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1 FRINSA Use Case
1.1 Introduction
Over the recent years, Frinsa has been receiving smaller demands of products from its clients, with
higher frequency and from a wider product variety. This makes Frinsa produce over 600 different
products, leading to a large number of different changeovers.

Figure 1: Chart comparison of older and actual demands
In Figure 1 the problem that this change in the demand distribution implies can be seen. Having the
same amount of effective production time (400 min) the changeover times goes from 30 min to 150
min in this example. This is unsuitable for the demand‐driven production that the current market
requires. That is why the SMED methodology was implemented a few months ago.

1.2 SMED
SMED (Single‐Minute Exchange of Dies) is a system for dramatically reducing the time it takes to
complete equipment changeovers. The essence of the SMED system is to convert as many
changeover steps as possible to “external” (performed while the equipment is running), and to
simplify and streamline the remaining steps. The name Single‐Minute Exchange of Dies comes from
the goal of reducing changeover times to the “single” digits (i.e. less than 10 minutes).
SMED methodology was applied in Frinsa with the following steps:

1.2.1 Previous analysis
The selection of a changeover in a bottleneck machine or a frequent changeover is key to start the
implementation, as starting by this process will produce notable results. Once it is selected, it is
needed to analyse every step done in that changeover, e.g. who participates in each step, how long
each step takes and in which order the steps are performed. All necessary data needs to be
measured a few times by an observer. The observer does not participate in the changeover
operation and is the one tasked to take annotations of the changeover operations or even take
videos for further analysis.
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It is very important that the workers involved in the changeover operations participate in the analysis
process, as they are the ones that know these operations best.
With all this information, a changeover operations Gantt chart like the one shown in Figure
2: Changeover operations chartis created.

Figure 2: Changeover operations chart

1.2.2 Classify tasks as external and internal
After identifying the tasks roughly, meetings have to be held on a daily basis to discuss videos or
observer’s annotations on the performance of the team. In these meetings it is crucial to try to
standardize the order of each operation and the number of people involved, as this often is not
constant.
The objective of these meetings is to discuss the definition of each operation, suggest improvements
and agreed on conclusions.
Once this analysis is done and the information about the changeover process is clear, it is needed to
classify each operation in the following types:



External: Operations that can be performed with the machine running.
Internal: Operations that cannot be performed with the machine running.

The external tasks can be performed before stopping the machine, thus reducing the changeover
time.
With this information in mind, the Gantt chart needs to be updated with the sequencing that saves
as much idle times as possible and with the classification of the operations as internal and external.

1.2.3 Convert internal tasks into external tasks
It is clear that the internal operations define the non‐productive time in the changeover operations.
The main objective is to transform the internal tasks into external tasks. At the daily meetings held
with the workgroup it is needed to discuss ideas or proposals to make this transformation.
Afterwards, all these improvements have to be expressed in the Gantt chart, which at this point is a
useful tool to organize and schedule the changeover operations.
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1.2.4 Optimise operations
Once the changeover tasks have been organized and all the possible transformations from internal to
external operations are performed, it is necessary to enter into a continuous improvement process
to minimize non‐productive times.
Now the function of daily meetings is to keep track of the changeover times and to look for new
improvement potentials. It is needed to rationalize both internal and external tasks for a deeper
analysis and further optimisation.
It is key that the proposals are done by the people involved in performing the tasks, as they possess
deeper insight of the operations and the difficulties that they face, thus ensuring the continuity of
the improvements.
Improvements can be classified in the following categories:




Previous preparation of operative conditions. This refers to preparing the tools and parts
needed for the operations, pre‐assembling parts that are going to be used, etc.
Standardization of the tasks.
Use of a template for similar task between different changeover operations.

The changeover procedure should be transformed into a flow chart and, if possible, into a check list
with all the steps for each task. These tools will help workers to not miss operations and avoid
human error and will help new personnel to rapidly adapt to the work methodology.

1.3 Example and results
1.3.1 Line 2
This methodology was firstly implemented in line 2 of Sealing & Filling. The reasons to make this
decision were the following:





It has been one of the lines with the biggest workload in the previous year.
It is the line suffering most from changes of can formats.
The average duration of the changeovers is the longest.
The workgroup involved in the changeovers is relatively new, thus increasing the group’s
predisposition.

First meetings were held with all the personnel involved to make the project known to all of them
and emphasizing the importance of their participation. Afterwards, the SMED methodology was
implemented following the steps previously described:
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Figure 2: Previous analysis
The previous analysis revealed a considerable amount of wait times that could be avoided.

Figure 3: Classify tasks in external and internal
After the classification, the following improvements were made:




Eliminate idle time by preparing scheduled tasks
Duplicate tools, both mechanical and cleaning, allowing more than one worker to work
simultaneously on similar tasks
Improve the communication within the workgroup
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Assign people to each task

With these improvements the changeover time decreased from 85 minutes to 62 minutes with a
minimal investment.

Figure 4: Conversion of internal tasks into external tasks
At this stage, the external operations are being performed while the machine is running, saving 11
minutes of idle time. No further analysis could be performed without executing this plan during some
weeks, as the workgroup was still getting used to this new tool.

Figure 5: Optimise operations
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After some weeks, the workgroup came up with some improvements that could further reduce the
total changeover times:



Reducing internal operations time by using specific tools designed by the workers.
Performing modifications in the machinery to ease the assembling and disassembling.

1.3.2 Standardisation
After applying SMED to one of the changeover operations, Frinsa’s team started applying it to other
changeover operations. The problem is that there are more than 275 different changeover
operations. Even though most of them share common steps, there are differences depending on the
machinery. That is why codified changeover orders are being scheduled. These codified changeover
orders are a combination of analysed and optimised tasks. A changeover order is compound by
several tasks. The previously shown Gantt charts depict the progression of one changeover order,
which has to be executed every time a certain type of product is produced after another type of
product. This results in changeover operations for every possible combination of product type. In
order to reduce this large number of changeovers, codified changeover orders were used. These
codified changeover orders are combinations of common operations within the possible changeover
operations, so instead of having the following orders:


Order A for Product A ‐> Product B



Order B for Product A ‐> Product C



Order C for Product B ‐> Product A



Order D for Product B‐> Product C



Order E for Product C ‐> Product A



Order F for Product C ‐> Product B

We have for example:


Tasks 1 + Task 3 for Product A ‐> Product B



Tasks 2 + Task 4 for Product A ‐> Product C



Tasks 2 + Task 1 for Product B ‐> Product A



Tasks 4 + Task 1 for Product B‐> Product C



Tasks 4 + Task 3 for Product C ‐> Product A



Tasks 3 + Task 2 for Product C ‐> Product B

In order to ease the identification and simplify the nomenclature if we several tasks need to be executed, the
orders can be codified following this scheme:
Order [Task‐n]‐Task n+1]


Order 1‐3 for Product A ‐> Product B



Order 2‐4 for Product A ‐> Product C



Order 2‐1 for Product B ‐> Product A



Order 4‐1 for Product B‐> Product C



Order 4‐3 for Product C ‐> Product A



Order 3‐2 for Product C ‐> Product B
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With the results of line 2 and some more analysis, Frinsa’s team designed Gantt charts, operations
flow charts and check lists for 200 changeover operations.

1.3.3 Results

Figure 6 : Average changeover duration since SMED application
Figure 6 : Average changeover duration since SMED applicationshows the progression of changeover
durations since the implementation of SMED. A trend is shown with a black line, indicating a
changeover time reduction.

1.3.4 Future plans
Currently SMED is implemented across almost all production lines of Sealing & Filling. It is intended
to be implemented in the packaging area by mid‐2019. The SMED methodology will be used across
the whole plant of FRINSA. Nevertheless, new products are created on a weekly basis which in turn
generate new changeover combinations. The continuous implementation of the methodology will
require weekly meetings to track the progress of every workgroup.
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2 Procter & Gamble Use Case
2.1 Introduction
The use case aims at the optimisation of the planning and sequencing of the production in the P&G
plant.
This P&G plant manufactures Fabric and Home Care products, serving all European countries. Given
the large variety of products and brands being produced in the same plant, production planning
poses a challenging task.
The objective of this use case is to increase the productivity and decrease the energy consumption
and foot‐print of the manufacturing plants that produce a large number of products. In this case, the
goal is to minimise the time the equipment is down due to changeovers between products. The
number of different products produced in the same plant is larger than 300, which results in a large
complexity in terms of different pieces of equipment, production lines, raw materials and finished
products.
In order to provide enough data and information to the partners working on this case, the following
tasks have been carried out:





Thorough study and understanding of the layout, manufacturing processes and equipment used
for production.
Design and implementation of software applications with the objective to automate access and
gathering of data from the manufacturing plant.
Large amount of data gathered from the manufacturing plant databases, using the above‐
mentioned software applications (designed specifically for this purpose).
Analysis and presentation of the data. This includes all data relevant for this case study (plant
layout, equipment, production rates, products produced, raw materials, inventories, details for
every single product, details for every single piece of equipment, compatibility between
equipment and products, current production schedules, etc.)

Planning of the production is currently performed in a semi‐automatic way for daily and weekly
production.

Every day in the morning, the customer demands are downloaded from the SAP system into the
current planning tool. This planning tool takes into account the demand and the constraints of the
plant (availability of equipment, operators, raw materials, packing materials, inventory levels, etc.),
and as a result, it provides a daily feasible production plan. Then, the planners (operators) carry out
some manual checks (last minute orders, last minute changes, etc.) and eventually the production
plan for the day after is made and uploaded to the system.
As a result of the manual operations and the lack of an automated iterative procedure, the resulting
production plan is not optimal.
The objective of the use case is to design the infrastructure, algorithms and tools capable of
providing an optimal production plan and sequence, that can be used by the plant
operators/planners.
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In addition to the optimisation based scheduling of the current layout, a second flexible layout is
examined as well. In this layout, the production and packing stages are decoupled through a buffer,
allowing for higher production rates of the different lines. The goal is to compare the optimisation‐
based schedules of this new layout to the ones of the current layout in order to assess potential
benefits of this reconfiguration.

2.2 Current layout
2.2.1 Description of the P&G plant
A new optimisation‐based scheduling model is proposed. The model has been inspired by a case
study from the packaged consumer goods industry, such as the presented P&G case. So, the
production facility of P&G constitutes the basis for the proposed modelling and optimisation
scheduling framework. In this plant, Soluble Unit Dose (SUD) pouches (also known as Pods) are
produced in many different variants, for different purposes and countries. More than 300 different
final products are scheduled weekly in parallel packing lines. The production process consists of the
formulation/production and the packing stage. In the production stage, a number of various
intermediate products are produced. In most cases, one intermediate product leads to more than
one final product. The changeover times differ among the various sequences, depending on the
package size, the package color, the cardboard, the label etc. All changeovers, in the two stages, take
place in parallel, and as a result, the most time‐consuming changeover determines the total
changeover time between two products for a given sequence.
In general, the large number of products and the high production flexibility significantly increases the
complexity. The short‐term time horizon of interest is usually one week. As both, the packing and the
formulation units are continuous processes, the problem is mainly focused on the packing stage
which constitutes the major production bottleneck. The daily unit availability is equal to 24 hours, as
the plant operates in a continuous mode. Deadlines for the completion of the orders are imposed.
Also, the necessary planned maintenance activities have to be considered. The main objective is the
increase of the plant’s productivity, by decreasing the changeover downtime and the equipment idle
time.

Figure 7: Plant overview‐ Current layout

2.2.2 Modelling approach A: Holistic MILP Approach ‐ Immediate precedence
single‐stage model of parallel units
2.2.2.1 Conceptual details of the formulation
In this section, the first approach to solve the P&G scheduling problem is presented. In section
2.2.2.1 the main considerations are defined and in section 2.2.2.2 the mathematical model is
presented in detail. The proposed formulation is based on a single stage immediate precedence
model of parallel packing lines (Kopanos, Puigjaner and Georgiadis, 2011). A unified weekly time
horizon is considered. Production order’s deadline constraints are used instead of using a discrete
time horizon. Unit allocation, timing and sequencing constraints are taken into account. Appropriate
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constraints, referring to the production/formulation stage of the plant and to maintenance activities
are also imposed in order to ensure the generation of feasible production schedules. The main
objectives are the minimisation of the makespan and the minimisation of product changeover times.
The proposed modelling approach is briefly illustrated in Figure 9.
This approach is mainly focused on the packing stage, which constitutes the main production
bottleneck. The problem can be defined by the following terms:




The available production time
.
A set of parallel packing lines ∈
A set of production orders i  I with production targets of different deadlines
packing rates
and demand



The processing time of each product order



A multidimensional set describing if a packing line ∈ is capable to produce the
production order ∈ .
A changeover operation of duration
, is necessary in each packing line
whenever the production is changed between two products ∈ and ′ ∈ .



,

, calculated as

The key decision variables are:




the allocation of products to packing lines, ,
the immediate sequencing of product orders in every packing line,
the completion time of every production order,

,,

Figure 8: Proposed modelling approach

2.2.2.2 MILP‐model
In this section, the proposed MILP mathematical framework is presented. The proposed model is an
immediate precedence, single‐stage model of parallel units. Constraints are grouped according to the
type of decision (e.g., assignment, timing, sequencing, etc.), as follows:
Allocation constraints
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,

(1)

1 ∀

∈

Constraint (1) guarantee that each product order goes through exactly one unit ∈ .
Product orders sequencing constraints
,,

,

∀, ∈

(2)

, ,

,

∀, ∈

(3)

,

,

1

,,
,∈

,

,

(4)

∀

,∈

, ∈

We introduce the binary variable

,,

to define the local immediate precedence between two

products and ′ . The binary variable takes the value 1 if product order ∈ is processed
immediately after production order ′ ∈ in unit ∈ . Constraints (2) and (3) ensure that, if
production order ∈ is allocated on the packing line
∈ at most one production order is
processed before and after it, respectively. In case that the production order is processed first or last
then it has no predecessor or successor respectively. According to the constraint (4), the total
number of sequences in a packing unit ∈ have to be equal to the total number of the produced
orders minus one.
Timing constraints
, ,

,

1

, ,

∀,

, ∈ (5)

∩
According to the big‐M constraint (5), the completion time
of a product order i’ has to be greater
than the completion time of whichever product is produced beforehand at the same unit, plus the
and the corresponding changeover time, expressed by the parameter
processing time
, , only if the binary variable
, , , is equal to 1. Constraint (5) also ensures the
avoidance of sequence subcycles in the final schedule. As big‐M value the time horizon
, ,

,

1

, ,

∀,

is used.

, ∈ (6)

∩
Constraint (6) in conjuction with constraint (5) forces the completion time
of a product order ′ to
be equal to the sum of the completion time of whichever product is produced beforehand at the
same unit, the processing time , and the changeover time,
, . Constraint (6) has to
be taken into account if the minimisation of the product changeover times is considered as the
objective function, as unnecessary idle times are observed in the generated schedules otherwise.
Formula card constraints (Production stage constraints)
,,
,∈

,

(7)

, ∈
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In addition, as described by constraint (7), in the formulation stage, due to the lack of necessary
resources, the total number of intermediate products’ changeovers should not exceed an upper
limit, expressed by the parameter
.

Deadline constraints
(3.8)

Constraint (8) forces the completion time of a production order
deadline, expressed by the parameter
.

to be lower or equal than its

Objective Functions
a) Minimisation of makespan
min

∀

(9)

b) Minimisation of products changeover time
min

, ,
,∈

,

,

(10)

, ∈

The objective function of the model is described by constraints (9) and (10). Constraint (9) expresses
, while constraint (10) expresses the
the minimisation of the total production makespan,
minimisation of changeovers and unnecessary idle times.
The plant’s maintenance activities are also considered. Each maintenance or cleaning process is
represented by a “dummy product order” which is inserted into the production schedule by fixing its
allocation and completion variables , and .

2.2.2.1 Validation results
In order to assess the applicability and the efficiency of the proposed MILP model, a representative
industrial case study of 40 production orders and 3 packing lines is considered. Technical packing
lines restrictions do not allow full flexibility in the allocation of the products to the units. The
maintenance activities are considered as represented in the Gantt chart in Figure 10.
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Figure 9: Gantt chart – Illustrative case study for validation purposes
Furthermore, 4 additional industrial case studies are considered including various numbers of
products. The majority of the products are described by a high unit allocation flexibility, as they can
be produced in more than one packing line. The generated schedules have been compared with the
implemented plant schedules. The results are illustrated in Table 1. As it is observed, significant
changeover savings are achieved and the total production time is also decreased. In particular, as
seen in the Table 1, the total changeover time is decreased from 33 minutes (6.72%), in the first case
study, to up to 201 minutes (20,99%) in the fourth one. These savings can also be translated to
signidficant improvements on the plant’s production time, from 0.36% in the first case up to 1.47% in
the last one. The aforementioned case studies refer to products with high allocation flexibility, as the
majority of the scheduled products can be produced in more than one packing line.
Table 1: Comparison with the implemented plant’s schedule
Real Case study

Products to Changeover
be
time
scheduled
reduction
(minutes)

% Changeover % improvement on
time reduction the production time

1

45

33

6.72%

0.36%

2

51

68

8.79%

0.61%

3

65

189

14.08%

1.22%

4

68

201

20.99%

1.47%

Beyond that, two additional industrial case studies serve for validation purposes, referring to
products with a low unit allocation flexibility. The majority of these products can only be produced in
one packing line. The results are illustrated in detail in Table 2. A significant changeover time
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reduction is observed in both cases. The changeover time is decreased by 78 minutes (11.04%) and
69 minutes (11.86%) respectively. The changeover time savings lead to an improvement on the
production time by 0.53% and 0.72% respectively.

Table 2: Comparison with the implemented plant’s schedule
Case study

Products to Changeover
be scheduled time
reduction
(minutes)

% Changeover % improvement on
time reduction the production time

1

41

78

11.04%

0.53%

2

33

69

11.86%

0.72%

The proposed MILP mathematical formulation results in optimal production schedules, in reasonable
computational time (less than 60 CPU minutes depending on the problem). The strict packing line
allocation constraints can affect the model efficiency. The proposed modelling strategy is able to
optimally solve real problems with i) up to 80 products in 3 parallel lines (low product allocation
flexibility) and ii) up to 65 products in 3 parallel lines (higher product allocation flexibility). The
proposed MILP model was implemented using GAMS. To solve the MILP problems, the IBM ILOG
CPLEX 12.0 solver was used.

2.2.3 Modelling approach B: MILP‐based Decomposition Algorithm
The proposed holistic MILP approach, described in the previous section, can only be applied to
medium size problem instances. For larger problem instances, the computational cost becomes
prohibitively high and even a feasible solution cannot be guaranteed. As more than 300 different
products are scheduled weekly in the plant under investigation, in order to solve large production
scheduling problems, an MILP‐based decomposition algorithm has been proposed. According to this
approach, the original large‐scale problem is decomposed into smaller scheduling sub‐problems in an
iterative mode. A small subset of the involved product orders is scheduled in each iteration. As the
plant runs in a continuous mode, the minimisation of the total production changeover times is
chosen as the objective. The proposed approach takes decisions about a) the products’ unit
allocation, b) the relative sequence of production orders in each packing line and c) the completion
time of product orders in the packing stage. The proposed MILP‐based decomposition algorithm is
described by: a) the decomposition technique, b) the MILP model and c) the appropriate insertion
policy.

2.2.3.1 MILP model
The MILP model applied in this case study is based on an extension of a general‐immediate
precedence framework developed by Kopanos, Mendez and Puigjaner (2010). The proposed MILP
model (Elekidis, Corominas and Georgiadis, 2019), is briefly presented below. The problem can be
defined by the same terms as the holistic approach. The key decision variables are:



the allocation of products to packing lines , ,
the global sequencing of product orders in every packing line,

,,
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the immediate sequencing of product orders in every packing line,
the completion time of the production of every production order,

,,

The proposed model is an Immediate‐general precedence, single‐stage model of parallel units.
Constraints are grouped according to the type of decision (e.g., assignment, timing, sequencing, etc.),
as follows:
Allocation constraint
1 ∀

,

(11)

∈

Constraint (4.1) guarantees that each product order goes through exactly one unit ∈
Timing and sequencing constraints
,,

1

, ,

∀,

,

,

, ,

, ∈

∀,
2

,,

,

, ∈

∩

1

, ,

, ∈

∩

(12)
(13)

∩

, ,

∀,

,

,

(14)

Constraints (12), (13) and (14) determine both the general and the immediate sequencing of product
of a product order i’ has to be
orders. According to the big‐M constraint (13), the completion time
greater that the completion time of whichever product is produced beforehand at the same unit,
plus the processing time
and the corresponding changeover time, expressed by the parameter
, , only if the binary variable
, , , is equal to 1. The binary variable
, , is active only
if product ’ is produced after product . The constraints (12) and (14) state that when two products
are produced at the same unit, only one global sequencing binary variable can be equal to 1 and
when one of the binary variables , , and , , is equal to 1, at least one of the , and , has to
be active as well.
Immediate precedence constraints
, ,

, ,

, ,

, ,

,
, , ∈

∀, , ∈

i. The variable
, ,

,

∩
,

,

(15)
1

, ,

(16)

∩

∩

The binary variable
When

∀, , ∈

, ,

, ,

takes the value 1 when the product i’ is produced exactly after the product

signifies the position difference among two products, produced in the same unit.

is equal to 0, product

is produced exactly before product ′ . The value of variable

, ,
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can be calculated by including the equation (16). According to the equation (15) the immediate
precedence binary variable
, , is equal to 1, only if the variable
, , is equal to zero. The
difference among the immediate and the global sequence binary variables is also illustrated in Figure
11.

Figure 10: Immediate and general precedence binary variables

Formulation/production stage constraint
(17)

,,
,∈

,

, ∈

Constraint (17) is related to the formulation stage. Due to the plant’s technical restrictions the total
number of intermediate products’ changeovers should not exceed an upper limit. In particular, the
, have to be less than the
number of sequences between products with different recipe,
). In order for this constraint to be included, the usage of the immediate
upper bound (
precedence binary variables is necessary.
Deadline constraints
(18)

Constraint (18) forces the completion time of a production order
deadline, expressed by the parameter
.

to be lower or equal than a

Objective function
a) Minimisation of makespan
min

∀

(19)

b) Minimisation of products changeover time
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min

, ,
,∈

,

,

(20)

, ∈

Constraints (19) and (20) describe the objective functions of the model. Both, the minimisation of
makespan,
, and the minimisation of the total changeover time can be used as objectives. As
the plant runs in a continuous mode, the minimisation of the total changeover time is the most
appropriate one.

2.2.3.2 Decomposition Algorithm
The initial large‐scale industrial scheduling problem is decomposed into smaller subproblems. In each
iteration, a subset of the product orders is scheduled. These tractable MILP subproblems are much
easier to solve, as the problems’ complexity is significantly decreased. A number of inserted products
are scheduled iteratively, until all product orders have been scheduled. After each iteration, the
allocation variables , as well as the global sequencing variables , , , of the inserted products are
fixed. On the contrary, the timing variables

and the immediate precedence binary variables

, ,

remain free. The complete schedule is generated when finally all products are inserted. In each
iteration, a solution with a 0% integrality gap is aimed at. However, industrial requirements impose
the usage of an upper bound on the total computational time. Therefore, a time limit of 5 minutes,
has been set for the solution of each subproblem. In order to provide better production schedules,
the last production orders, produced before the starting time of the new schedule, are inserted, as
the first production campaign of each packing line. In that way, the changeover time among the first
product of the new schedule and the last produced campaign is also taken into account. Figure 1
illustrates the proposed decomposition technique.

Figure 11: Decomposition‐based solution algorithm

2.2.3.3 Insertion policy
As the initial problem Is solved iteratively, the number and sequencing of the inserted products have
to be decided. Two insertion criteria are used in order to avoid the generation of infeasible
schedules. According to the first criterion, the production orders are sorted firstly by the earliest
deadlines. Furthermore, it is often observed that by minimising the total changeover time, some
packing lines are fully utilized. As a result, by inserting products with less unit allocation flexibility in
the last iterations, infeasible production schedules are generated, due to the lack of unit availability.
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Therefore, it is also proposed to insert first the products with less unit allocation flexibility. In other
words, products with less alternative units should be scheduled first. Several real test cases have
illustrated, that a 5‐by‐5 product insertion policy is the optimal one. It has been observed that by
increasing the number of products the solution is not improved while the computational cost is also
increased (see Table 4). Finally, the possible maintenance activities are scheduled first, by inserting a
number of “dummy production orders” and fixing their allocation and the ending time.

2.2.3.4 Validation results
A representative industrial case study of 77 final products and 3 packing lines is used to illustrate the
applicability and efficiency of the proposed solution strategy. Real plant data provided by P&G has
been used. The proposed decomposition technique, was implemented in GAMS by using the CPLEX
12.0 solver. The majority of the products can be produced in more than one packing line. The
product orders are inserted 5‐by‐5 and after the resolution of the MILP model in each iteration, a
subset of the key decision variables are fixed. In the last iteration the 2 remaining products are
scheduled. Figure 13 illustrates the final schedule, of the study under consideration.

Figure 12: Gantt chart of an indicative case study solved by the proposed decomposition algorithm
In order to assess the efficiency of the proposed MILP‐based decomposition algorithm, 3
representative industrial case studies are considered. A detailed comparison of the approach A
(direct model) and the approach B (decomposition algorithm) is illustrated in Table 3. By applying the
decomposition algorithm, significant savings are achieved in the changeover time. Especially, the
changeover time is reduced by 47 minutes (4.43%) in the first case and by 52 minutes (4.53%) in the
second one. These savings can be translated to a significant improvement in the total production
time, by 0.41% and 0.37% for the two case studies, respectively. However, as it was expected, the
changeover time reduction in both the two cases is higher by applying the approach A. The
changeover time is reduced by 5.75% and 9,12% in the two case studies. On the contrary, the
proposed holistic MILP approach, can only be applied to medium problem instances (case study 1
and case study 2). In larger problem instances, as case study 3, involving 73 products, the
computational cost becomes prohibitively high and even a feasible solution cannot be returned. In
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the third case study under consideration, a significant saving in the changeover time is observed by
applying the approach B. The changeover time is reduced by 356 minutes (24.39%), which can be
translated to an 2.22% improvement in the total production time.

Table 3: Approach A and approach B comparison

Case study

changeover time
% improvement
Products to be reduction
% Changeover
in
the
total
scheduled
time reduction
production time
(minutes)

Approach

Direct Model
1

Decomposition
Algorithm

3

Decomposition
Algorithm
Decomposition
Algorithm

5.75%

0.54%

47

4.43%

0.41%

104

9.12%

0.75%

52

4.53%

0.37%

356

24.39%

2.22%

50

Direct Model
2

60

62

73

The decomposition algorithm leads to nearly optimal solutions. In order to assess the efficiency of
different insertion policies, the aforementioned case study 2, including 62 products and 3 packing
lines is considered. The minimisation of the makespan is chosen as the objective. Different insertion
policies have been applied, in order to assess the solutions of the proposed decomposition
technique. The results are illustrated in Table 4 in detail. The case study is solved using both, the
decomposition algorithm (approach B) and the holistic approach A, described in the previous
sections. The 5‐by‐5 insertion policy seems to be the optimal one. In addition, the computation time
is significantly decreased by applying the insertion policies of 1‐by‐1, or 5‐by‐5. However, the
complexity of several subproblems is increased by applying the 10‐by‐10 insertion policy and
although a zero integrality gap is aimed, this target cannot be achieved in these iterations without
exceeding the underlying solution time limit. As a result, the computational time is increased and
higher makespan values are obtained (Elekidis, Corominas and Georgiadis, 2019).
Table 4: Comparison between the holistic and the decomposition approach applying different
insertion policies
Approach B
Approach A

Makespan (hrs)

118.9

Insertion
policy 1‐by‐1

Insertion
policy 5‐by‐5

Insertion
policy 10‐by‐
10

122.6

120.2

120.8
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Computational
(minutes)

Time

51

1.6

12.4

31.4

2.2.4 Concluding remarks
In the first part of this chapter, two modelling frameworks for the efficient scheduling and
changeover minimisation problem of continuous industrial large‐scale packing facilities were
presented. In particular, the packing stage is scheduled in detail but feasibility constraints related to
the formulation/production stage are also imposed in order to generate feasible schedules in both
production stages. The holistic MILP approach (approach A) is an efficient solution approach for
medium sized problems with up to 70 products and 3 packing lines. Planned maintenance activities
are also integrated into the overall mathematical framework. Results indicate that the proposed
approaches lead to significant savings in the total changeover times, while improvements in the
plants productivity are also important. For larger problem instances, a decomposition‐based solution
algorithm is proposed (approach B). This algorithm leads to nearly optimal solutions for problems
with an arbitrary number of problems. Several real‐life validation studies illustrate that significant
gains are obtained in the changeover time as well as noticeable improvements in the total
production time.

2.3 Agile layout
A limitation of the current layout is the necessity to synchronize the production rates of the two
stages within a line. As the maximum possible rates vary with the type of product, the stage with the
lower rate poses a varying bottleneck of the process. The packing lines can only process certain
products while all units of the formulation stage are identical, i.e. each unit in the formulation stage
can process every product. The total changeover time of a line is determined by the largest
changeover time of the two corresponding stages, leading to potentially unnecessary idle times. In
order to overcome these limitations, the two stages could be decoupled, as shown in Figure 2. In this
agile layout, the products can be transferred to any packing line that is capable of processing them.
The use of a big buffer provides additional flexibility through storage of the unpacked products.

Figure 13: Plant overview ‐ Agile layout

2.3.1 MILP model
A key decision in the modelling of scheduling problems is the representation of time (Mendez et. al.,
2006). Precedence‐based models, as in (Kopanos et. al.,2010) or (Elekidis et. al., 2019) , can be used
to describe make‐and‐pack processes. Time‐slot‐based approaches can be used to schedule
multistage processes, with multiple parallel units in each stage (Pinto and Grossmann, 1995).
However, both approaches are not suitable for modelling material balances as in the case considered
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here due to the limited capacity of the buffer. The presence of balance equations requires a time grid
in order to map the balanced amounts. This grid can be modelled using continuous time‐based event
points or employing discrete time‐based fixed time intervals (Floudas and Lin, 2004). In this section
the latter approach is chosen and the time horizon is divided into a number of time intervals with
,…,
. Processing or storage can only start and end at the edges of
fixed duration ,
these intervals. Usually, the interval length has to be set equal to the common divisor of all
occurring time durations in order to adequately capture them in the discretisation without the loss of
optimality. This however may lead to a prohibitively large model size due to the large number of
required intervals. As a compromise between optimality and computational tractability, the interval
length is set equal to the shortest occurring period of time (processing or changeover) of the
problem in this section. The efficiency of the two approaches depends on the examined system and
constraints (Stefansson et. al., 2011). In the scheduling problem considered here, a set of orders is
in order to satisfy customer demands .The
processed in a set of units over the time horizon
demand only refers to the amount to be produced, as due dates are not considered in this model.
The units are split between the two production stages, denoted by
1,2 into the subsets . The
units that can process order belong to the set . Similarly the orders that can be processed in unit
is expressed by
are denoted by . The decision to start processing an order in unit at time ∈
. The start and end of the storage of order at time is modelled by the
the binary variable
binary variables
and
respectively. The total amount stored in the buffer is tracked by the
. The constraints and objective of the model are given by equations (21)‐(37).
variable
(21)

,∀ ∈ , ∈
∀ ∈

∀∈

(22)

,∀ ∈ , ∈
∀∈

,∀ ∈ , ∈
∀∈
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,

(23)

∀ ∈

,

∈ , ∈

(24)

,

∀∈

,∀ ∈ , ∈
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,

(25)

∀∈

∀ ∈

,

∈ , ∈
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∈ , ∈
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∀∈

(36)
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,
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∀∈

Each order is processed exactly once in each stage (21). At each time point at most one order starts
to be processed in a unit (22). If processing of an order starts in a unit of the formulation stage,
either storage of this order or packing has to start at the same time (23). However, both storage and
packing of an order must not occur in parallel (24). Similarly, if packing of an order starts, it has to be
released from the storage or be produced in the formulation stage (25). Storage can only start and
end if the formulation and packing start at the same time (26‐27). Furthermore, an order can only be
released from the storage if it has previously been stored (28). For the tracking of the total stored
amount in the (shared) buffer a material balance is used (29). It is assumed that the entire ordered
amount is stored and released, if the corresponding decisions are made. The stored amount must
not exceed the capacity of the buffer and has to be zero at the beginning and the end of the time
horizon (30‐31). If processing in any unit starts, the next order can only start processing after the
minimum processing time
, corresponding to the maximum achievable production rate if the
buffer is utilized to decouple the stages, and a sequence dependent changeover time
has
elapsed (32). If the buffer is not used, i.e. formulation and packing are synchronized, the time points
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due to the longer synchronized processing time have to be excluded from the set of possible
starting times of the next jobs (33). If an order is stored, the minimum processing time of the
formulation stage has to elapse, during which the buffer is filled, before the order can be released
(34). In the constraints (34) the formulation of Méndez et al. (2006) is used instead of big‐M
constraints (32‐33), which exhibits stronger relaxations and enhances the performance of the
solution algorithm. The objective of the optimisation is the minimisation of the makespan. However,
directly using the makespan as the objective function results in unnecessary idle times of certain
units, as starting the corresponding processing tasks at later time point does not affect the objective
value, as long as they do not finish later than the latest task. In order to avoid this, the total
completion time of all orders, which is related to the makespan and aims at an early completion of
the schedule, serves as the objective function instead (36). The completion time of an order can
be explicitly calculated from the starting time of the packing stage and adjusted if the order was
is defined as the sum of all completion times
previously stored (35). The total completion time
(36) and can be bounded from below by the minimum packing times (37).

2.3.2 Decomposition algorithm
For a realistic set of orders and lines the constraints discussed in the previous section lead to a large
scale MILP problem. Solving this problem leads to prohibitively long computation times that cannot
be tolerated in industrial practice. In order to design a real‐time capable scheduling algorithm, a
decomposition approach is used which generates a (suboptimal) schedule by the solution of smaller
and therefore computationally less expensive subproblems. The scheduling problem is solved
iteratively. In each iteration a subset of the orders is scheduled on a subset of the available units. The
utilisation of the packing units should be kept balanced, otherwise significant idle times can occur
due to the exhausted production capacity of the formulation stage from the previous iterations.
After a subset of orders has been scheduled, the corresponding allocation and timing decisions are
fixed. For more details on the algorithm refer to Yfantis et. al., 2019. The model and the algorithm
were implemented in Julia 0.6.2 (Bezanson et. al., 2017), using Gurobi 7.5.2 as the MILP solver.

2.3.3 Results
Figure 14 depicts a schedule of the current layout, as provided by the P&G Planners.

Figure 14: Nominal production schedule
For the same set of orders an optimisation was performed, where 6 orders were scheduled in each
iteration. The resulting Gantt chart and buffer profile can be seen in Figure 15.
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Figure 15: Optimisation‐based schedule and buffer profile.
The comparison of the makespan between the two schedules is summarised in Table 5.

Table 5: Comparison of the nominal and the optimisation‐based production schedules
Makespan / min
Nominal

5775

Optimisation‐based

5430

Improvement

5.97 %

The results show that a significant improvement of the makespan can be achieved through the
reconfiguration of the plant and the subsequent optimisation‐based scheduling. This results in a
higher utilisation of the plant’s capacity, which directly translates into an improved resource and
energy efficiency.
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2.3.4 Summary and Outlook
In this section, an optimisation‐based scheduling approach for the new agile layout of the P&G plant
was presented. Due to the complexity of the problem, a decomposition approach was used to
generate suboptimal schedules. Nevertheless, the proposed approach and layout result in significant
improvements of the production times of the plant.
A drawback of the proposed model is the inability of splitting up the production stream of
intermediate products leaving the formulation stage. As a result the intermediates are either sent to
the buffer or to the packing lines. Allowing this splitting will result in an even higher flexibility, which
should provide further improvements compared to the current P&G schedules.
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