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Chapter 4

Scheduling a two-stage

evaporated milk production

process

Abstract. This paper addresses a process scheduling problem originating from a pro-
cessing system specialized in evaporated milk products. The layout of the system involves
two continuous processing stages: processing and packaging. The processed materials
are batch-wise standardized in between these production stages. The production envi-
ronment has several industry-specific characteristics involving traceability requirements
and time- and sequence-dependent cleaning of production units. These all together lead
to a challenging scheduling problem which requires an efficient and yet flexible model-
ing approach. A two-phase mathematical approach is presented for this problem which
successively determines the specifications regarding material flows and builds a com-
plete production schedule. The approach is then shown to be efficient by means of a
numerical study based on the data collected from a real-life evaporated milk plant.

4.1 Introduction

The process industry has evolved towards more market oriented strategies in the last

decades in response to the trends with respect to larger product variety and intense

competition. This resulted in a growing interest in processing systems which pro-

vides the flexibility of handling demands with regard to a variety of products while
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using limited production resources. Production scheduling in flexible processing

systems is more demanding as compared to dedicated flow type processing systems.

Hence, the impact of effective scheduling methods is significant. Process scheduling

problems have received considerable attention in the literature. The vast majority

of research contributions have been published in the chemical engineering literature

and centered on scheduling of batch processes in large-scale chemical plants. A com-

prehensive overview of state-of-the-art models and methods in this line of research

can be found in Kallrath (2002), Floudas and Lin (2004), and Mendez et al (2006).

In this paper, we investigate a process scheduling problem originating from a pro-

cessing plant of a dairy company specialized in evaporated milk products. The pro-

duction layout of the system involves two continuous production stages where fresh

milk is first processed into evaporated milk and then put into consumer packag-

ing. These production stages are connected by storage tanks where materials are

batch-wise standardized. The production system involves the processing of a large

variety of product recipes based on the main raw material fresh milk. The prod-

uct recipes mainly differ in terms of their dry-matter concentration. The number of

end-products is much larger than the number of production recipes due to different

packaging types.

The production process under consideration has some distinctive characteristics that

require careful consideration in the context of scheduling. The production resources

associated with both the processing and the packaging stages as well as the inter-

mediate storage are strictly limited. The production resources require sequence- as

well as time-dependent cleaning due to varying dry-matter concentrations of differ-

ent product recipes and hygiene requirements. The traceability of materials through

the production process is an important concern. The company policy towards trace-

ability calls for the integrity of materials used in each customer order. These, all

together lead to a highly constrained operational environment that, to the best of

our knowledge, cannot be captured by readily available scheduling approaches in

the literature. The literature has paid a great deal of attention to some of the afore-

mentioned characteristics. For example, already in earlier contributions on process

scheduling sequence-dependent cleaning is considered as one of the basic character-

istics of processing systems (see e.g. Kallrath, 2002, and references therein). There

are even studies which explicitly address the issue of modeling sequence depen-

dency (see e.g. Kelly and Zyngier, 2007). However, the research efforts towards

some other characteristics are rather limited. There are only a few papers which

address time-dependent cleaning (see e.g. Kondili et al, 1993a; Papageorgiou and

Pantelides, 1996a). The literature on operations management and operations re-
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search has only recently started to take over the concept of traceability. There are

only a few studies which reflect the effects of traceability on the operational perfor-

mance (see e.g. Wang et al, 2009, 2010; Rong and Grunow, 2010). However, none

of these research efforts considers traceability in the context of process scheduling

with capacitated resources.

Traceability is a critical concern in the food processing industry since it contributes

to food safety by facilitating product recalls when a problem is identified (Dupuy

et al, 2005). It necessitates a perpetual control of the flow of materials through the

production system. In the literature on process scheduling, the so-called material

balance equations appear to be the standard approach towards modeling material

flows (Mendez et al, 2006). These equations dictate the flow conservation, and con-

trol the accumulation and consumption of materials through time. Thus, they guar-

antee that materials are available when they are necessary. However, this approach

does not leave any room to coordinate the execution of production operations and to

keep track of the origin of materials to associate them with particular customer or-

ders. It should be obvious that having control over those is essential to keep up with

traceability requirements. Therefore, it is necessary to employ a different modeling

approach towards material flows in order to account for traceability.

The purpose of this study is to present a scheduling approach which can systemati-

cally characterize and accommodate the industry-specific characteristics of the evap-

orated milk production process. The main feature of the approach is to decompose

the problem in such a way that enables us to make use of the specific characteristics

of the system in modeling and solving the integrated sub-problems. We decompose

and solve the overall scheduling problem in two phases. In the first phase, we spec-

ify the number and size of the standardization batches and how those batches are

used to fulfill particular customer orders. The separation of these decisions from the

rest of the process scheduling problem enables us to coordinate material flows while

respecting traceability requirements. In the second stage, we assign production op-

erations to suitable production resources and determine the timing of production

operations to realize the material flows specified in the first sub-problem. This in-

tegrated method leads to a simple yet flexible approach for scheduling evaporated

milk production processes. The most important advantage of this approach is its

simplicity. The enclosed mathematical models can easily be written and plugged

into commercial solvers.

The rest of this paper is organized as follows. In Section 4.2, we give an overview of

the relevant literature. In Section 4.3, we describe the production process in detail.

In Section 4.4, we introduce the modeling approach. In Section 4.5, we provide a
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formal definition of the problem. In Section 4.7, we illustrate the applicability of

the proposed formulation by means of a real-life case. Finally, in Section 4.8, we

conclude and provide some directions for further research.

4.2 Relevant literature

The process layout addressed in this study falls into the category of the so-called

make-and-pack systems which could be considered as a specific case of semi-contin-

uous production processes (Mendez and Cerda, 2002; Kopanos et al, 2010). These

production environments are common especially in the food processing industry,

and they are often characterized by perishable materials, divergent product struc-

tures, limited production resources, and sequence-dependent cleaning requirements

(Van Donk, 2001). The literature on scheduling make-and-pack production systems

is rather limited. However, their practical relevance has motivated some researchers

towards case oriented process scheduling problems.

Jain and Grossmann (2000) addressed a two-stage continuous process motivated

by a manufacturing plant of a fast moving consumer goods company. They initially

modeled the scheduling problem as a disjunctive program with the objective to min-

imize makespan using a continuous time representation. Then, they transformed

this into a mixed integer linear programming (MILP) model. In order to reduce the

computational time they introduced a set of partial pre-ordering rules. This enabled

the authors to handle larger problem instances while not sacrificing optimality too

much. However, their formulation is based on the assumption that each customer

order is processed, stored, and packaged individually. Thus, they do not look into

the case where multiple customer orders are fed by the same processing run. Fur-

thermore, they do not consider sequence- and time-dependent changeovers.

Mendez and Cerda (2002) considered the production process of a candy manu-

facturing plant. They provided a continuous time MILP formulation of the associ-

ated process scheduling problem with the objective to minimize makespan. They

respected various real-life specifications such as order due dates and sequence-

dependent changeovers. They introduced a set of pre-ordering rules into the MILP

formulation which reduce computational times while providing good feasible sched-

ules. However, their formulation strongly relies on the assumption of unlimited

storage resources between processing and packaging stages which is not the case in

most production environments.
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Entrup et al (2005) studied the case of yogurt production. They employed a block

planning approach where a schedule is defined on a repeated cycle of a pre-defined

sequence of production operations. They presented different MILP formulations

optimizing a cost-based objective function using a hybrid discrete- and continuous-

time representation. The formulations are tested on a case study and it is shown

that near-optimal solutions can be obtained within reasonable computational times.

However, their problem only concerns the scheduling of the packaging stage. Thus,

operations involving the processing and storage of products are neglected.

Marinelli et al (2007) addressed the scheduling problem in a yogurt production

system. They developed a discrete time capacitated lot sizing and scheduling for-

mulation of the problem with a cost-based objective function. They proposed a

heuristic based on the decomposition of the overall problem into a lot sizing and

a scheduling problem which are solved successively. It is shown that the heuristic

exhibits near-optimal solutions in a short computational time. However, the pro-

posed formulation is based on the assumption that the production rate is fixed by

a single bottleneck stage. Furthermore, they assumed that the changeovers are in-

dependent from the production sequence. These all together make their approach

more suitable for planning rather than detailed scheduling problems.

Doganis and Sarimveis (2008) studied a yogurt production plant. They formulate

the problem as a MILP model with a cost-based objective function using a hybrid

discrete- and continuous-time representation. They consider various real-life limi-

tations involving sequence restrictions and sequence-dependent changeovers. They

tested and verified the efficiency of the formulation by means of a case study. How-

ever, similar to the approach of Marinelli et al (2007), they only consider the pack-

aging stage and ignore all potential limitations regarding the rest of the processing

system.

Kopanos et al (2010) addressed the scheduling problem in a yogurt production line.

They developed a MILP formulation of the scheduling problem. Their formulation

is essentially similar to the one of Doganis and Sarimveis (2008). They employed

a cost-based objective function and used a hybrid discrete- and continuous-time

representation. They implemented their approach in a case study and illustrated its

efficiency. However, they impose timing and capacity constraints on the processing

stage on an aggregate level, and the scheduling problem they consider only involves

the packaging stage.

The brief overview of the relevant literature reveals that most research efforts to-

wards process scheduling in make-and-pack plants concentrate on the packaging
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stage, and do not integrate the rest of the production system into the scheduling

problem. We also observe that capacity limitations in the intermediate storage are

often neglected. These could mainly be attributed to the computational complex-

ity of the mathematical problems which reflects upon real-life processing systems

as a whole. These problems can be modeled as large-scale mathematical programs.

However, the respective formulations often do not lead to high quality solutions in

reasonable computational times (Mendez et al, 2006). Nevertheless, the applicabil-

ity of the models which focus on a single production stage strongly depends on the

availability and the efficiency of the production resources carrying out the rest of

the processing and/or storage operations. Another important observation derived

from the literature review is that the literature does not suggest an approach to-

wards addressing traceability in the context of process scheduling in make-and-pack

plants.

4.3 Description of the production system

In this section, we provide a detailed description of the production process of evap-

orated milk, and discuss the specifications of the production system under consider-

ation.

4.3.1 Production process of evaporated milk

Evaporated milk is a shelf-stable milk preserve with considerably reduced water

content. It is one of the most widely available milk preserves since its nutritive

content is not significantly different from fresh milk when deluded with water. It is

also very attractive for transportation purposes because it is produced by reducing

the water content of fresh milk and offers a much longer shelf-life.

There are several variants of evaporated milk production systems. The reader is

referred to Walstra et al (2006, Chapter 19) for a detailed description of those vari-

ants. Here, we are rather interested in the production process and the production

layout of the dairy plant which motivated this study. Figure 4.1 illustrates the steps

within this process which we briefly discuss below.

Pre-heating. The fresh milk is heated before it is further processed. This treatment

increases the stability of the milk, inactivate enzymes, and decreases the level of

bacteria. It also prevents coagulation during storage. The preferred heat treatment
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Pre-heating Evaporation Homogenization

Standardization Filling Sterilization

Figure 4.1: Production process of evaporated milk

is called the High Temperature Short Time (HTST) method which continuously heats

the milk to temperatures exceeding 75◦C for about 15 seconds.

Evaporation. The milk is concentrated by evaporation. The main concern in evap-

oration is to standardize the dry-matter content of the milk. Through evaporation

the boiling point of the milk is significantly lowered. The warm milk continuously

goes through an evaporator where it is concentrated to a lower portion of its dry-

matter content.

Homogenization. The evaporated milk is homogenized by breaking large fat glob-

ules to smaller ones by forcing the milk through small holes under high pressure.

This prevents creaming and coalescence while improving the color and texture of

the product. The evaporated milk is continuously piped through a homogenizer

immediately after evaporation.

Standardization. It is not uncommon that the viscosity of the evaporated milk

does not comply with quality specifications. Thus, in order to ensure quality, a series

of tests are performed on samples, and if necessary milk is standardized by using a

stabilizing salt such as sodium hydrogen phosphate or potassium phosphate. This

treatment is applied batch-wise. Thus further production operations need to be

postponed until it is completed. The evaporated milk is kept in storage tanks during

standardization. Nevertheless, long storage times are prohibitive due to the risk of

bacterial growth and age thickening.

Filling. Condensed milk products are usually meant for use in regions where milk

is scarce. Thus, cans are the commonly preferred packaging material due to storage

and shelf life concerns. The evaporated milk is continuously piped into pre-sterilized

cans which are then vacuum-sealed.
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Sterilization. The evaporated milk is in-can sterilized. This treatment is mainly

intended for the same purpose as pre-heating. However, it is rather extensive. Here,

the milk is continuously heated to 121◦C for about 8 minutes. In order to assure

that the evaporated milk is heated in a standard way, cans are agitated during ster-

ilization.

4.3.2 Specifications of the production system

The production process of evaporated milk can be encapsulated in two continuous

production stages: processing fresh milk into evaporated milk and putting evapo-

rated milk into customer packaging. In between those, evaporated milk is stored

and batch-wise standardized in the intermediate storage. These primary production

stages are highlighted in Figure 4.1. The layout of the processing system is orga-

nized in line with this two-stage configuration. The fresh milk first goes through

processing lines where pre-heating, homogenization and evaporation take place,

then standardized in storage tanks, and finally packaged and sterilized in packaging

lines. This process structure is a typical example of the make-and-pack systems.

The processing plant manufactures a large variety of end products characterized by

their product recipes and packaging types. In the processing stage, different types

of product recipes are processed in several parallel processing lines. The process-

ing rate varies among product recipes. Throughout processing runs, evaporated

milk products are continuously piped into intermediate storage tanks where they

are temporarily stored. The storage tanks are identical in size and they are capable

to store products belonging to all types of product recipes. Before they are put into

customer packaging, evaporated milk products are batch-wise standardized in stor-

age tanks. The standardization of materials requires a significant amount of time.

The time required to standardize a batch differs from one recipe to another but it is

independent from the batch size. In the packaging stage, evaporated milk products

are packaged in cans of different sizes following customer order preferences. Each

standardization batch serves a single or multiple customer orders. This production

stage is carried out by several parallel packaging lines each of which is dedicated to

a particular can size. The packaging rates are often higher for cans with larger sizes.

While they are being packaged, evaporated milk products are continuously depleted

from storage tanks. It is an important concern to maintain the traceability of mate-

rials through the production process. The company policy towards traceability has

important consequences on the coordination of the flow of materials: first, the stan-

dardization batches should be processed and customer orders should be packaged in
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uninterrupted continuous production runs, and second, each customer order should

be filled by materials associated to a single standardization batch. These together

lead to a divergent material flow structure which guarantees the integrity of mate-

rials used in customer orders, and ensures that materials can easily be traced back

and recalled once a problem is identified.

Because of varying dry-matter concentrations of different product recipes and hy-

giene requirements, processing and packaging lines need to be cleaned. There are

two types of cleaning. The first is the time-dependent cleaning which calls for a

maximum amount of time that a production line can be used without cleaning. The

second is the sequence-dependent cleaning which necessitates the cleaning of pro-

duction lines whenever switching from a higher to a lower concentrated recipe. The

cleaning requirements towards storage tanks are rather extensive. It is necessary to

clean storage tanks after each time they are used even if the same product recipe is

stored.

The dairy plant operates in a make-to-order setting because of the variety of end

products and fluctuating demands. Since advance demand information is rather

limited, scheduling is done on a weekly basis. The production system is mostly au-

tomated and it runs 24 hours a day and 7 days a week. Therefore, the scheduling

problem of the plant involves the coordination of production operations so as to

fill customer orders within a continuous time-frame of a week. The plant sched-

uler weekly develops a production schedule concerning the specifications and the

timing of production operations and the assignment of those operations to suitable

resources. The synchronization of production stages is difficult due to the difference

between processing and packaging rates, and the limitations on the intermediate

storage. Furthermore, the technical constraints such as cleaning and traceability

requirements interfere with the timing and assignment decisions. In particular, im-

proper scheduling decisions deprive materials from availability of suitable process-

ing and packaging lines, and also give rise to an excess usage of storage tanks. These

all together make the scheduling of the processing system a challenging task.

There is a variety of performance measures that can be adopted to assess to the

quality of the production schedule. For example, it is important to limit the number

of standardization batches because of the long waiting times required to guarantee

the conformity of evaporated milk products. It is also an important concern to avoid

extensive down times due to cleaning. However, the main managerial concern of

the dairy plant is to increase the throughput of the production system. This goal is

coupled with the objective to minimize the makespan which is in line with the other

performance measures.
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4.4 Modeling approach

We use a decomposition method to tackle the process scheduling problem under

consideration. The most essential decision in designing a decomposition approach

is how to break the overall problem in such a way that the resulting sub-problems

can be managed efficiently while obtaining optimal or near-optimal solutions. Here,

respecting the manual scheduling process currently in practice, we decompose and

solve the problem in two phases: the matching phase and the scheduling phase.

In these respective phases, we first determine the specifications regarding material

flows, and then we build a complete production schedule to realize these mate-

rial flows. The separation of these decisions enables us to coordinate material flows

while respecting traceability requirements. This decomposition scheme is essentially

similar to the one proposed by Neumann et al (2002) for batch process scheduling

problems. However, for the purposes of this study, in the first phase we not only con-

vert aggregate requirements into production batches, but also assign those batches

to individual customer orders.

The flow of materials can be expressed in terms of two key entities: standardization

batches and customer orders. Thus, the specifications (i.e. the recipe and the size)

of these entities define the flow of materials. The specifications of customer orders

are known in advance. The specifications of standardization batches, on the other

hand, are decided upon in the matching phase. More specifically, the matching phase

determines the set of standardization batches of each product recipe, and allocates

those batches to particular customer orders. The standardization of an evaporated

milk batch requires an extensive amount of time. Thus, it is favorable to standardize

materials in large batches. Following this, in the matching phase, we aim at finding

the minimum number of standardization batches that can fill all customer orders,

and formulate the respective decision problem as a straightforward MILP model.

When the specifications of standardization batches and customer orders become

known, it is possible to identify all types of production operations that will be car-

ried out through the planning horizon. We distinguish three types of production

operations: processing tasks, packaging tasks, and storage tasks. A processing task

is a continuous processing run of a particular standardization batch, and it is carried

out by a single processing line which feeds a single storage tank. A packaging task

is a continuous packaging run of a particular customer order, and it is carried out by

a single packaging line which is fed by a single storage tank. A storage task refers

to the process of accumulation, storage, and the depletion of materials associated

with a particular standardization batch, and it is carried out by a single storage tank.
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Figure 4.2 illustrates the timing interactions among those operations my means of

an example where a standardization batch serves three customer orders. The time

axis is divided into three time periods. The first one covers the processing task. The

second one is the time period between the end of the processing task and the start of

the packaging task that starts the earliest. Obviously, this time period is longer than

the time required to standardize the batch. The third one involves the packaging

tasks. It starts with the packaging task that starts the earliest and ends with the one

that ends the latest. Throughout these three time periods a storage task must be

active to handle material flows.

Packaging #1

Packaging #2

Packaging #3

Processing

Storage

Standardization

Figure 4.2: An illustration of the timeline of production operations

The scheduling phase of the proposed approach is devoted to assign production op-

erations to suitable production resources and to determine the timing of production

operations to realize the material flows specified in the matching phase. An im-

portant consideration in formulating the scheduling problem is time- and sequence-

dependent cleaning requirements in production lines. We employ the block planning

approach which was also used by Entrup et al (2005) to facilitate modeling those

in both processing and packaging stages. The approach relies on the idea of orga-

nizing the production schedule as a repeated cycle of blocks which are associated

with particular product recipes. The blocks within each cycle follow a predefined se-

quence which requires only a little or no cleaning effort. Thus a complete cleaning

has to take place only between each cycle. Figure 4.3, illustrates the block planning

approach on a fragment of the schedule of an arbitrary production line. Notice that

product recipes are sequenced in increasing order on the basis of their dry-matter

concentration (i.e. low-, medium-, and high-concentrated product recipes).

Entrup et al (2005) used the block planning approach in a daily framework where

each cycle is coupled with a day in the planning horizon. This is a reasonable ap-

proach for systems which need to be switched on and off on a daily basis. However,
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Low Medium High Low Medium HighCleaning Cleaning

Cycle #n Cycle #n+ 1

Figure 4.3: Block planning approach

the production system under consideration essentially works without interruptions.

Thus, we do not pre-specify the timing of production cycles, and determine those in

the context of the scheduling problem. Furthermore, we extend the block planning

approach by considering time-dependent cleaning requirements. We model these

by imposing upper bounds on cycle lengths. The selection of the number of cycles

is also critical. There must be sufficient number of cycles to sustain flexibility in

synchronizing production tasks. However, a large number of cycles should not be

preferred in order to avoid extensive cleaning times. Therefore, in our formula-

tion, we enforce an upper bound on the number of cycles in the processing and the

packaging stages.

We formulate the scheduling problem by using the constraint-based modeling par-

adigm which is referred to as constraint programming (CP). The most widely used

method in formulating process scheduling problems is MILP due to its flexibility in

terms of modeling (Floudas and Lin, 2005). However, it is usually often difficult

to solve large-scale real-life scheduling problems by using this exact approach. For

instance, as we mentioned in the literature review, Jain and Grossmann (2000) de-

veloped a MILP formulation for a process scheduling problem similar to the one

addressed in this study. Their problem is less demanding because it reflects a case

where each customer order is processed and packaged as a single entity, and it

does not involve time- and sequence-dependent cleaning requirements. Neverthe-

less, they report that finding the optimal solution for problems with more than 15

customer orders was not possible, and finding even a feasible solution for problems

with more than 20 customer orders required an extensive computational time. The

evaporated milk plant which has motivated this study usually receives 40 – 60 cus-

tomer orders every week. This benchmark motivated us to employ a CP approach.

CP is known to be capable of finding good solutions for highly constrained real-life

scheduling problems within reasonable computational times (Baptiste et al, 2001).

This mainly stems from the fact that it searches for feasibility rather than optimality.

When used in an optimization concept, CP sequentially finds better feasible solutions

by bounding the objective function.

78



4.5 Problem statement

The dairy plant under consideration produces a variety of end products which are

specified by their product recipe and packaging type. We are given the following

data regarding these product recipes and packaging types:

Z the set of product recipes

W the set of packaging types

λproc
z /λpack

w the processing/packaging rates for every product recipe z/pack-

aging type w

gz the standardization time for product recipe z

sz the dry-matter concentration of product recipe z

The production system involves facilities to process, store, and package evaporated

milk products. The following data are available with respect to those facilities:

Πproc/Πpack the set of processing/packaging lines

Πproc
z /Πpack

w the set of processing/packaging lines which are suitable for pro-

cessing/packaging product recipe z/packaging type w

Nproc/Npack the set of production cycles for processing/packaging lines

y the number of storage tanks

q the volume of a storage tank

cproc/cpack/cstor the cleaning time for processing/packaging/storage units

hproc/hpack the maximum amount of time that processing/packaging lines can

be used without cleaning

The production is driven by customer orders for end products. We are given the

following data regarding the customer orders:

J the set of customer orders

Jz/Jw the set of customer orders concerning product recipe z/packaging

type w

uj the size of customer order j

The problem is to find a production schedule minimizing the overall makespan. This

requires to decide upon the specifications regarding material flows:

I the set of standardization batches

Iz the set of standardization batches concerning product recipe z

Γz the matching of standardization batches to customer orders of

recipe z, i.e. if (i, j) ∈ Γ, then standardization batch i serves

customer order j
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and the allocation of production resources and the timing of production operations:

Λproc/Λpack the allocation of processing/packaging lines to standardization

batches/customer orders, i.e. if (i, p, n) ∈ Λproc, then standard-

ization batch i is processed in processing line p at cycle n, and if

(j, p, n) ∈ Λpack then customer order j is packaged in packaging

line p at cycle n

υproc
i /υstor

i /υpack
j the time interval where standardization batch i/customer order j

is processed/stored/packaged

while also respecting the constraints on sequence- and time-dependent cleaning re-

quirements, and storage capacity limitations.

4.6 Mathematical model

In this section, we explain the modeling approaches taken in the matching and the

scheduling phases. In these respective phases, we first determine the specifications

of material flows, and then build the production schedule.

4.6.1 The matching phase

The objective in the matching phase is to find the minimum number of standard-

ization batches that can serve all customer orders. Here, the main limitation is that

the size of each standardization batch is bounded by the capacity of storage tanks.

Thus, the total size of the customer orders served by the same standardization batch

cannot exceed the capacity of a storage tank. We assume that the size of customer

orders is smaller than the capacity of a storage tank. Nevertheless, if this is not the

case, then large orders can be broken into several orders with smaller sizes.

It should be clear that all orders served by the same standardization batch must be

of the same product recipe. Therefore, it is possible to determine the minimum num-

ber of standardization batches that can fill customer orders of a particular product

recipe independent from other recipes. In the following, we formulate the matching

problem of a particular product recipe as a MILP model.

Let us consider a particular recipe z ∈ Z, and the respective set of customer or-

ders Jz. If each customer order were standardized as a batch, then the number

of standardization batches would equal the number of customer orders. Thus, the

cardinality of Jz is an upper bound on the number of standardization batches of
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product recipe z. Let Ĩz be the set of prospective standardization batches, such that

|Jz| = |Ĩz|. We define the following binary indicator variables:

ηi =





1, if prospective standardization batch i is active,

0, otherwise.

αij =





1, if prospective standardization batch i is used

to serve customer order j,

0, otherwise.

By means of these indicator variables, we can express the number of active stan-

dardization batches as
∑
i∈Ĩz ηi, and the size of prospective standardization batch

i as
∑
j∈Jz ujαij . Then, we can represent the matching problem by the following

MILP.

min
∑

i∈Ĩz

ηi (4.1)

∑

j∈Jz

ujαij 6 qηi ∀i ∈ Ĩz (4.2)

∑

i∈Ĩz

αij = 1 ∀j ∈ Jz (4.3)

ηi−1 > ηi ∀i ∈ Ĩz : i > 1 (4.4)

Eq. (4.1) sets the objective function which minimizes the number of active standard-

ization batches. Eq. (4.2) guarantees that a standardization batch can only be used

to serve customer orders if it is active, and if so, its size cannot exceed the capacity of

a storage tank. Eq. (4.3) ensures that all customer orders are met. Eq. (4.4) enforces

a numerical ordering of standardization batches for symmetry breaking purposes.

When solved for product recipe z, the aforementioned MILP yields the set of active

standardization batches Iz = {i | i ∈ Ĩz and ηi = 1}, and the set of matchings be-

tween batches and customer orders Γz = {(i, j) | i ∈ Iz, j ∈ Jz and αij = 1}. It

is important to recall that the formulation is meant for a particular product recipe.

When approaching the overall problem, we solve a matching problem for each prod-

uct recipe to obtain all the necessary information regarding material flows.

4.6.2 The scheduling phase

We develop the scheduling model with the high-level modeling language ILOG OPL

(Van Hentenryck, 1999) by using ILOG OPL Development Studio 6.0 (ILOG, 2008).
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The efficiency of CP lies in its ability to effectively prune variable domains so that a

large part of the search space does not have to be explored. The main tool employed

in pruning the search space is the so-called constraint propagation. It relies on the

idea of removing inconsistent values from variable domains which can be proven

not to be a part of a feasible solution. This process is carried out by constraint-

specific propagators which encapsulate efficient algorithms to deduce information

in constraint propagation. Hence, an important factor concerning the computational

performance of a CP model is the selection of constraint operators employed. Here,

we make use of the special variables and operators ILOG OPL offers for scheduling

purposes. These are explicitly mentioned in the text whenever necessary, and their

semantics are provided in Appendix 4.A.

The building blocks of the proposed model are the interval variables expressing the

timing of production tasks. An interval variable is defined by a set of attributes

involving its start and end time, duration, and whether it is optional or not. These

attributes may vary subject to the definition of the variable and the constraints of

the model. The key modeling issues in the scheduling phase are the assignment

of production tasks to production resources, and the configuration of production

cycles. We model task assignments by using auxiliary tasks representing possible

assignment options. Also, we use auxiliary tasks representing the start and end of

production cycles. All the aforementioned tasks are modeled as interval variables as

listed below:

υproc
i /υstor

i /υpack
j the interval variable representing the processing/storage/pack-

aging task of standardization batch i/customer order j

υproc
ipn /υproc

jpn the optional interval variable representing the auxiliary process-

ing/packaging task of standardization batch i/customer order j

being assigned to the processing/packaging line p at cycle n

τproc
pn /τpack

pn the interval variable representing the start of cycle n on process-

ing/packaging line p

ςproc
pn /ςpack

pn the interval variable representing the end of cycle n on process-

ing/packaging line p

It is important to remark that all υproc
i and υpack

j are defined with fixed durations since

the amount of materials undergo those tasks and the respective production rates are

known in advance. That is, for all standardization batches of recipe z, the length

of υproc
i equals

∑
(i,j)∈Γz

uj/λ
proc
z , and for all customer orders of packaging type w,

the length of υpack
j equals uj/λ

pack
w . This is not the case for υstor

i since their lengths

are determined in connection with the timing of processing and packaging tasks.

The auxiliary variables υproc
ipn and υpack

jpn have equivalent lengths with the respective

82



variables υproc
i and υpack

j . The variables τproc
pn /τpack

pn and ςproc
pn /ςpack

pn merely refer to

points in time, and they are defined with null durations.

In what follows, we introduce the objective function and the constraints of the pro-

posed CP model. For the sake of notational brevity, we first define the respective sets

reflecting all possible processing and packaging assignments.

Λ̃proc = {(i, p, n) | z ∈ Z, i ∈ Iz, p ∈ Πproc
z and n ∈ Nproc}

Λ̃pack = {(j, p, n) | w ∈W, j ∈ Jw, p ∈ Πpack
w and n ∈ Npack}

Objective function. The objective function minimizes the overall makespan. We

express the objective function in Eq. (4.5). The endOf operator simply returns the

time instance where the underlying interval ends. Thus the objective function equals

the latest end time among all packaging tasks.

min max
j∈J
{endOf(υpack

j )} (4.5)

Timing constraints. Timing constraints guarantee that processing, packaging, and

storage tasks are correctly synchronized. We make use of the operators startAtStart,

endBeforeEnd, and endBeforeStart to specify these constraints (see Appendix 4.A).

We express timing constraints in the following.

startAtStart(υproc
i , υstor

i ) ∀i ∈ I (4.6)

endBeforeEnd(υstor
i , υpack

j , cstor) ∀z ∈ Z, ∀(i.j) ∈ Γz (4.7)

endBeforeStart(υpack
j , υproc

i , gz) ∀z ∈ Z, ∀(i.j) ∈ Γz (4.8)

Eq. (4.6) ensures that processing and storage tasks of a standardization batch start

concurrently. Eq. (4.7) states that the packaging tasks of the customer orders served

by the same standardization batch should end at least cstor time units before the end

of the storage task of the associated batch. Here, cstor stands for the time required to

clean a storage tank. Thus, rather than modeling the cleaning time of storage tanks

explicitly, we extend the duration of storage tasks to cover the cleaning time. This

approach significantly simplifies modeling the storage allocation. Eq. (4.8) guar-

antees that the necessary amount of time – which equals gz for batches of product

recipe z – is reserved for the standardization of batches before they are packaged.

Assignment constraints. Assignment constraints make sure that processing/pack-

aging tasks are assigned to a particular cycle of a processing/packaging line. We use
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the alternative operator to express these constraints (see Appendix 4.A). Assignment

constrains are given below.

alternative(υproc
i , {υproc

ipn | (i, p, n) ∈ Λ̃proc}) ∀i ∈ I (4.9)

alternative(υpack
j , {υpack

jpn | (j, p, n) ∈ Λ̃proc}) ∀j ∈ J (4.10)

Eq. (4.9) and Eq. (4.10) enforce that every processing and packaging task is assigned

to a single cycle of a single production resource, and the optional interval variable

corresponding to that assignment is active and synchronized with the interval vari-

able representing the underlying task.

Sequencing constraints. Sequencing constraints state that production tasks that

are carried out within the same cycle of a production line are sequenced in increasing

order based on their dry-matter concentration. We use the sequence variable and

the noOverlap operator to model sequencing constraints (see Appendix 4.A). We

define Θproc
pn /Θpack

pn as the sequence of optional interval variables that are carried out

within the production cycle n of the processing/packaging line p. Thus, Θproc
pn /Θpack

pn

is a sequence of all υproc
ipn /υproc

jpn with p ∈ Πproc/Πpack and n ∈ Nproc/Npack. We also

introduce the |Z| × |Z| transition matrix V such that V [z, z′] = M if sz < sz′ and

0 otherwise. Here, M refers to a large number. Then, we can write the sequencing

constraints as follows.

noOverlap(Θproc
pn , V ) ∀n ∈ Nproc, ∀p ∈ Πproc (4.11)

noOverlap(Θpack
pn , V ) ∀n ∈ Npack, ∀p ∈ Πpack (4.12)

Eq. (4.11) and Eq. (4.12) ensure the desired succession of tasks in processing and

packaging units by imposing very large transition times when changing from a high

concentrated recipe to a low concentrated one.

Storage constraints. Storage constraints guarantee that sufficient number or stor-

age tanks are available to carry out storage operations. We model storage constraints

by using a cumulative function expression (see Appendix 4.A). We define the cumu-

lative function F stor =
∑
i∈I pulse(υstor

i , 1) to express the usage of storage tanks.

Then, Eq. (4.13) guarantees that the number of storage tanks used simultaneously

cannot exceed the number of available storage tanks – which is equal to y.

F stor 6 y (4.13)

Cycle constraints. Cycle constraints mediate the production cycles on processing

and packaging lines. We make use of the precedence operators endBeforeStart and
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startBeforeEnd to formulate these constraints (see Appendix 4.A). Below we articu-

late three types of cycle constraints.

endBeforeStart(τproc
pn , υproc

ipn ) ∀(i, p, n) ∈ Λ̃proc (4.14)

endBeforeStart(υproc
ipn , ς

proc
pn ) ∀(i, p, n) ∈ Λ̃proc (4.15)

endBeforeStart(τpack
pn , υpack

jpn ) ∀(j, p, n) ∈ Λ̃pack (4.16)

endBeforeStart(υpack
jpn , ς

pack
pn ) ∀(i, p, n) ∈ Λ̃pack (4.17)

Eq. (4.14) – Eq. (4.17) make sure that the optional interval variables reflecting the

assignment of production tasks to particular cycles must lie within the time frame of

the respective cycles.

startBeforeEnd(ςproc
pn , τproc

pn ,−hproc) ∀p ∈ Πproc, ∀n ∈ Nproc (4.18)

startBeforeEnd(ςpack
pn , τpack

pn ,−hpack) ∀p ∈ Πpack, ∀n ∈ Nproc (4.19)

Eq. (4.18) and Eq. (4.19) reflect the time-dependent cleaning requirements by re-

stricting the length of processing and packaging cycles to the respective time limits

hproc and hpack.

endBeforeStart(ςproc
pn−1, τ

proc
pn , cproc) ∀p ∈ Πproc, ∀n ∈ Nproc : n > 1 (4.20)

endBeforeStart(ςpack
pn−1, τ

pack
pn , cpack) ∀p ∈ Πpack, ∀n ∈ Npack : n > 1 (4.21)

Eq. (4.20) and Eq. (4.21) provides a numerical ordering of cycles so as to guarantee

that cycles follow each other based on a numerical succession.

4.7 Case study

In this section, we first provide the details of the evaporated milk production system

which motivated this study, and then conduct a numerical study where we develop

production schedules for several real-life cases by using the proposed approach. The

data originates from a processing plant of a dairy company. However, they are

slightly modified because of confidentiality concerns.

The plant manufactures over 200 evaporated milk products which differ in terms of

product recipe and packaging type. Following customer orders, each week around

8 to 10 recipes are produced. Product recipes can be classified into three groups

based on dry-matter concentration: low-, medium-, and high-concentrated recipes.

The specifications of recipes, i.e. processing rate and standardization time, signifi-

cantly differ from one recipe to another. The data regarding the most demanded 10

85



product recipes are provided in Table 4.1. There are two processing lines. The first

one can handle all types of product recipes. The second one is only capable of pro-

cessing low-concentrated recipes. Processing lines require cleaning after operating

for 16 hours, and whenever they switch to a recipe with a lower concentration. The

cleaning of a processing line takes 4 hours. The plant offers evaporated milk prod-

ucts with two different can sizes. Packaging rate is higher for the larger cans. The

data regarding packaging rates are provided in Table 4.2. Packaging operations are

carried out by four dedicated packaging lines – for each size two lines. Packaging

lines require cleaning after operating for 72 hours, and whenever they switch to a

recipe with a lower concentration. The cleaning of a packaging line takes 3 hours.

There are eight storage tanks each with a capacity of 120 tons. These storage tanks

can be used for any production recipe. However, they need to be cleaned each time

they are used. It takes half an hour to clean a storage tank.

Recipe Dry-matter Processing rate Standardization

concentration (tons/minute) time (minutes)

R1 Low 0.45 150

R2 Low 0.30 250

R3 Low 0.30 250

R4 Low 0.25 150

R5 Low 0.40 250

R6 Medium 0.30 350

R7 Medium 0.30 400

R8 Medium 0.30 650

R9 Medium 0.40 500

R10 High 0.50 550

Table 4.1: Data for product recipes

Packaging Can size Packaging rate

type (grams) (tons/minute)

C1 170 0.15

C2 410 0.25

Table 4.2: Data for packaging types

We consider 4 case examples. All these cases are known to be challenging because

they required more than 6 days of production time following the manual scheduling
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approach in practice. They involve around 50 – 70 customer orders for products

concerning 8 – 10 different product recipes and 2 different packaging types. The

characteristics of the case examples are provided in Table 4.3. The historical data

reveals that the plant employs around 6 – 7 cycles in the processing stage and 3 – 4

cycles in the packaging stage. Thus, in our application, we set the maximum number

of cycles to reasonable limits of 10 and 6 for the processing and packaging stages

respectively.

We implemented the model by using ILOG OPL Studio 6.0 modeling environment on

an Intel i5 2.67 Ghz CPU platform with 4GB RAM. The MILP models in the match-

ing phase are solved by using CPLEX 11.1, and the CP models in the scheduling

phase is solved by employing CP 2.0. All computational runs are performed with a

CPU time limit of 600 seconds. The computational results of the case examples are

summarized in Table 4.3.

Case 1 Case 2 Case 3 Case 4

Data

# of customer orders 60 52 65 55

# of product recipes 10 8 8 9

# of packaging types 2 2 2 2

Total demand volume (tons) 3924 3688 4012 3902

Results of the matching phase

# of standardization batches 40 32 41 37

Results of the scheduling phase

# of processing cycles – max 7 6 7 6

# of packaging cycles – max 4 4 5 4

Makespan (minutes) 8069 7742 8191 7965

Table 4.3: Characteristics and computational results of case examples

It is important to note that the matching phase was solved to optimality in a marginal

computational time in all case examples. However, optimality was not achieved in

the scheduling phase of any case example within the given computational time limit.

This is not unexpected given the complexity of the scheduling problem. Neverthe-

less, we observed that, for all case examples, the proposed method was able to find

a feasible schedule with a makespan less than 6 days.

The results regarding the number of cycles are mostly in line with the data from the

company. The best schedules found by the proposed model employs around 6 – 7
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cycles for the processing stage and 3 – 4 cycles for the packaging stage. However, it

appears that, as opposed to the traditional setting which often calls for 3 cycles, it

may be a good option to employ at least 4 cycles in the packaging stage. This can

mainly be attributed to the relatively short cleaning time required for the packaging

stage.

For illustrative purposes we report the results of Case 1 in detail. The detailed order

data for Case 1 are provided in Table 4.4. This case involves 60 customer orders with

sizes varying between 10 and 120 tons. The total demand volume is around 4000

tons, and most of this demand (around 45% in volume) concerns a single product

recipe labeled as R2.

The matching phase of the proposed approach yields 40 standardization batches for

Case 1. These are listed together with their matchings with individual customer

orders in Table 4.5. We observe that most of the standardization batches serve 2

customer orders. Nevertheless, there are also examples where a standardization

batch serves 1 or 3 customer orders.

Figure 4.4 graphically illustrates the best schedule obtained for Case 1 by means of

a Gantt chart with time on the horizontal and processing and packaging units on the

vertical axis. The standardization batches and customer orders are represented with

boxes shaded with three different intensities. These reflect the dry-matter concen-

tration of the underlying product recipes.

A closer look at the Gantt chart reveals that the utilization is higher in the processing

stage as compared to the packaging stage. We know that in general the processing

rates are higher than the packaging rates. However, it appears that the advantage

of having a larger number of units in the packaging stage overcomes the advantage

of higher processing rates in the processing stage.

The intermediate storage tank usage profile corresponding to the best schedule is

shown in Figure 4.5. As can be expected, the number of storage units used in the

beginning and the end of the planning horizon is rather small, whereas it fluctuates

around the limit the rest of the time. We also conducted a sensitivity analysis on the

number of available storage tanks. We saw that decreasing the number of storage

tanks even by a single unit significantly diminish performance. However, we ob-

served that increasing the number of storage tanks has a marginal effect. It should

be obvious that a simple sensitivity analysis is not sufficient to draw reliable conclu-

sions. Nevertheless, it appears from the aforementioned observations that current

storage capacity is probably sufficient to synchronize the two production stages. No-

tice that there are eight storage tanks available in the current setting. These can
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Table 4.5: Results of the matching phase for Case 1
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Figure 4.4: Gantt diagram illustrating the best solution for Case 1
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simultaneously feed all four packaging lines, serve both two processing lines, and

provide room for two batches for standardization.
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Figure 4.5: The storage tank usage profile for Case 1

The scheduling approach currently being used in the case company is mainly based

on ad-hoc rules, and it is carried out by individual planners by hand. Thus, it is

rather difficult to assess the performance of the proposed approach against manual

scheduling in a one-to-one fashion. Nevertheless, the case examples show that the

proposed approach looks very promising at the least.

4.8 Conclusions and extensions

In this study, we addressed a real-life scheduling problem encountered in a dairy

plant specialized in evaporated milk products. The problem is computationally chal-

lenging, and it requires the consideration of the industry-specific characteristics of

the underlying production environment. Therefore it necessitates an efficient and

flexible modeling approach. We contribute to the literature by presenting such a
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mathematical approach which could be used in the context of a computer-aided

scheduling system. The proposed approach comprises of two phases. In the first

phase, it determines the specifications regarding material flows. Then, in the sec-

ond phase, it builds a complete production schedule to realize the specified material

flows. The isolation of material flow and scheduling decisions makes it straight-

forward to account for the traceability requirements which are critical in food pro-

cessing industries. We applied the proposed approach in a case originated from a

real-life evaporated milk plant, and observed that it significantly outperforms the

manual scheduling approach currently in use.

The majority of scheduling research on food processing systems focuses on a partic-

ular production stage and ignores the effects of the respective scheduling decisions

on the overall system performance. Thus, there is still a gap in the literature in coor-

dinating local and global scheduling objectives. The current study can be regarded

as an effort towards filling this gap by presenting an approach that reflects upon the

system as a whole. We particularly targeted evaporated milk production processes.

However, we addressed many characteristics which are common in food processing

systems of make-and-pack configuration. Thus, the proposed approach can also be

adapted to be employed in other production environments.

There are several interesting directions for further research. First, it is substantial

to develop an optimal approach which can simultaneously handle the matching and

the scheduling phases that are dealt with separately in the current study. It should

be obvious that the practicality of such an approach is questionable since it would re-

quire a tremendous computational effort. However, it would provide a yardstick that

could be used to assess the solution quality of alternative approaches. The adequacy

of the proposed approach can be improved by addressing further elements which

are of interest in the food processing industry. Rong and Grunow (2010) recently

introduced the notion of chain dispersion in the context of traceability. They defined

chain dispersion as a measure in which production batches are spread among differ-

ent customers, and pointed out the importance of limiting the extent of dispersion

to improve food safety. This concept can easily be embedded into the proposed ap-

proach by adopting the mathematical model employed in the matching phase. This

could be done either by penalizing dispersion in the objective function, or by limit-

ing dispersion by introducing a new set of constraints. The decomposition scheme

employed in the current study simplified the overall problem significantly. This en-

abled us to find good solutions in reasonable computation times. Nevertheless, the

mathematical problem considered in the scheduling phase is still very demanding.

This is evident from the fact that we were not able solve the case problem to opti-
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mality. We employed a CP model in formulating the scheduling problem. This model

also supports employing user-defined search procedures to specify how the search

space is explored. Hence, more sophisticated search algorithms could be embedded

into the proposed CP model in order to increase its effectiveness. Finally, an im-

portant research direction for further research is to extend the proposed approach

to account for possible revisions in customer orders. This is a common issue in the

food processing industry since customers tend to revise their orders before they are

dispatched. There are two main approaches towards handling such fluctuations:

safety stocks and safety times. As recently pointed out by Van Kampen et al (2010)

safety time appears be more promising in make-to-order environments such as the

one considered in the current study.

Appendix 4.A Semantics of CP operators

The CP formulation provided in Section 4.6.2 makes use of special scheduling op-

erators of ILOG OPL modeling language. Here, we provide the semantics of these

operators. We discuss the interval and sequence variables, cumulative function ex-

pressions, and related built-in constraint structures. The reader is referred to (ILOG,

2008) for the complete overview of the OPL modeling language.

Interval variables. Interval variables represent tasks or operations characterized

by a start and an end time. An important feature of interval variables is that they

can be optional. Thus based on the presence of an interval variable its execution

can be modeled as a decision variable. The domain of an interval variable a, i.e.

dom(a), is a subset of {⊥} ∪ {[s, e) | s, e ∈ Z+, s 6 e}. For and interval variable a

which is not optional ⊥/∈ dom(a). The value of the interval variable a is denoted as

a. An interval variable a is absent if a =⊥, and present if a = [s, e). We respectively

denote the presence status, the start, and the end of a as x(a), s(a), and e(a). If an

interval variable a is absent then x(a) = 0 and the start and end are undefined.

Sequence variables. Sequence variables represent the total ordering of a set of

interval variables. Thus, an interval sequence variable p defined on a set interval

variables A is a decision variable whose possible values are the permutations of the

intervals of A. It is important to note that any absent interval variables are not

considered in the sequence. Let A represent the values of a set of interval variables

and n denote the cardinality of A. A permutation π of A is a function π : A →
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{⊥} ∪ [1, n], and has the properties that ∀a ∈ A⇔ (π(a) 6=⊥) and ∀a, b ∈ A, (x(a) ∧
x(b) ∧ a 6= b)⇒ (π(a) 6= π(b)).

Cumulative function expressions. Cumulative function expressions represent the

cumulated usage of renewable resources over time. A cumulative function expres-

sion f is an expression defined on Z to Z+. The individual contributions of interval

variables to cumulative function expressions are described via elementary cumula-

tive functions. For the purposes of this study we are only interested in the elemen-

tary function pulse. Let a be an interval variable and h ∈ Z. Then, pulse(a, h) can

be characterized by a function F such that F (t) = h if t ∈ [s(a), e(a)), and F (t) = 0

otherwise. Here, h stands for the consumption of the cumulative resource by the

activity represented by the interval variable a. Algebraic sums of elementary cu-

mulative functions construct cumulative function expressions. They have the form

f =
∑
i εifi where εi ∈ {−1,+1} and fi is an elementary function expression.

Constraints on interval and sequence variables. Constraints on interval and se-

quence variables are used to confine the relative positioning of interval variables,

create logical links between interval variables, and model disjunctive resources.

The noOverlap constraint on a sequence variable p states that the intervals com-

prised in p do not overlap. Furthermore, it specifies the minimum time gap that

must separate consecutive intervals in p. Let A be the set of interval variables in

the permutation π of p, and A represent their values. Also, let T (a) denote the type

of interval variable a, and V be the transition distance matrix defining the mini-

mum distance between different types of interval variables. Then, the constraint

noOverlap(p, V ) is defined as:

noOverlap(p, V )⇔ ∀a, b ∈ A,¬x(a) ∨ ¬x(b)∨

((π(a) < π(b))⇔ (e(a) + V [T (π, a), T (π, b)] 6 s(b)))

The alternative constraint models a specific statement with regard to the presence

of a set of interval variables. Let a, b1, . . . , bn be interval variables. The constraint

alternative(a, {b1, . . . , bn}) states that if interval a is present then exactly one of in-

tervals {b1, . . . , bn} is present and synchronized with a. Thus, alternative constraint
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holds if and only if:

¬x(a)⇔ ∀i ∈ [1, n] ¬x(bi)

x(a)⇔ ∃k ∈ [1, n]




x(bk) ∧ (s(a) = s(bk)) ∧ (e(a) = e(bk))

∀j ∈ [1, n]\{k} ¬x(bj)

The relative positioning of interval variables can be controlled by means of the prece-

dence constraints startAtStart, endBeforeEnd, endBeforeStart, and startBeforeEnd.

Let a and b be two interval variables, and z be an integer. Then, the aforementioned

precedence constraints are defined as follows.

startAtStart(a, b, z)⇔ x(a) ∧ x(b)⇒ s(a) + z = s(b)

endBeforeEnd(a, b, z)⇔ x(a) ∧ x(b)⇒ e(a) + z 6 e(b)

endBeforeStart(a, b, z)⇔ x(a) ∧ x(b)⇒ e(a) + z 6 s(b)

startBeforeEnd(a, b, z)⇔ x(a) ∧ x(b)⇒ s(a) + z 6 e(b)
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