control resource allocations and raw material usages, planners may set a min-
imum production level to a production process which is usually a less preferred
one according to original data. To handle this, we insert new constraints for each
selected production process, where the minimum production quantities given by
planners are set as lower bounds for corresponding decision variables.

6.2.2 Shift Planning

• As indicated in Section 5.2, Issue 11, planners may decide to fix shift plans for
some weeks for various reasons. For the weeks which has a fixed shift assign-
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ment, we create constraints shown in 26. Planners may change their decisions
and run SPM to adjust the shift plan.

• While explaining the details about integration of models in Section 6.1, we men-
tioned that the changes in monthly production plan may require changes in shift
plan. If a change is required, planners are informed to make adjustments: they
may re-run SPM or change the shift assignments manually by increasing or de-
creasing the assigned shift for every week whenever a change is needed.

6.2.3 Scheduling

The scheduling part of the system basically deals with the daily decisions in produc-
tion management. The manual override mechanisms in this part helps planners to
include sudden changes in the planning and production environment in the current
plan immediately. These mechanisms work fast, hence they increase the responsive-
ness of the system. Furthermore the feasibility of the plan is maintained, so that
planners do not have to worry about the implications of the changes they make.

Following manual override mechanisms are implemented. After every override
action, batches are rescheduled. Rescheduling is needed due to possible changes of
paper availability and changes in projected inventories of parts which may cause
changes in requirement satisfaction assignments.

• Changing the order of production batches: Changes in customer orders, changes
in acquisition plan or other reasons may effect the priorities of production
batches. Planners may change the order of a converting or a paper production
batch. If the new order violates some family setup rules, planners are warned
about the implication of the last change. The order change in converting lines
and paper machines are treated differently.

• Changing the size of a production batch: Planners may decide to change the
amount of a production batch due to similar reasons as above. Violation of min-
imum production lot constraints or generation of additional paper requirement
which is more than the maximum paper availability are possible causes of in-
feasibility. Planners have the option to leave the infeasibilities as they are, make
the schedule feasible by themselves or withdraw the last change. The batch size
change in converting lines and paper machines are treated differently.

• Changing the resource of a production batch: Some products can be obtained by
several processes on different resources. It is possible that the planners have to
change the assigned resource of a production batch. Breakdown of a machine,
or late delivery of a material specific to the machine are potential causes for
these changes. Those changes are also treated differently for converting and paper
production phases.
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7 Conclusion

In this study, we developed an integrated planning system at the largest tissue pa-
per manufacturing company in Turkey. The company operates in a multi-facility
production environment. As the nature of the sector, the environment is highly com-
petitive and, hence, highly dynamic. The planning department is in the duty of gen-
erating the best production plan in long and short term to be able to compete in this
dynamic environment.

The planning problem is decomposed into three subproblems, i.e. capacity plan-
ning, shift planning and scheduling, where the subproblems are solved in hierarchi-
cal manner. In capacity planning, the aim is to determine monthly production and
capacity allocation requirements given the monthly forecasts generated by the sales
department. Shift planning generates an appropriate shift plan, which consists of
weekly shift assignments, given the production requirements and regulations of la-
bor union. In scheduling phase, detailed production plan consisting of size, resource
assignments, start and completion times of production batches is generated for the
short term planning horizon.

Capacity planning problem is modeled as a linear programming (LP) model,
which is very similar to classical aggregate production planning problem. Shift plan-
ning model is a mixed integer programming (MIP) model, which is constructed sep-
arately for each resource. Scheduling problem is solved by a two phase scheduling
algorithm, where in first step, a mixed integer programming (MIP) model, i.e. batch
sizing model, is solved. Model is very similar to capacity planning model, where it
has smaller time buckets, shorter planning horizon and additional constraints which
are not taken into account in higher level. After the model determines size and re-
source assignments of production batches, they are scheduled using a heuristic pro-
cedure.

All three modules are implemented using the development environment provided
by ICRON Supply Chain Optimization System [15]. The developed planning sys-
tem operates integrated with other systems of the company such as ERP, Production
Management System (PMS) and other data sources. Data flows related with plan-
ning activities are maintained by ICRON. The planning system also supports inter-
actions of planning department with other departments such as sales department and
shop floor management.

The capacity planning and shift planning modules have been in use since January
2011, while the scheduling module became operational in March 2011. The com-
pany observed a number of benefits of using the planning system such as improved
customer service level, improved responsiveness, and improved inventory mix.

Optimization of inventory flow resulted in an improved inventory mix, hence cus-
tomer service levels are significantly increased. The unnecessary inventory based on
imprecise estimation of production requirements are minimized. Before the plan-
ning system is implemented, inventory levels for families, which have a production
sequence given by the planners, were at a level such that they could cover demand
for 7, 14 and 21 days for the products in second, third and forth families, respec-
tively. Since family productions are optimized, those inventory levels are decreased
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to 7, 10 and 14 days, respectively, without facing any loss of sales due to product
shortages. With the planning system, planners have an improved vision of bottle-
necks in the capacity, so that, they can manage production such that they do not face
any loss of sales. They can also advise the sales department by revising forecasts.

The company operates in a multi-facility production environment, where the
product and material distribution among the production network is one of the key
issues in terms of efficiency. The company reported a 35% decrease in their trans-
portation costs within the production network after the planning system is imple-
mented.

Joint modeling of production phases provided a reliable decision support envi-
ronment in regards to optimum allocation of paper production capacity between
external sales opportunities and internal demand. Integrating the capacity planning
with shift planning improved the utilization of resources in the converting plants.

The operating environment of the company is highly competitive. It is not un-
common to face a drastic marketing move by one of the competitors each month.
The planning system improved the responsiveness of the company to take correct
position against such perturbations on the estimated state of the market. The im-
provement of responsiveness is provided by the capability of integrated planning
system by supporting a wider vision on the system as a whole. The fact that the
planning system accelerated the daily operations of planners has also an important
effect. Preparing long term production plan at the beginning of each month and re-
vising it during the month took hours for planners, where these operations take less
than one hour with the planning system. Integration of planning system with ERP
and PMS allows planners to have overview of shop floor so that they can detect
errors and adjust them quickly.
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