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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction and literature review

Assembly lines are used in mass production of standardized
products to reduce cost and production times. An assembly line
consists of multiple workstations along a conveyor belt or sim-
ilar material handling equipment, each performing either one
or more tasks, moving the product through the line. At each
station, consequent operations are performed, based on an as-
sembly order, to assemble the final product. To manufacture the
product on an assembly line, the assembly operations have to
be divided into a set of elementary operations named tasks.
These tasks are either performed manually or through auto-
mated equipment at each workstation, which requires a task
time until the processing is finished. A cycle time constraint
leads to a fixed production rate and since a task is an elementary
operation that cannot be further divided, the cycle time cannot
be smaller than the largest task time [1]. Dedicated equipment
is used to reduce the task times and leverage high efficiency
while minimizing production cost [1]. Volatile market demands
for flexible and automated equipment lead to increased mar-
ket availability of production resources, resulting in intractable
many combinations and possibilities of conceptual assembly
line design if manually planned. Due to the flexibility of equip-

ment, there are often multiple equipment alternatives available
for each task, which is known as the equipment selection prob-
lem [2, 3]. The equipment selection problem describes only a
part of the manufacturing system, without external disruptions,
contrary to, for example, resilient manufacturing [4, 5]. How-
ever, not every equipment is efficient at all tasks, it may be the
case that one particular equipment is better suited for one task,
but not for another [6]. To counteract the increasing combina-
torial possibilities for assembly line design many researchers
focus on the area of Simple Assembly Line Balancing (SALB),
with the following simplifications [1, 7–9]:

(i) One homogeneous product is produced
(ii) Paced line with a fixed cycle time

(iii) Deterministic task times
(iv) No assignment restrictions other than precedence con-

straints
(v) Serial layout with one-sided stations

(vi) All stations are equally equipped with respect to produc-
tion capabilities

(vii) Maximize the line efficiency

In manufacturing companies many of the mentioned simpli-
fications are not applicable. Simplification (iv) neglects individ-
ual company requirements such as space, cost or task restric-
tions. Equipment are a specialized production resource (e.g.
robots) with a designated characteristics to perform one set of
tasks, such as handling or joining, which violates simplification2212-8271© 2021 The Authors. Published by Elsevier B.V.
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(vi). Production equipment are assigned to workstations only
if the task requires these equipment, to reduce investment cost,
which differs from the SALBP formulation of [1–3, 6]. This
results in workstations equipped with multiple different equip-
ment in order to fulfill all task based requirements, which again
violates simplification (vi). Additionally, the optimization ob-
jective may be cost reduction instead of line efficiency, as in
(vii). The characteristics of such equipment determine the pro-
cessing time for a task, which is furthermore neglected by the
simplifications stated above.

The problem of assigning equipment to workstations is ad-
dressed in various SALBP formulations through multiple dif-
ferent approaches: heuristic methods, meta-heuristic methods
and exact methods [9, 10]. An heuristic approach is presented
in [6, 11, 12] which may lead to local optimum solutions. The
meta-heuristic approaches use genetic algorithms, ant colony or
particle swarm optimization [3, 13] whereas exact methods use
branch-and-bound methods [6, 14–16] or mixed integer pro-
gramming [17, 18]. The branch, bound and remember algo-
rithm [8, 19] is an exact method combining the branch-and-
bound algorithm and a dynamic programming method. This
might be regarded as the current best performer for SALBP,
achieving the optimality for all of Scholl’s 269 problem in-
stances [16] in short running times [10]. Still, all these ap-
proaches neglect multiple equipment allocation in one work-
station as part of a sequential, conveyor-connected assembly
line, as well as variable task times based on equipment capa-
bilities. Additionally, the division of tasks in joining, handling
or positioning as some of the main assembly types is neglected
[20, 21].

The Generalized Assembly Line Balancing (GALB) involves
more complex problems such as: parallel workstations or tasks,
unequally equipped workstations, problems involving stochas-
tic processing times and problems considering mixed or multi-
model lines [13]. The S- and GALB are assembly line balanc-
ing problems which are proven to be an NP-hard optimization
problem [22, 23]. This encourages the point that a planner of
assembly lines cannot take all possible solution combinations
into consideration, but only a small fraction of the design space.
Therefore, the conceptual planing of a new assembly line re-
quires a lot of planning effort [24].

In this paper an approach is presented to support the planner
in the exploration of the solution space. The paper addresses
the problem of selecting suitable equipment for workstations
and assign tasks to this equipment, based on their capabilities
subject to precedence and cycle time constraints. This simulta-
neously solves the equipment selection and assembly line bal-
ancing problem. The result is a series of workstations, where
multiple equipment are placed in each workstation, and a set of
tasks is assigned to this workstation to be performed by the se-
lected equipment. The problem is formulated as a special case
of the GALBP with some simplifications from the SALBP for-
mulations, such as:

(i) One homogeneous product is produced
(ii) Paced line with a fixed cycle time

(iii) Deterministic task times, but depending on the equipment

To address the aforementioned problem we use a resource
database which contains all available production equipment for
the manufacturing process, defined by a given bill of processes
(BOP). This database is then filtered based on the requirements
of every task, the mechanical characteristics as well as sup-
ported operations of the equipment (e.g. a handling task can-
not be performed on a joining equipment) [25]. As a result, for
each task a feasible solution space is created which consists of
the equipment cost, task time to process the task and equipment
number. It is assumed that each solution space consists of at
least one feasible equipment. Yet, not all equipment share the
same mechanical production capabilities which results in vary-
ing task times for the same task. An example solution space
with arbitrary entries is shown in Table 1. These equipment vary
in their capabilities to perform different task types (some can
perform multiple task types), their time to process a task and
their investment cost.

Objective functions in the literature are either a reduction of
the number of workstations [26], a makespan minimization [27]
or even multi-objective optimization [28]. However, the objec-
tive of our model is to minimize the total investment cost, given
a predefined cycle time. Addressing the requirements of com-
panies to enforce the processing of a subset of tasks on the same
workstation, additional task constraints for the model are intro-
duced. This can become necessary due to quality inspection or
transport distance limitations. An exact mixed integer linear al-
gorithm is developed which is capable of solving a real-world
assembly line balancing problem with a set of solution spaces
consisting of possible equipment in reasonable time, achieving
better results than a manual planning solution.

The remainder of the paper is organized as follows: In sec-
tion 2 the notation and problem formulation is introduced and
the model is developed, starting from a decision variable formu-
lation to a full model. In section 3 the model is illustrated with
two example problems, one is a real-world assembly line bal-
ancing problem. Finally, the conclusions and future prospects
are presented in section 4.
Table 1: Example solution spaces for 4 tasks with 9 possible equipment. The
possible task types are s for separation, h for handling and j for joining

Task Equipment
name

Possible
task types

Task time
(s)

Investment
cost (€)

1 E1 s, h, j 11.0 10 000
E2 s 7.0 15 000
E3 s 10.0 12 000
E4 s 14.0 5 000

2 E1 s, h, j 3.0 10 000
E5 h, j 5.0 7 500
E6 h 5.5 6 000

3 E1 s, h, j 16.0 10 000
E5 h, j 12.0 7 500
E7 j 8.0 16 000
E8 j 13.0 8 000

4 E2 s 9.5 15 000
E3 s 10.0 12 000
E9 s 7.0 15 000

2
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2. Problem formulation

This section introduces the notation as well as our assump-
tions and presents an mixed integer programming formulation
of the problem. This formulation also includes lower and up-
per bounds for the number of workstations which are used to
enhance the efficiency of the algorithm. The problem is defined
by the following parameters:

Variable name Variable description

n Number of tasks.
m Number of workstations.
r Number of equipment.
ti j Processing time of task i when performed

by equipment j.
ti Fastest processing time of task i among all

equipment.
ct Cycle time.
mmin Lower bound on the number of worksta-

tions, mmin = ⌈
m

i=1 ti/ct⌉.
EC j Cost of equipment type j.
P Set of pairs of tasks (g, h) such that there is

immediate precedence between them.
PTi The set of tasks which precede task i.
S Ti The set of tasks which succeed task i.
Ei The earliest workstation to which task i can

be assigned, Ei = ⌈(ti +
m

k∈PTi
tk)/ct⌉.

Li The latest workstation to which task i
can be assigned, Li = mmin + 2 − ⌈(ti +m

k∈S Ti
tk)/ct⌉.

mmax Upper bound on the number of worksta-
tions, mmax = max(Li).

We state the following assumptions to clarify the problem
setting, the overall approach is shown in Figure 1:

(i) There is a given database containing all available pro-
duction equipment for the manufacturing process. This
database is filtered based on task requirements, the me-
chanical characteristics as well as supported operations of
the equipment, into solution spaces for each task.

(ii) Each solution space consists of at least one feasible equip-
ment and associates each equipment with a specific cost.
The cost is the investment cost for the equipment.

(iii) The precedence relation between assembly tasks is known.
(iv) The assembly task is an elementary operation. As such, it

cannot be further subdivided.
(v) The duration of a task is a deterministic floating-point

value but depends on the equipment selected to perform
the task.

(vi) A task can be performed at any station of the assembly
line, provided that the equipment assigned to this station
are capable of performing the task, and that precedence
relations are satisfied.

(vii) The total duration time of tasks that are assigned to a given
station should not exceed the predetermined cycle time.

(viii) The total duration time of tasks that are assigned to a
given equipment should not exceed the predetermined cy-
cle time.

(ix) Material handling, positioning, loading and unloading
times are negligible or included in the duration of the task.

(x) The availability of equipment is not limited, i.e. every
equipment can be acquired as often as necessary.

(xi) A subset of tasks can be enforced in one workstation.
(xii) Not all equipment in the solution space needs to be as-

signed.

An example for the solution space can be see in Table 1.

Solution Space

Production
Requirements

Resource
Database filter

resources

Assembly Graph

Line Balancing Assignment Solution

Fig. 1: Overview of the pipeline for the assembly line balancing.

This results in decision variables to address two different is-
sues: (i) the equipment design issue, where the equipment has
to be assigned to a workstation if it is selected, and (ii) the as-
signment of all tasks to the stations, such that all constraints are
satisfied. The following binary decision variables correspond
to the aforementioned issues, respectively. We define for every
equipment j and every station k:

y jk


1, if equipment j is assigned to workstation k
0, otherwise.

In addition, we define for every task i, every equipment j and
station k:

xi jk


1, if task i is performed by equipment j at workstation k
0, otherwise.

The following is the mixed integer programming formula-
tion of the problem:

MIN
r

j=1

mmax
k=1

EC j · y jk (1)

subject to
r

j=1

xi jk =

r
j=1

xp jk ∀ j, i (2)

with p = i + 1, . . . , n
r

j=1

Li
k=Ei

xi jk = 1 ∀i (3)

n
i=1

ti j · xi jk ≤ ct · y jk ∀ j, k (4)

n
i=1

r
j=1

ti j · xi jk ≤ ct ∀k (5)

r
j=1

Lg
k=Eg

k · xg jk ≤
r

j=1

Lh
l=Eh

l · xh jl ∀(g, h) ∈ P (6)

xi jk = {0, 1} ∀i, j, k (7)
y jk = {0, 1} ∀ j, k (8)

3
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2. Problem formulation

This section introduces the notation as well as our assump-
tions and presents an mixed integer programming formulation
of the problem. This formulation also includes lower and up-
per bounds for the number of workstations which are used to
enhance the efficiency of the algorithm. The problem is defined
by the following parameters:

Variable name Variable description

n Number of tasks.
m Number of workstations.
r Number of equipment.
ti j Processing time of task i when performed

by equipment j.
ti Fastest processing time of task i among all

equipment.
ct Cycle time.
mmin Lower bound on the number of worksta-

tions, mmin = ⌈
m

i=1 ti/ct⌉.
EC j Cost of equipment type j.
P Set of pairs of tasks (g, h) such that there is

immediate precedence between them.
PTi The set of tasks which precede task i.
S Ti The set of tasks which succeed task i.
Ei The earliest workstation to which task i can

be assigned, Ei = ⌈(ti +
m

k∈PTi
tk)/ct⌉.

Li The latest workstation to which task i
can be assigned, Li = mmin + 2 − ⌈(ti +m

k∈S Ti
tk)/ct⌉.

mmax Upper bound on the number of worksta-
tions, mmax = max(Li).

We state the following assumptions to clarify the problem
setting, the overall approach is shown in Figure 1:

(i) There is a given database containing all available pro-
duction equipment for the manufacturing process. This
database is filtered based on task requirements, the me-
chanical characteristics as well as supported operations of
the equipment, into solution spaces for each task.

(ii) Each solution space consists of at least one feasible equip-
ment and associates each equipment with a specific cost.
The cost is the investment cost for the equipment.

(iii) The precedence relation between assembly tasks is known.
(iv) The assembly task is an elementary operation. As such, it

cannot be further subdivided.
(v) The duration of a task is a deterministic floating-point

value but depends on the equipment selected to perform
the task.

(vi) A task can be performed at any station of the assembly
line, provided that the equipment assigned to this station
are capable of performing the task, and that precedence
relations are satisfied.

(vii) The total duration time of tasks that are assigned to a given
station should not exceed the predetermined cycle time.

(viii) The total duration time of tasks that are assigned to a
given equipment should not exceed the predetermined cy-
cle time.

(ix) Material handling, positioning, loading and unloading
times are negligible or included in the duration of the task.

(x) The availability of equipment is not limited, i.e. every
equipment can be acquired as often as necessary.

(xi) A subset of tasks can be enforced in one workstation.
(xii) Not all equipment in the solution space needs to be as-

signed.

An example for the solution space can be see in Table 1.

Solution Space

Production
Requirements

Resource
Database filter

resources

Assembly Graph

Line Balancing Assignment Solution

Fig. 1: Overview of the pipeline for the assembly line balancing.

This results in decision variables to address two different is-
sues: (i) the equipment design issue, where the equipment has
to be assigned to a workstation if it is selected, and (ii) the as-
signment of all tasks to the stations, such that all constraints are
satisfied. The following binary decision variables correspond
to the aforementioned issues, respectively. We define for every
equipment j and every station k:

y jk


1, if equipment j is assigned to workstation k
0, otherwise.

In addition, we define for every task i, every equipment j and
station k:

xi jk


1, if task i is performed by equipment j at workstation k
0, otherwise.

The following is the mixed integer programming formula-
tion of the problem:

MIN
r

j=1

mmax
k=1

EC j · y jk (1)

subject to
r

j=1

xi jk =

r
j=1

xp jk ∀ j, i (2)

with p = i + 1, . . . , n
r

j=1

Li
k=Ei

xi jk = 1 ∀i (3)

n
i=1

ti j · xi jk ≤ ct · y jk ∀ j, k (4)

n
i=1

r
j=1

ti j · xi jk ≤ ct ∀k (5)

r
j=1

Lg
k=Eg

k · xg jk ≤
r

j=1

Lh
l=Eh

l · xh jl ∀(g, h) ∈ P (6)

xi jk = {0, 1} ∀i, j, k (7)
y jk = {0, 1} ∀ j, k (8)
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The objective function (1) represents a minimization formu-
lation of the total investment cost for all resources. Note that Li

and mmax serve as upper bound for the latest workstation a task
can be assigned to and the upper bound on the number of work-
stations, respectively. Constraint (2) allocates task i and task p
to the same workstation. This allows for company specific re-
quirements in the task to workstation assignment. The assign-
ment constraint (3) implies that each task must be assigned to
exactly one workstation. Constraint (4) ensures that the total
task time at each equipment of the workstation cannot exceed
the cycle time, constraint (4) also ensures that a task cannot be
performed by an equipment in a workstation if this equipment is
not assigned to the respective station. Due to the possibility of
multiple equipment at one workstation, constraint (5) ensures
that the total task time of all tasks at one workstation cannot
exceed cycle time. Constraint (6) imposes the precedence re-
lations of tasks and constraint (7) and (8) define the decision
variables to be binary.

3. Case Study

We evaluate the developed model on two example problems,
the first example is adapted from [6], the second one is a real-
world example. The first example problem has three available
equipment, 10 tasks and a cycle time constraint of 50s. These
three equipment have varying task times and cost. Equipment 1
(E1) can perform all tasks while E2 is faster, but only capa-
ble of performing some tasks and E3 being the least expensive,
yet slowest equipment. This example problem is without addi-
tional constraints, such as the requirement to perform a subset
of tasks in one workstation, or similar. Additionally it is with-
out defined task-types, but the available equipment can be seen
as a resource database which can be processed, as seen in the
overview Figure 1, into a solution space for every task, shown
in Table 2. For more detailed information on the example we re-
fer to [6]. An optimal configuration is calculated using Google
or-tools with a linear optimization CP-SAT solver in less than
0.05s while reproducing the optimal investment cost solution
of $360 000 with four workstations, illustrated in Table 3. A
dash in the investment cost column of Table 3 indicates that
the equipment is already purchased for this workstation due to
an earlier task to equipment assignment. Therefore, the invest-
ment cost for the particular equipment is only listed once. In
this example problem the single equipment per workstation as-
signment is a result of the capabilities of equipment E1 or E2,
which can process close to every task. This makes an assign-
ment of multiple equipment per workstation unnecessary. If we
reduce the capabilities of the resources to perform only a small
fraction of selected tasks a multi-equipment per workstation so-
lution is achieved.The presented second example is a real-world assembly line
balancing problem of a paced, manual assembly line with 16
tasks of types: {separation, handling, joining}, shown in Fig-
ure 2a. For this example, a resource database with 110 unique
equipment is used, separated into solution spaces for each task
where every entry corresponds to the capability of an equip-
ment to perform this task, the necessary time to finish it and the
investment cost (see Table 1 for an example). This depicts the

Table 2: The solution space for the first example problem, generated based on
the information by [6]. Task types are omitted because they aren’t defined for
this problem.

Task Equipment Task time (s) Investment
cost ($)

1 E1 8 100 000
E2 6 100 000

2 E1 13 100 000
E3 14 60 000

3 E1 49 100 000
E2 40 100 000

4 E1 15 100 000
E3 17 60 000

5 E1 18 100 000
E2 14 100 000

6 E1 15 100 000
E2 12 100 000
E3 20 60 000

7 E1 10 100 000
E2 8 100 000

8 E1 10 100 000
E2 8 100 000
E3 13 60 000

9 E1 33 100 000
E3 38 60 000

10 E1 25 100 000
E3 20 60 000
E3 28 60 000

Table 3: The balancing solution for the first example. Task types are omitted
because they aren’t defined for this problem. Total investment cost: $360 000.

Workstation Task Equipment Investment cost ($)

1 1 E2 100 000
3 E2 -

2 2 E1 100 000
5 E1 -
6 E1 -

3 9 E3 60 000

4 5 E2 100 000
7 E2 -
8 E2 -
10 E2 -

characteristics of equipment (e.g. a handling equipment can-
not perform a joining task) to perform one, or multiple, of the
aforementioned task types with different trade-offs regarding
cost and efficiency. An additional requirement for this exam-
ple is that tasks of type separation directly preceding a han-
dling task must be assigned to the same workstation. This re-
quirement can is achieved with the definition of constraint (2):
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(a) Assembly graph used for the example.
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t7, joining
E24

t6, handling
E24
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(b) Assembly graph colored with respect to the assigned equipment.

Fig. 2: Both pictures show the assembly graph used for the example, where the name indicates the task number and task type. 2a shows the precedence relations
and 2b is colored based on the chosen equipment listed as E* below the task number and type. The colors indicate identical equipment for the task. The dashed line
indicates the different workstations, all equipment above are assigned to workstation 1 (WS1) and all equipment below are assigned to workstation 2 (WS2).

∑r
j=1 xi jk =

∑r
j=1 xp jk with p = i + 1 if type(i) = separation and

type(p) = handling.
This problem is solved with our optimal algorithm optimiz-

ing for minimal investment cost (1), determining equipment
selection, the task to equipment assignment and equipment to
workstation assignment subject to a global cycle time constraint
of 16.5 seconds. The optimal configuration is again calculated
using Google or-tools with a CP-SAT solver and is shown in
Table 4. An assembly graph colored with the task to equipment
assignment as well as the equipment to workstation assignment
is shown in Figure 2b. The dashed line shows the separation
between two workstations, all equipment in the upper half are
assigned to workstation 1 and all equipment in the lower half to
workstation 2. Table 4 shows the corresponding costs for each
equipment, the assigned tasks and the task types performed by
each equipment. A dash in the investment cost column of Ta-
ble 4 indicates that the equipment is already purchased for this
workstation due to an earlier task to equipment assignment.
Therefore, the investment cost for the particular equipment is
only listed once.

The solution uses 14 times equipment 24 (E24), 1-time E42
and E109 with a total investment cost of 47 085€ and was cal-
culated in 17.24 seconds. This outperforms the manual solution
with a total investment cost of 49 327€ and effort of multi-
ple days with the same resource database as input data. Con-
trary to the solution of the first example, multiple equipment
are assigned to one workstation to achieve the minimum invest-
ment cost. This is due to the limited capabilities of the available
equipment to perform multiple, or all tasks, as E2 and E1 of the
first example are capable of. As a conclusion, the capabilities
of the equipment to perform all tasks, or a multitude of them, in
the first example are unrealistic in a real-world production en-
vironment. This confirms the assumptions of the introduction,
that equipment are rather limited in their abilities because they

Table 4: The balancing solution for the assembly graph in Figure 2a
subject to the resource database. Task type {s, h, j} corresponds to
{separation, handling, joining}, respectively. Total investment cost: 47 085€.

Workstation Task Equipment Task type Investment
cost (€)

1 1 E42 s 10 030
2 E24 h 10 774
3 E24 j -
4 E24 h -
5 E24 j -
6 E24 h -

2 7 E24 j 10 774
8 E24 h -
9 E24 j -
10 E24 h -
11 E24 j -
12 E24 h -
13 E24 j -
14 E109 s 15 507
15 E24 h -
16 E24 j -

are highly specialized production resources to perform a set of
tasks and hence achieve high efficiency.

High occurrence of equipment 24 indicates that the available
equipment in the resource database are unevenly distributed
concerning the capabilities of the equipment. Equipment 24’s
dominating occurrence indicates this particular equipment is
capable of multiple task types in combination with low invest-
ment cost. An important conclusion drawn from this example is
that the whole solution is highly dependant on valid and realis-
tic input data, in our case the resource database. Our solution is
deterministic on the objective function, i.e. the investment cost,
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type(p) = handling.
This problem is solved with our optimal algorithm optimiz-

ing for minimal investment cost (1), determining equipment
selection, the task to equipment assignment and equipment to
workstation assignment subject to a global cycle time constraint
of 16.5 seconds. The optimal configuration is again calculated
using Google or-tools with a CP-SAT solver and is shown in
Table 4. An assembly graph colored with the task to equipment
assignment as well as the equipment to workstation assignment
is shown in Figure 2b. The dashed line shows the separation
between two workstations, all equipment in the upper half are
assigned to workstation 1 and all equipment in the lower half to
workstation 2. Table 4 shows the corresponding costs for each
equipment, the assigned tasks and the task types performed by
each equipment. A dash in the investment cost column of Ta-
ble 4 indicates that the equipment is already purchased for this
workstation due to an earlier task to equipment assignment.
Therefore, the investment cost for the particular equipment is
only listed once.

The solution uses 14 times equipment 24 (E24), 1-time E42
and E109 with a total investment cost of 47 085€ and was cal-
culated in 17.24 seconds. This outperforms the manual solution
with a total investment cost of 49 327€ and effort of multi-
ple days with the same resource database as input data. Con-
trary to the solution of the first example, multiple equipment
are assigned to one workstation to achieve the minimum invest-
ment cost. This is due to the limited capabilities of the available
equipment to perform multiple, or all tasks, as E2 and E1 of the
first example are capable of. As a conclusion, the capabilities
of the equipment to perform all tasks, or a multitude of them, in
the first example are unrealistic in a real-world production en-
vironment. This confirms the assumptions of the introduction,
that equipment are rather limited in their abilities because they

Table 4: The balancing solution for the assembly graph in Figure 2a
subject to the resource database. Task type {s, h, j} corresponds to
{separation, handling, joining}, respectively. Total investment cost: 47 085€.

Workstation Task Equipment Task type Investment
cost (€)

1 1 E42 s 10 030
2 E24 h 10 774
3 E24 j -
4 E24 h -
5 E24 j -
6 E24 h -

2 7 E24 j 10 774
8 E24 h -
9 E24 j -
10 E24 h -
11 E24 j -
12 E24 h -
13 E24 j -
14 E109 s 15 507
15 E24 h -
16 E24 j -

are highly specialized production resources to perform a set of
tasks and hence achieve high efficiency.

High occurrence of equipment 24 indicates that the available
equipment in the resource database are unevenly distributed
concerning the capabilities of the equipment. Equipment 24’s
dominating occurrence indicates this particular equipment is
capable of multiple task types in combination with low invest-
ment cost. An important conclusion drawn from this example is
that the whole solution is highly dependant on valid and realis-
tic input data, in our case the resource database. Our solution is
deterministic on the objective function, i.e. the investment cost,
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but stochastic on the assigned resources if multiple equipment
combinations meet the requirements.

4. Conclusion

In this paper, a mixed integer linear programming mathemat-
ical model is developed to solve the equipment selection and
assembly line balancing of a flexible assembly line that con-
sists of multiple different assembly equipment. The purpose of
this model is to choose multiple equipment to assign to work-
stations of the paced assembly line and allocate tasks to these
equipment, to minimize the total investment cost of the line.
This problem is NP-hard since the simplified case of it is the
simple assembly line balancing problem, which is known to be
NP-hard. We present a formulation of the problem and a math-
ematical model to solve it, including constraints to account for
additional requirements, such as assembly tasks performed on
the same workstation based on their type. Yet, different sorts of
requirements can be included with the formulation as well. This
model is combined with a resource database containing possi-
ble equipment and cost for a real-world problem. This problem
highlights the demand for multiple equipment to workstation
assignments as well as additional constraints. However, the so-
lution to the problem has shown flaws in the resource database
but it showcases the ability to solve the problem for more than
100 possible equipment in a reasonable time. Additionally, it
points out that real-world manufacturing problems use special-
ized equipment to leverage efficiency and high production rates
which is contrary to example problems with highly capable
equipment. Future research could investigate multi-objective
optimization including required space or variable costs, which
the current model does not account for.
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