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Abstract

Nowadays, end customers require personalized products to match their specific needs. Thus, production systems must be
extremely flexible. Companies typically exploit assembly lines to manufacture produces in great volumes. The development
of assembly lines distinguished by mixed or multi models increases their flexibility concerning the number of product vari-
ants able to be manufactured. However, few scientific contributions deal with customizable products, i.e., produces which
can be designed and ordered requiring or not a large set of available accessories.

This manuscript proposes an original two-step procedure to deal with the multi-manned assembly lines for customized
product manufacturing. The first step of the procedure groups the accessories together in clusters according to a specific
similarity index. The accessories belonging to a cluster are typically requested together by customers and necessitate a sig-
nificant mounting time. Thus, this procedure aims to split accessories belonging to the same cluster to different assembly
operators avoiding their overloads.

The second procedure step consists of an innovative optimization model which defines tasks and accessory assignment to
operators. Furthermore, the developed model defines the activity time schedule in compliance with the task precedencies
maximizing the operator workload balance. An industrial case study is adopted to test and validate the proposed procedure.
The obtained results suggest superior balancing of such assembly lines, with an average worker utilization rate greater than
90%. Furthermore, in the worst case scenario in terms of customer accessories requirement, just 4 line operators out of 16
are distinguished by a maximum workload greater than the cycle time.

Keywords Assembly line balancing - Activity scheduling - Customized production - Product accessory - Clustering
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v 1, if order o requires both accessories i and j
0, otherwise

{ 1, if order o requires only 1 accessory between i and j

0, otherwise

1 Introduction

Manufacturing production evolved over the years since its
origin. Indeed, different paradigms characterized the history
of manufacturing since the industrial revolution. The “craft
production” was arisen with the first industrial revolution
in the eighteenth century and was supplanted by the “mass
production,” i.e., the paradigm born in the Piquette factory
of Detroit to produce the Ford Model T at the beginning of
1900 [1]. Such latter paradigm leverages for the first time
the assembly line (AL), i.e., a product flow-oriented produc-
tion system (Hu Jack 2013). The mass production paradigm
allowed companies to provide identical final goods cheaply.
Indeed, the adopted ALs ensured a dramatically productiv-
ity increase due to both the component standardization and
work activities optimization [2]. The availability of cheap
products that could be purchased by previously excluded
segments of the population ensured the emergence of novel
markets. Such circumstances allowed the success of the mass
production paradigm which held sway until 1980 [3, 4]. A
growing portion of consumers looked for products that better
match their personal requirements, even at a higher cost [5].
Thus, the “one-size-fits-all” products that aimed to minimize
the production cost did not meet the consumer expectations.
Thus, the 1980s mass production was no longer a suitable
production paradigm. The stiff ALs which allowed a huge
productivity increase during the previous years do not have
the required flexibility to manufacture the customized prod-
ucts required by the market.

Such circumstances forced companies to develop a high
variety of products, giving rise to the “mass customization”
paradigm [6]. Mass customization means that customers can
define the product specification by choosing the available
accessories. An accessory modifies the functional or aes-
thetic product attributes and is typically related to a physical
component [7]. Furthermore, the number of product vari-
ants provided by companies increased considerably over
time. For instance, in the automotive industry, the number
of accessories available to customers is tremendously raised
in the last decades, i.e., leading up to 102 available variants
for a single model for traditional compact cars [8, 9].

As result, such environment forces production systems to
be more flexible. Therefore, for highly customized products,
companies focus on assembly to order approach [10]. The
firms that implement such approach define which features
the final product can satisfy and then develop the needed
components to achieve the selected features [11]. Thus, the
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customers can design the final product by equipping it with
the components that ensure the fulfilment of their needs or
preferences.

In light of the aforementioned aspects, several indus-
trial companies leverage ALs to manufacture customizable
products. Indeed, the aim is to preserve the line productiv-
ity which distinguishes the manufacturing of identical prod-
ucts even for those ones dedicated to customizable products.
A proper design of such production systems is crucial to
achieve the abovementioned goals. The balancing of custom-
izable product ALs must consider both temporal and spatial
aspects. Indeed, the workload should be similar between the
line operators and the components must physically fit in the
available area even in the presence of accessories. Further-
more, a customize production of large size produces, e.g.,
cars and machineries, typically requires the coordination
of several operators within the same workstation of an AL.
In fact, multiple operators are traditionally involved in the
simultaneous performance of assembly tasks on the same
workpiece and in the same workstation. Thus, the assembly
tasks scheduling over the line cycle time must define the
temporal workloads of every single operator within the same
workstation at every time to ensure the task technological
precedencies.

Considering the aforedescribed scenario, this paper
proposes an original procedure to efficiently and effec-
tively solve the problem of balancing ALs distinguished by
highly customized product to be manufactured. The novelty
of this research is a unique two-step approach which ena-
bles to tackle such complex scenario. In particular, the first
step aims at defining clusters of accessories often required
together by end-customers leveraging the details of the
received orders. These clusters represent valuable input data
for the AL balancing mathematical model proposed as a sec-
ond step of the procedure to decrease the problem complex-
ity and therefore obtaining a feasible and good solution in a
limited amount of time. Indeed, the aim of this research is
to offer a suitable solution procedure in particular for those
real industrial case studies often distinguished by hundreds
of mounting tasks and other practical constraints, as more
than one operators working simultaneously in the same sta-
tion on the same product.

This paper is organized as follows. Section 2 outlines the
current state of the art of the AL systems deepening on the
customizable products. Section 3 presents the AL balanc-
ing problem (ALBP) for customised product qualitatively.
Section 4 describes the management of product accessory in
compliance with the customer requirements. Section 5 pre-
sents the mathematical model developed to optimise the pre-
viously described problem. Section 6 describes a real indus-
trial case study related to big agricultural machine assembly
exploited to test and validate the proposed procedure. The
achieved results are presented and discussed in Sect. 7, while
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the conclusions and advices for further research develop-
ment are proposed in the last Sect. 8.

2 Literature review

The industrial production focuses on assembly systems since
the mass production paradigm outbreak. Scientific research
developed throughout the years different ways to represent
the AL production systems and several methodologies have
been proposed to achieve the workload balancing between
the workstations. The increasing number of product variants
requested by the market imposes to focus the scientific effort
on mixed or multi-model ALs. A multi-model line performs
at least two different product types requiring set-up opera-
tions; thus, end produces are mounted in batches [12]. A
mixed-model line manufactures a family of similar products
that share some tasks with each other and are distinguished
by different end-produced variants (e.g., accessories). Such
lines do not require any set-up operations between the
mounting of different product variants,thus, the lot size can
be considered equal to one [13, 14]. The mixed model lines
also allow the assembly of products that can be equipped
with multiple accessories to define several end product vari-
ants. However, these variants are not able to adequately and
fully represent the customizations requested by end custom-
ers necessary to define a personalized and unique version of
the required product [15].

Assembly product customization can be classified into
two main typologies. Accessory is a product feature that may
or may not be required by the end customers, as the parking
assistant system of a car. On the other hand, an option repre-
sents a feature always included in the final product. Indeed,
the customers have to choose one alternative of each option
[16]. For instance, the car alloy wheels must typically be
chosen between several alternatives which include different
designs and sizes, but strictly one selection has to be picked.

Traditional research typically faces the mixed-model
ALBP as a simple ALBP by creating a joint precedence
graph [17]. Such chart represents the precedence graph for
the assembly tasks of a virtual average model which results
from the overlay of all the precedence graphs of the different
product variants mounted by the AL. Since the number of
product accessories experienced a tremendous increment in
the latest years, the definition of the joint precedence graph
is extremely challenging [18]. Indeed, the number of all pos-
sible combinations of product customizations represents an
enormous variety [19]. Considering such circumstances, it
is recommendable to reduce the problem size by considering
how often each accessory is required by end-customers [20].

The opportunity to customize the products increases the
risk of overload occurrence since the accessories require
an extra assembly time. Mixed-model ALBPs aim to define

task assignment avoiding overloads. Furthermore, the mod-
els developed in the literature typically exploit the joint
precedence graph and the average task execution time as
input data [21]. However, a task assignment so obtained
cannot avoid overloads whether several products which
require numerous accessories follow each other, especially
if assigned to the same workstation. On the other hand,
significant idle times arise when the line assembly several
products are characterized by low assembly time [22]. The
product sequencing faces the overload issue in a short-time
perspective. The first problem formulation proposed by the
literature imposes that each workstation performs no more
than one accessory [23].

A further relevant area of research which tackles such
problem category is defined as customized product manufac-
turing. Several mathematical models have been proposed to
define the optimal task to machine assignment considering
the required product personalizations [24]. Some of these
also consider the dynamic evolution of the manufacturing
systems over time trying to minimize the idle time of the
employed resources [25]. Further contributions propose very
promising two-step approaches to split the definition of the
accessory clustering from the scheduling of these to manu-
facturing machines (Kamrani and Smadi, 2012). Unfortu-
nately, very few researches have been developed so far to
translate these concepts into production systems organized
in ALs. Lu et al. [26] suggest a qualitative framework to
model the dynamic variability of large assembly systems for
highly customized products. As far as the authors’ knowl-
edge, Otto and Li [27] is the unique contribution which pro-
poses a mathematical formulation to tackle the problem of
assembling customized products with a particular focus on
the scheduling of the product sequence to the line but not
on the balancing of the mounting activities to the different
operators and stations thus resulting in possible overloads
of the employed resources.

Indeed, despite the huge number of product variants,
customer requests typically have several common accesso-
ries. Such circumstance allows to reduce the overloads if
proper leveraged. In fact, it is possible to cluster the product
variants requested by customers according to the accessories
which have to be assembled. Thus, both the task assignment
and the product sequencing may depend on the product clus-
ters reducing the operator’s overloads (Solnon et al. 2005).

Furthermore, most tasks and accessories involve the
assembly of physical components that occupy a specific
volume and dimensions (length, width, and height). Some
of these require a negligible space and are typically placed
in trolleys without considering the occupied space, e.g.,
commercial components such as screws or seals [28]. On
the other hand, several components occupy a considerable
volume and must be placed in the storage area along the
AL. Indeed, each workstation has a dedicated storage area
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to stock the components which must be mounted in such
workstation [29].

The constraints concerning the components fitting in the
storage area influence the optimal workload balance solu-
tions, especially for large-sized products (Fattahi et. al,
2011). Indeed, a balanced solution can be infeasible if sev-
eral large components must be stored in the same worksta-
tion due to the task assignment and they cannot be fitted in
the storage area. Furthermore, customized production ena-
bles the customers to choose between several accessories
which require the assembly of different components [30].
The tasks to station assignment must ensure the components
fitting within the dedicated workstation storage area what-
ever the accessory combination requested by the customers
is.

Moreover, the assembly of large components can involve
two or more operators due to handling difficulties, i.e., the
crankcases assembly to cover moving mechanical compo-
nents. If two or more operators belong to the same worksta-
tion, the production system is classified as a multi-manned
AL [31]. The task and accessory assignment as well the
material feeding is more challenging in such ALs compared
to the single-operator ones. Indeed, the activity coordina-
tion of the different operators must be adequately managed
[32, 33]. Such requirement imposes the task scheduling even
within the same station to define the start and the end times
of each task execution.

As far as the authors’ knowledge, no contribution in the
scientific literature, in particular in the field of customized
product manufacturing, seems to combine all the aforemen-
tioned features in a unique mathematical model to provide a
valuable help in the ALBP and activity scheduling. There-
fore, this paper presents a two-step procedure to efficiently
and effectively solve problems distinguished by the simul-
taneous presence of all these features:

e customized products to be assembled, defined by the
unique combination of accessories to be mounted
requested by the end customer

e consideration of the space required in every station to
store the components needed by the assembly tasks, also
the ones to mount the accessories

e possibility to have more than one operator per station,
therefore resulting in a multi-manned AL, in particular
for large-sized products

e balancing of the assembly activities between the opera-
tors, in particular, considering the different frequencies
of the several accessories to be mounted

The procedure’s first step is represented by an original
clustering algorithm necessary to define the sets of acces-
sories distinguished by similar characteristics, as assembly
duration, and often requested together by end customers.
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The second step is defined by a novel integer linear program-
ming model (ILP) to solve such complex ALBP for custom-
ized product manufacturing leveraging between the multiple
input data the accessory clusters. This model guarantees a
suitable balance of the workload between the operators of
the AL considering the task time scheduling and the con-
straints related to the available area near the workstations
for component storage.

3 The problem of customized product
assembly line

This paper deals with the assembly of customizable prod-
uct performed on multi-manned ALs considering compo-
nent storage at station level and accessory request by end
customers. The main feature which distinguishes custom-
ized product ALs from traditional ones is represented by
the impact that product accessories have on AL balancing.
Indeed, traditional ALs are distinguished by a set of tasks
which have to be executed each cycle time, e.g., every prod-
uct needs all of them to be completed. On the contrary, the
produced accessories which distinguish customized product
AL require the related mounting tasks only for those orders
for which the end customers select them. In particular, for
every customized product to be manufactured on the AL, a
subset of accessories is selected by the customer; therefore,
it is needed to be mounted on the line. This subset differs
from client to client resulting in a different operator work-
load every cycle time, since they may or may not execute the
assembly task related to a product accessory depending on
the customer requirement.

This manuscript presents an original two-step procedure
which leads to assembly task assignment to line operators
maximizing the workload balance between them while
considering the relevant and interconnected features which
distinguish such complex problem. The first procedure step
involves the product customization management. Indeed, a
proper produce accessory management is crucial to prevent
unexpected overloads of workers and guarantee a proper
workload balance. This step exploits the list of customer
orders to define which accessories are typically requested
together, thus usually mounted on the same product. Indeed,
this step leads to define clusters of accessories based on spe-
cific similarity conditions. The ultimate goal is to assig to
different operators the accessories belonging to the same
cluster, e.g., usually mounted on the same product, to pre-
vent overloads in the AL. Table 1 presents an example of
a possible order list. This table shows which customers
require (v symbol) which accessory and which no (- symbol).
Therefore, Table 1 points out the accessories typically
requested together by the customers. For instance, in
the example presented below, every customer order which
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Table 1 Example of a customer

. Customer
order list. Customer orders

Accessory

are represented by the id C, A10094

A10014

A10041 A10080 A10102 A10126

accessory by the id A
C250334

C250335
C250336
C250337
C250338
C250339
C250340
C250341
C250342
C250343
C250344
C250345
C250346
C250347

D N N N N N
<L

DN N N N N NN

<K

requires the accessory A10014 also requires the accessory
A10080 and vice versa.

The second step of the proposed procedure includes a
novel integer linear programming (ILP) model which assigns
the traditional mounting tasks as well as the product acces-
sories to the operators ensuring a proper workload balance
between them. Furthermore, such AL management requires
several expedients due to the product customization as well
as the simultaneous presence of several operators in the
same workstation. Indeed, a customized production requires
the assembly of a predefined number of tasks and a variable
number of accessories, which can be chosen by every single
customer. Moreover, this research considers the assembly
of tasks and accessories both in terms of time required for
mounting activities and for the station storage area needed
for component feeding.

In particular, the following assumptions are considered in
the modelling of the aforedescribed customized product AL:

e traditional tasks and product accessories are distin-
guished by known values for the following:

— deterministic execution time

— mounting frequency (i.e., percentage of customer
orders which requires a certain accessory)

— dimensions of the required components

— number of needed operators to carry out the related
assembly activities

e line operators are equally skilled, e.g., every task or
accessory can be assembled by whatever operator requir-
ing the same mounting time

e number of operators per station can vary within a upper
limit

e paced line with constant cycle time

The features which distinguish customized product ALs
from traditional ones also have a significant impact on the
two-step procedure proposed to solve such complex ALBPs.
Indeed, an optimal workload balancing along customized
product ALs must consider how often the operators have to
perform assembly tasks related to the accessories assigned
to them. Thus, the proposed procedure leverages the order
list with the specification of all the accessories requested
by each single customer. This enables to define the acces-
sory mounting frequency, i.e., how frequently accessories
are requested together by the same customers. Furthermore,
assembly operators might face overload in their activities if
a product requires the assembly of several accessories. For
instance, if several low-frequency accessories are assigned
to an operator, his average workload can be moderate. Nev-
ertheless, if one specific final product ordered by a single
customer requires the assembly of all such accessories, it
probably causes an overload in assembly activities. Figure 1
presents an example of the workload of an operator which
assemble three different customer orders distinguished by
the same set of traditional tasks (letter T) but a varying set
of accessories (letter A), resulting in a potential unbalance.

Finally, the latest feature of the considered multi-manned
customized product AL deals with the need of assembly
activity scheduling. Indeed, compared with traditional
ALBPs, task and accessory assignment to operators does not
guarantee the respect of technological precedence. Indeed,
since two or more workers belong to the same station, every
task and accessory has to be scheduled, i.e., define the time
instant when its execution starts and finishes during the cycle
time. The developed ILP model also defines the scheduling
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Fig. 1 Operator workload for
three different customer orders

distinguished by the same set 0 250562
of traditional tasks (letter T)
but a varying set of accessories
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of mounting, thus allowing the fulfilment of the technical
precedencies even for the tasks and accessories assigned to
different operators who belong to the same workstation.

The next two sections present the two steps of the devel-
oped procedure which leads to solve the customized product
ALBP. Section 4 describes the accessory clustering which
avoids operator overloads. Section 5 presents the developed
ILP model which defines both the task and accessory assign-
ment to operators as well as the scheduling of all the assem-
bly activities.

4 Accessory clustering

This section presents the first step of the developed proce-
dure which aims to manage the accessory clustering. Such
accessories have to be assembled only if a customer requires
them. Thus, the operator workload varies according to the
customer requests. This workload should be as smooth as
possible to avoid production delays, stressful working con-
ditions, and the improper presence of pieces along the AL.
The developed procedure groups the accessories in clusters.
A cluster is a collection of accessories which share common
features. The proposed procedure suggests to compute high
similarity between the pairs of accessories which are typi-
cally requested together by the customers. Thus, the clus-
ters contain accessories which usually have to be assembled
for the same product. This circumstance could lead to an
overload if the accessories belonging to the same cluster
are assigned to the same operator. Therefore, a proper AL
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Customer order
C250563

C250564

T10101
T10126

A10045

balance should leverage these clusters favoring the assign-
ment of accessories belonging to the same cluster to differ-
ent operators.

The procedure for accessory clustering starts by calculat-
ing the similarity index S;; of all the accessory pairs (i,j) as
a value between 0 and 1. S;; involves multiple parameters
to consider both customers accessory preferences and aver-
age workload due to accessory pairs assembly activities.
S;; computation requires customer orders as well accessory
mounting time as input data. Indeed, S;; (Eq. (1)) consid-
ers both how often customers require accessories i and j
together and the average mounting time parameter (MTj)
of the accessory pair (Eq. (2)). S;; tends to 1 for the pairs of
accessories typically requested together by customers and
which represent a great average workload for the operators.
Indeed, the parameter a;° is equal to 1 if both accessories
i and j are requested by customer order o and O otherwise.
On the other hand, b;® value is 1 only if customer order o
requires strictly one accessory between i and j, while pij" is
equal to 1 when neither i nor j is requested by the customer.
Furthermore, MTij, which ranges between 0 and 1, considers
both the accessory mounting time (t; and t;) and frequency
(f; and f;) to compute the average workload faced by the
operator who has to assemble both the accessories i and j.
MT;; is equal to 1 only for the pairs of accessories which
require the highest average workload, e.g., high mounting
time and frequency. Finally, Eq. (3) defines the accessory
mounting frequency (f;). The involved binary parameter q;°
is equal to 1 if the customer order o requires the accessory
i, O otherwise.
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Once S;; is computed, the proposed procedure leverages a
hierarchical algorithm to group the accessories in clusters in
sequential steps. Every step consists in merging 2 elements
or previously formed clusters into a new cluster. Further-
more, the algorithm proceeds with the subsequent merging
favoring the joining between the pairs with the highest S;;. In
particular, the UPGMA hierarchical algorithm is adopted to
define S;; [34-44]. The algorithm repeats such step until all
the accessories are grouped into a single cluster. This proce-
dure allows drawing a dendrogram, i.e., a rooted tree which
highlights every clustering resulting from the hierarchical
algorithm. Figure 2 presents a dendrogram example with the
vertical axis expressing the similarity index. Every acces-
sory or cluster joining is performed for decreasing similar-
ity values as suggested by the hierarchical algorithm. The
accessory clustering results from the dendrogram cut. For

instance, Fig. 2 displays the rooted tree cut, i.e., the red line,
at the similarity value of 0.7. Such dendrogram cutting leads
to group the accessories in 2 clusters. The first one includes
the accessories A10031, A10032, and A10033, while the
second contains A10034 and A10035.

The output of this procedure step, i.e., the accessory
clustering, represents an input for the later workload bal-
ance step. The cluster information is summarized through
four data sets. The parameter e;, identifies the accessories
belonging to clusters (Eq. (4)). Equation 5 defines the cluster
cardinality Icl. Each cluster is distinguished by the average
mounting time (TA_) and the average mounting frequency
(FA,), Egs. (6), and (7), respectively.

1, if the accessory i belongs to the cluster ¢ vi
e = i,c
0, otherwise
)
1
el =) e ve 5)
1
G G
TA = S Ve 6)
1
>ofi e
FA, = T Ve (M

Finally, Fig. 3 outlines the proposed procedure for acces-
sory clustering. Customer order analysis enables to define
the required input and consequently the computation of MT;;
and S;;. Thus, leveraging the hierarchical algorithm a dendro-
gram is defined, which cut-off defines the accessory clusters.
Finally, several data, as e;,, FA_, and TA_, are obtained by the
clusters and become input for the next step of the procedure,
i.e., workload balance.

The next section presents the integer linear programming
model which leads to the optimal operator workload bal-
ance in the customized production AL. In order to achieve
such objective, the accessories belonging to the same cluster
should be assigned to different operators to avoid peaks in
worker workload for those customer orders which require
them simultaneously.

5 ILP model

This section presents the second step of the developed pro-
cedure to tackle the ALBP of customized products. This step
consists in a novel integer linear programming (ILP) model
which aims to balance the workload between the operators
of the AL while minimizing the total number of operators
involved. The ILP model achieves the aforementioned objec-
tives guaranteeing the production pace that meets the market
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Customer orders

Input collection: tj, fj, aj;, bj;°, Pj;

Parameter computing: MTj;, Sj;

Hierarchical algorithm

Dendrogram
and cut-off

Clusters

Output computing: ej., TA, FA.

Fig.3 Accessory clustering procedure

requests and in compliance with the technical constraints of
the assembly process. Furthermore, the model considers the
spatial constraints to ensure the components fitting in the
storage area of the different workstations. Finally, the pro-
posed ILP model also considers the outputs of the accessory
clustering procedure. Indeed, several constraints limit the
number of accessories that could be assigned to an operator
if belonging to the same cluster.

Concerning the ILP model definition, the index i identi-
fies both tasks and accessories. The developed model dif-
ferentiates between these two categories through the usage
of f; and e;, parameters. f; is equal to 1 if i is a task; other-
wise, the value is less than 1 since it represents how often
the customers require that accessory i. €;, is equal to O for
tasks since they are not involved in the clustering phase,
whereas its value is equal to 1 if the accessory i belongs to
the cluster ¢ and O otherwise, since it represents the belong-
ing of accessories to clusters. The ILP model leverages the

binary variable x;,,, to assign and schedule the tasks and
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accessories. X;,,m 1s equal to 1 if the operator w who belongs
to the workstation k starts to perform the assembly of task/
accessory i at time instant /. On the other hand, the integer
variable y, represents the number of operators assigned to
workstation k. A complete list of all the ILP model indices,
parameters, and variables, along with their description, is
proposed in the Nomenclature section of this manuscript.

Focusing on the model objective function (Eq. (8)), it
minimizes the maximum operator workload of the entire
AL dealing both with tasks and accessories. Indeed, their
mounting time is multiplied by their frequency, which is
less than 1 if i is an accessory. Thereby, the computed work-
load measures the average operator workload. The effec-
tive workload value could be lower or higher, depending on
the accessories required by the customer. Thus, Eq. (8) also
maximizes the smoothness of the operator’s average work-
load. Equation 9 guarantees all the tasks and accessory exe-
cution by whatsoever workstation and operator, within the
cycle time. Equation 10 prevents the execution of 2 or more
tasks/accessories at the same time whereas Eq. (11) ensures
compliance with the technical precedencies, both for tasks
and accessories. The multiplied factor k « CT, where k is the
workstation index and CT represents the cycle time, ensures
the adherence to these precedencies if tasks/accessories i and
Jj are assigned to different workstations. On the other hand,
the parameter m allows the fulfilment of temporal preceden-
cies for pairs (i,j) assembled in the same workstation, no
matter which operator the tasks/accessories are assigned to.
Indeed, in such circumstances, the task/accessory scheduling
is crucial. Indeed, i must be completely assembled before
another operator starts the mounting of j. Thus, ¢; ensures
that the mounting of j can start only when the assembly of
i is already finished.

A further set of equations deals with the fulfilment of the
AL cycle time. Equation 12 limits the average workload,
i.e., considering the accessory mounting frequency, of all
the operators to CT. On the contrary, the effective opera-
tor workload can be lower or higher than the average one
according to customer requests. Indeed, a product equipped
with all the available accessories requires more time to be
assembled than the average workload. Equation 13 ensures
the fulfilment of CT adjusted by a factor g which is major
than 1 for such circumstances. This equation allows over-
loads as long as they are restricted by a g factor. Further-
more, such constraint does not imply a continuous overload.
Indeed, each overload is necessarily balanced by previous
or subsequent idle times to fulfil Eq. (12). On the contrary,
Eq. (14) adds a time component to the workload compared
to Eq. (12). Such component represents the average time
required for the assembly of an accessory which belongs
to cluster c. Moreover, this added time occurs only if an
operator has to assemble a number of accessories belonging
to cluster ¢ which exceeds nm, (Eq. (23)). nm, results from
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the equal division of the accessories belonging to cluster
¢ between operators. Thus, if an operator has to assemble
more than nm, accessories of the same cluster, it could result
to an overload if a product requires them simultaneously.
Such aspect is also tackled by Eq. (15). Indeed, this con-
straint prevents an over-allocation of accessories belonging
to the same cluster to an operator. The number of accesso-
ries belonging to the same cluster which are assigned to an
operator must be less than nm_ adjusted by ¢ factor. €, gives
more flexibility to the ILP model. Indeed, without this fac-
tor, the ALBP could be infeasible according to the consid-
ered case study. Equation 16 limits the maximum number of
operators involved in the entire AL, while Eq. (17) assures a
proper operators splitting between the different workstations.
Equation 18 guarantees that only the involved operator can
assemble the considered tasks or accessories. The next two
constraints face the spatial aspects related to tasks and acces-
sories physical dimensions. Equation 19 assures that the sum
of the component length of tasks and accessories assigned
to the same workstation must be less than the length of the
storage area. On the other hand, the components/accessories
cannot be transversely placed side by side compared to the
AL layout (Eq. (20)). Finally, x;,,, variable has to be binary
(Eq. (21)) and y, must be greater or equal to 0 (Eq. (22)).

1 cT
Min(%{ilvx Z ; Xikwm " & * fi) (®)

Subject to:

CT
2 Xikwm = 1 Vi (9)
m

Vk,w,m (10)

CT

K W CT K W
DD Xk - CT+mM) + 6 < D' DD Xyym(k - CT+m)
k w m k w m

CT <

Zm Z Xikwm * €ic < my, + € Ve, k,w
(15)

K

Dy <WM (16)

k

WM
Yk £ [7] +1 vk (17)
Xixwm * W < Vi Vi, k, w,m (18)

Wl
ZET ; Z Xigwm * 1 < 1k vk (19)

T w .
Zm Z Xikwm * di < dky vVik  (20)
Xigwm € [0, 1] Vi, k, m, w @1
Ve >0 vk 22)
Where
nm,, = [—— el Ve 23)
WM

The ILP model output consists in the variables y, and
Xiwm Values. y, represents the number of operators which
has to be involved in each workstation k. xj,,,, denotes the
task and accessory assignment, i.e., which operator has
to assemble them, in which workstation and time frame.
Indeed, X;,, also defines the task and accessory time sched-

uling through the index m. This variable is worth 1 only
for the value of m which corresponds to the mounting start

V(i,j) € P an

vk,w o (12)

Vk,w o (13)

i( i Xijwm—DM,,)>0

ikwm

1
CT
—nm,) - TA - FA + ) ) X -4 - f; SCT

instant of the task/accessory. Therefore, this model provides
the optimal solution considering both assignment and sched-
uling requirements. Such solution can be used as a work-
plan for the operators since it also considers the accessory
mounting time and frequency. According to proposed equa-
tions, the presented ILP model includes K(1+1-W - CT)
variables, whereas an upper bound to the constraint number

Ve, k,w (14)
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Fig.4 Farm tractor for case study

is 1+IA+D+KGB+DH+2K- WA+ C+CT0O.5+1))
occurring for the worst theoretical precedence graph distin-
guished by I tasks/accessories.

The next section presents the case study leveraged to test
and validate the proposed accessory clustering algorithm
and ILP model for ALB. Such case study consists of an AL
which manufactures self-propelled machinery for agricul-
tural use.

6 Case study

An industrial case study involving a European manufacturer
of farm tractors is adopted to test and validate the proposed
accessory clustering algorithm and ILP model for ALB
(Fig. 4). The considered manufacturer proposes to its cus-
tomers several product configurations. Indeed, every product
can be highly customized by choosing multiple accessories.

The considered manufacturing system employs a multi-
manned AL with 10 workstations due to facility layout con-
straints. The areas for component storage at each workstation
are organized as Table 2 presents, specifying both the stor-
age area length and depth. Furthermore, Fig. 5 proposes the
layout of the considered AL, highlighting the workstations
(in yellow) and the related storage areas (in red). Finally, the
blue boxes represent the trolleys to store small and general-
purpose components.

Concerning further case study information, cycle time
is equal to 115 min (6900 s) to assure the productivity
requested by the market. Table 3 presents task and acces-
sory data presenting the number of assembly operations, the
average total duration, the maximum total duration, average
assembly duration for the tasks/accessories, and the aver-
age assembly frequency for accessories. In particular, this
manufacturing process is distinguished by 105 tasks and 12
accessories.

Considering the presented data, the lower bound of the
AL operators is equal to 15 due to a cycle time of 115 min
and an average manufacturing product time equal to
1662.7 min.

Table 2 Storage area length and Workstation storage area

depth for each AL workstation

‘Workstation ID 1 2 3 4 5 6 7 8 9 10
Storage area length (lk,) [cm] 750 325 400 390 390 320 350 315 300 300
Storage area depth (dk,) [cm] 220 180 180 180 180 180 180 180 180 180
l 2 3 4 5 6 7 8 9 10
—_— CORRIDOR _—
0 Workstation O

B Storage area
B Trolley

Fig.5 Layout of the case study AL with specification of the different areas

@ Springer
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Table 3 Summary data for

. Number Overall average Overall maximum Average Average
assembly activities for tasks and duration [min] duration [min] duration [sec] frequency
accessories 0

Tasks 105 1620 1620 920 1
Accessory 12 42.7 181 905 0.283
Total activities 117 1662.7 1801 853 0.926

Table 4 summarizes the relevant information referring
to each task and accessory as assembly duration, assembly
frequency, length, and depth of components to be assembled.
Component size is equal to 0 if the related task/accessory
involves the mounting of a small size component of negli-
gible storage area occupancy. Detailed information for each
task and accessory, both in terms of duration and frequency,
are presented in Appendix 1, 2. Tables 9 and 10.

The aforementioned tasks and accessories have to be
assembled in compliance with the technical precedencies.
Such constraints are summarized through the precedence
graph in Fig. 6. The presented graph adequately represents
the complexity of real industrial ALBPs. Indeed, it is pos-
sible to notice that multiple tasks can be executed as first
in the AL, and a significant number of tasks do not lead to
further subsequent ones, e.g., they represent the final task of
a portion of the precedence graph. Moreover, the proposed
graph is distinguished by a relevant number of precedence
constraints, which significantly increase the complexity of
the targeted ALBP. Appendix 2 presents in detail all the
precedence constraints for each pair of tasks/accessories.

Table 4 Task and accessory assembly duration, frequency, and stor-
age area required

Task/ Mounting  Mounting  Component  Component
Accessory  duration frequency  length (li,) depth (di;)
ID [sec] [1 [cm] [cm]

1 307 1 0 0

2 123 1 270 115

3 429 1 0 0

4 675 1 0 0

5 613 1 120 80

6 491 1 0 0

7 736 1 0 0

8 675 1 120 80

9 2147 1 0 0

10 307 1 120 80

11 920 1 0 0

12 429 1 0 0

13 1963 1 0 0

14 736 0.085 0 0

Furthermore, in compliance with the working habits
of the considered manufacturing system, parameter g is
assumed equal to 1.15, corresponding to a maximum of
15% overload over the succeeding cycle times. Finally, € is
assumed equal to 1, since the number of accessories is lower
than the operator’s number. The next section presents the
results related to this case study considering the accessory
clustering as well as the task and accessory assignment to
operators and workstations.

7 Results and discussion

This section presents the manuscript results regarding
both the accessory clustering and the AL balancing for the
considered industrial case study. The clustering procedure
exploits the customer order list and it leads to the accessory
clustering definition. The proposed procedure leverages the
UPGMA hierarchical algorithm to define the accessories
dendrogram presented in Fig. 7. In particular, this figure
presents the list of the accessories and their grouping into
succeeding clusters distinguished by decreasing values of
similarity index. The cutting value of 0.33 is adopted to
define the final accessory clustering which leads to group
the accessories in 4 clusters. This value has been chosen
according to the case study features, as a proper trade-off
between the cluster numerousness and the similarity of the
belonging accessories. Indeed, higher cutting values would
enable to assign to the same operator accessories which are
likely to be requested by the same customer order, thus lead-
ing to an overload of the involved worker. On the contrary,
cutting values lower than the one selected may force the
assignment of certain cluster of accessories not to the same
operator despite they are not often requested together by
customer orders, thus leading to an AL unbalancing.

The accessory clusters enable to determine the parameter
e, which is equal to 1 if the accessory i belongs to cluster c.
Table 5 presents its values.

The definition of cluster enable to evaluate the clusters
main information (Table 6), i.e., the data which are the input
for ILP model, as number of accessories belonging to clus-
ters, the average mounting duration, and the average mount-
ing frequency of accessories belonging to the cluster.
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Fig.6 Precedence graph of the

considered case study o o o 0 @ @ @ m G

Such cluster information along with e, represent the out- Table 7 lists the tasks (in black) and the accessories (in
put of the accessory clustering algorithm and they are the  red) assignment to the AL operators of the 10 workstations.
inputs for ILP model, whose results are presented in the = The first row defines the operator’s ID, which is identified

following. by the belonging workstation number. The letters A and B
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Cutting value

Accessory ID

Cluster

1 0.9 0.8 0.7 0.6

v

0.5 0.4 0.3 0.2 0.1

Similarity index

Fig.7 Case study dendrogram of the required accessories and related clustering

Table 5 e, parameter for the
considered case study

Accessory 14 33 40

62 66 71 73 76 79 85 87 99

Cluster 1 0 0 0
Cluster 2 1 1 1
Cluster 3 0 0 0
Cluster 4 0 0 0

S O O =
— o O O
S = O O
S = O O
- o O O
S o O =
S O O =
S o = O
S = O O

identify the operators within the same station. Thus, letter
B is included only in workstations which involve two opera-
tors. The following rows present the tasks and the accessory
IDs in the execution sequence planned for the operators. The
proposed task and accessory sequences ensure the compli-
ance with all ILP constraints.

Table 6 Accessory cluster’s main information

Cluster ID Number of acces- Average mount- Average
sories ing mounting
duration 7A, frequency
[sec] FA (]
1 3 716 0.371
2 4 613 0.488
3 3 1104 0.236
4 2 1319 0.095

The task and accessory execution determines the
operator workload. Figure 8 presents the average opera-
tor workload, considering the different frequencies of the
mounted accessories. Each graph bar represents how long
the related operator has to work on average during the
cycle time. The blue bars define the assembly time due
to task mounting, which is always required. On the other
hand, the red bars represent the average workload due to
accessory mounting. Indeed, not all the operators have to
assemble accessories. On average, the operator workload
is equal to 6226 s, corresponding to an average time satu-
ration greater than 90%, providing an excellent solution
for the considered ALBP distinguished by a great effi-
ciency in the workforce usage.

The aforementioned average workload considers the
accessory mounting time weighted on the correspond-
ing mounting frequency. Thus, the operator workload is
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Fig.8 Average operator work- 6900
load, considering both tasks and
accessories
5520
Q'
1)
L4140
=l
<
3
;g 2760
1380
0

1A 2A 2B 3A 3B 4A 5A 5B 6A 7A 7B 8A 8B 9A 9B 10A

B Tasks mounting time

Operators

B Accessories mounting time

Table 7 Task and accessory assignment to operators in their execution sequence

Operator ID 1A- 2A 2B 3A 3B 4A 5A 5B 6A TA 7B B8A 8B 9A 9B 10A
Tasks/accessories assigned 1 11 9 25 37 24 50 18 40 63 60 62 65 69 91 103
2 15 16 28 38 33 52 53 42 64 77 73 68 95 83 87
3 17 20 31 32 35 55 54 58 61 59 84 94 105 97 88
4 19 22 29 34 36 56 57 74 67 72 80 12 106 89
5 21 23 39 41 117 75 70 81 86 14 96 104
6 26 47 76 71 92 43 98 109
7 27 48 78 82 93 44 66 110
8 30 49 79 45 85 111
13 116 51 90 46 107 112
10 99 108 113
100 114
101 115
102
Table 8 Maximum operator workload for accessory worst case scenario
Operator ID 1A 2A 2B 3A° 3B 4A 5A 5B 6A 7A 7B 8A 8B 9A 9B 10A
Maximum workload [sec] 6319 6194 6012 6501 6134 6625 6071 6133 7911 7054 6318 7605 6501 7666 7852 6869

greater if a product requires the assembly of all the avail-
able accessories. Table 8 presents the maximum operator
workload, which corresponds to the workload considering
the accessory mounting frequency equal to 1. The presented
values have to be lower than the cycle time factor g, i.e.,
6900¢1.15=7935 s, which is fulfilled by every operator of
the considered case study.

A further crucial aspect of the proposed research con-
cerns the component stocking in the storage areas along
the AL. Indeed, each workstation has its own specific

@ Springer

storage area, even if it involves two operators which
should share it. Figure 9 presents the storage area satura-
tion providing a comparison between the available and the
required space in all the workstations. Furthermore, the
area required by the components is determined by both
tasks and accessories. Indeed, the accessory components
need their storage area even if their mounting frequency
is extremely low to ensure the availability of the related
components when needed to be assembled for the cus-
tomer orders requiring the related accessories. The case
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Fig.9 Storage area saturation 20
for each workstation
18
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g 12
<
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S
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2
0

study results suggest how the storage area belonging to
the first workstation is much larger than the one of the
others. Indeed, the first tasks consist of the chassis and
axles mounting, i.e., components which are large in size.
The average storage area saturation is greater than 85%,
which is a significant achievement. Furthermore, some
areas reach their maximum saturation, i.e., 100%.

8 Conclusion and further research

This paper proposes an innovative procedure to balance ALs
dedicated to customized products. The current market trends
impose the companies to provide a wide range of product
variants to their customers. The typical approach consists in
the development of accessories which can be chosen or not
by the customers to make the product suit with their own
specific requests. Thus, the product assembly involves both
task mounting, which is always performed, and accessories
assembled if required by the customers.

The procedure presented in this manuscript to tackle such
complex problem is composed of two succeeding steps. The
first one deals with the accessory clustering. The clusters
involve accessories which are typically requested together by
customers and whose assembly requires a significant amount
of time. A specific similarity index is developed to consider
the aforementioned features leading to define a dendrogram
and the related cut-off to cluster together with the accesso-
ries in the most appropriate sets.

B Occupied area

1 2 3 4 5 6 7 8 9 10

Workstation

B Available area

The second procedure step, e.g., an original ILP model,
leverages the cluster data to avoid operator overloads. Two or
more accessories typically requested together by customers
should be assigned to different AL operators to avoid their
overload. Thus, the proposed ILP model aims to split the acces-
sories belonging to the same cluster assigning them to different
operators. This model defines task and accessory assignment
to operators according to the technical precedencies as well as
spatial and time constraints. Furthermore, it also provides task
and accessory schedules over the cycle time for each operator,
defining the assembly start time for all the mounting activi-
ties. The model objective function ensures sharing the overall
workload properly between all the operators.

The overall procedure is tested and validated leveraging
an industrial case study involving a farm tractor producer.
The results suggest that the adoption of this procedure
ensures an average operator usage rate greater than 90%
avoiding structural overloads for them with a very efficient
utilization of the workstation areas for component storage.

Further research should focus deeply on the product cus-
tomization, for instance, proposing a one-step procedure that
includes the accessory features directly in an optimization
model with novel constraints. Moreover, an additional but
relevant industry trend is related to customer requests which
often change continuously. Thus, the product accessories
may also change very often. For this reason, an evolution
of the proposed ILP model could be considered to rebal-
ance the AL considering the occurred modifications to the
manufacturing system of interest.
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Appendix 1

Table 9 Task and accessory

Task/accessory ID  Mounting duration Mounting Component Component
data [sec] frequency [] length (Ii;) [cm] depth (di;)
[cm]
1 307 1 0 0
2 123 1 270 115
3 429 1 0 0
4 675 1 0 0
5 613 1 120 80
6 491 1 0 0
7 736 1 0 0
8 675 1 120 80
9 2147 1 0 0
10 307 1 120 80
11 920 1 0 0
12 429 1 0 0
13 1963 1 0 0
14 736 0.085 0 0
15 1227 1 80 80
16 1043 1 0 0
17 245 1 0 0
18 1533 1 0 0
19 123 1 0 0
20 2147 1 80 120
21 429 1 0 0
22 368 1 0 0
23 307 1 0 0
24 245 1 0 0
25 920 1 0 0
26 429 1 0 0
27 552 1 0 0
28 2453 1 80 80
29 368 1 0 0
30 1104 1 140 80
31 2760 1 0 0
32 1227 1 0 0
33 736 0.72 0 0
34 920 1 0 0
35 1227 1 0 0
36 1533 1 0 0
37 1227 1 80 120
38 613 1 0 0
39 2147 1 240 120
40 613 0.345 0 0
41 123 1 0 0
42 613 1 0 0
43 429 1 0 0
44 307 1 0 0
45 920 1 0 0
46 245 1 0 0
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Table 9 (continued) Task/accessory ID  Mounting duration Mounting Component Component
[sec] frequency [] length (Ii;) [cm] depth (di;)
[cm]
47 491 1 0 0
48 491 1 0 0
49 552 1 80 120
50 1349 1 0 0
51 1227 1 230 80
52 1227 1 0 0
53 920 1 0 0
54 1533 1 0 0
55 1717 1 80 120
56 1717 1 0 0
57 2147 1 250 168
58 491 1 0 0
59 920 1 80 120
60 736 1 0 0
61 920 1 0 0
62 613 0.125 0 0
63 736 1 0 0
64 920 1 235 80
65 3925 1 0 0
66 920 0.075 0 0
67 491 1 0 0
68 1963 1 0 0
69 613 1 0 0
70 1411 1 0 0
71 981 0.0725 0 0
72 2515 1 0 0
73 859 0.285 0 0
74 307 1 0 0
75 1533 1 220 120
76 1717 0.114 0 0
77 920 1 0 0
78 613 1 0 0
79 491 0.975 0 0
80 429 1 0 0
81 1227 1 0 0
82 1595 1 0 0
83 1840 1 230 125
84 3067 1 230 125
85 1043 0.0115 0 0
86 1227 1 85 85
87 368 0.255 0 0
88 675 1 0 0
89 245 1 0 0
90 1533 1 0 0
91 613 1 0 0
92 797 1 0 0
93 613 1 0 0
94 613 1 0 0
95 1227 1 0 0
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Table 9 (continued)

Task/accessory ID  Mounting duration Mounting Component Component
[sec] frequency [] length (Ii;) [cm] depth (di;)
[cm]

96 123 1 0 0
97 1227 1 0 0
98 123 1 0 0
99 1472 0.35 0 0
100 123 1 0 0
101 184 1 0 0
102 368 1 0 0
103 2453 1 0 0
104 245 1 0 0
105 613 1 0 0
106 920 1 0 0
107 736 1 0 0
108 307 1 0 0
109 245 1 0 0
110 613 1 225 110
111 307 1 0 0
112 1043 1 0 0
113 307 1 0 0
114 245 1 0 0
115 123 1 0 0
116 1165 1 0 0
117 61 1 0 0

Appendix 2

Table 10 Task and accessory immediate predecessor

Task/ 1° Immediate 2° Immediate 3° Immediate 4° Immediate 5° Immediate 6° Immediate  7° Immediate

accessory ID  predecessor predecessor predecessor predecessor predecessor predecessor predecessor

1

2

3 1 2

4 3

5 4

6 3

7 6

8 3

9 5 7 8 13

10 13

11 10

12 13

13

14 13

15

16 13

17 13 15

18 20
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Table 10 (continued)

Task/ 1° Immediate 2° Immediate 3° Immediate 4° Immediate 5° Immediate 6° Immediate  7° Immediate
accessory ID  predecessor predecessor predecessor predecessor predecessor predecessor predecessor
19 13

20 17

21 9

22 13

23 13

24 13

25 21

26 9

27 26

28 31

29 28

30 10 27
31 25

32 25 27
33 31

34 28

35 30

36 11 30 32
37 13

38 37

39 38

40 39

41 39

42 35 36
43 39

44 43

45 44

46 13

47

48 41 47
49 48

50 49

51 29

52 51

53 18 116
54 51

55

56 54 55
57 52 53 116
58 51

59 42

60

61 64

62 61

63 56

64 60 63
65 64

66 65
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Table 10 (continued)

Task/ 1° Immediate 2° Immediate 3° Immediate 4° Immediate 5° Immediate 6° Immediate  7° Immediate
accessory ID  predecessor predecessor predecessor predecessor predecessor predecessor predecessor
67 64

68 65 67
69 51 84
70 64

71

72 64

73 72 117
74 56

75 74

76 75

77 75

78 75

79 75

80 70 72
81

82

83 80

84 64 71
85 84

86 70 72
87 86

88 59

89 88

90 78 79
91 90

92

93 90

94 22 86
95 69 77 81 82 83 91 92
96 106

97 105

98 96

99 98

100 96

101 96

102 96

103 93 99 100 101 102 108
104 103

105 95

106 97

107 106

108 107

109 104

110 109

111 110

112 111

113 104

114 112 113
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Table 10 (continued)

Task/ 1° Immediate 2° Immediate 3° Immediate 4° Immediate 5° Immediate 6° Immediate  7° Immediate
accessory ID  predecessor predecessor predecessor predecessor predecessor predecessor predecessor
115 114

116 16

117
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