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Abstract

Assembly lines (ALs) are of great importance in most actual production systems and thus continue
attracting strong research interest. In fact, assembly line balancing (ALB) continues to be an active
area of optimization research in industrial engineering, operations management, operations research,
and related fields. We address a real industry scenario where the aim of the line is to target a
production output that meets, as much as possible, a given demand forecast. To the best of our
knowledge, the existing literature has not tackled this problem, and we denominated it the demand-
driven assembly line rebalancing problem (DDALRP). In this work, we define the DDALRP, provide
a classification framework for the problem variants, developed two non-linear, multi-objective, com-
binatorial optimization models, and tested the models in the straight assembly line, providing useful
insights about the dynamics of worker reallocation.

In a nutshell

Purpose: Introduce the demand-driven assembly line rebalancing problem (DDALRP).
Academic implication: This paper contributes to the body of knowledge in the field of assembly
line balancing (ALB) / rebalancing (ALR) by introducing a new family of problems (DDALRP).
Originality/value: The rebalancing mechanism: We rebalance an assembly line (AL) over a plan-
ning horizon (multi-period rebalancing) via worker reallocation, taking into consideration a demand
forecast, as well as workers’ learning and forgetting (L&F) curves.
Method: Non-linear, multi-objective, combinatorial optimization model solved by means of a genetic
algorithm (GA).
Findings: The results of the numerical experiments reveal insights about the dynamic of worker
reallocation over the planning horizon (the length of the demand forecast), under different scenarios:
optimistic, most-likely, pessimistic L&F coefficients; experienced and inexperienced workers; and
different demand scenarios.
Practical implications:
1) With this method, it is possible to adjust the production output of the AL without the need of
reengineering the line; i.e., without modifying the original assignment of tasks to stations.
2) Worker reallocation implies job rotation, which leads to job enrichment and multi-skilled, motivated
workers.
Limitations: This model is limited to manual ALs organized in straight layout (I-shaped config-
uration). The investigation of the DDALRP in ALs having other types of layout (U-shaped ALs,
two-sided ALs, ALs with parallel stations, etc.) is part of the upcoming research agenda.

Research content

Ford’s assembly line at Highland Park is one of the most influential conceptualizations of a production
system [1]. Formally, an assembly line is a production system where the bill-of-material parts and
components are attached one by one to a unit in a sequential way by a series of workers [2]; these
units or workpieces visit stations successively as they are moved along the line usually by some kind
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of transportation system, e.g., a conveyor belt [3, 4]. The main objective of an assembly system is to
increase production efficiency by maximizing the ratio between throughput and cost [5].

The extensive literature on assembly line balancing (ALB) has focused on maximizing line effi-
ciency, overlooking strategic use or neglecting the organization’s overall operations effectiveness [1].
Wilson [6, 7] argues that Ford’s assembly lines were optimized both ‘locally’ as individual production
systems; and also ‘globally’ as constituent sub-systems of Ford’s larger, vertically integrated supply
chain system. Wilson [1] also reveals with data that, in fact, Ford’s operations were adaptable to
strongly increasing and highly variable demand.

Needless to say, the importance of matching supply with demand is universally recognized [8, 9,
10, 11, 12]. However, to our surprise, demand fluctuations still have not been explicitly considered
to perform task assignment and/or worker allocation (to stations) in the assembly line balancing
problem (ALBP).

This research introduces the demand-driven assembly line rebalancing problem (DDALRP). The
proposed models aim to balance and rebalance an assembly system over a planning period, adjusting
the production output of the line as much as possible to the forecast market demand, by means of
worker allocation and reallocation. At the same time, our models aim to achieve smooth production
flow by minimizing the standard deviation of the number of units processed by the stations and
minimizing total overproduction or production excess.

Experimental results provided useful insights to understand the dynamic of worker reallocation
under different scenarios: (1) optimistic, most-likely, and pessimistic learning and forgetting coef-
ficients; (2) experienced workers (e.g., workers with some initial skill inventory) and inexperienced
workers (e.g., workers with no initial skill inventory); (3) different demand forecast trends (increasing,
seasonally increasing, and erratic patterns); and (4) different levels of difficulty of the demand forecast
(attainable and challenging).

Because our model takes into account the learning curve, due to the learning effect, eventually,
all workers will achieve 100% efficiency in all assembly tasks, after several reallocations. When this
point is reached, any worker allocation to stations would yield nearly the same number of units
of production output from the line. So, the proposed model should be particularly useful during
production ramp-up, the period from completed initial product development to maximum capacity
utilization. The core idea in this research is to assertively match learning curve improvements with
variable (changing) demand.

Research purpose

Previous research in ALB has focused solely on maximizing the efficiency of the assembly line, without
taking into consideration the number of units that are actually needed, orders placed by customers,
or any kind of demand forecast.

The originality standing points of this work consists of a balancing mechanism of the assembly line
that aims at both, achieving high efficiency, and adapting the production output of the assembly line
to some given demand forecast. As a consequence, this work addresses by the first time a problem
that we have named DDALRP.

Different from other balancing methods, which attempt to evenly distribute workload among the
stations of the line by performing a one-time assignment of tasks to stations, our balancing mechanism
is performed repeatedly (multi-period) by allocating and re-allocating workers (to stations) over some
planning horizon (the length of the forecast horizon), considering dynamic processing times of tasks
due to the learning and forgetting curves of workers.

We hope that the DDALRP will become an important research topic within the field of assembly
line balancing (ALB) / rebalancing (ALR).

ii



Keywords
• Assembly line rebalancing

• Demand forecast

• Learning and forgetting curves

• Non-linear, multi-objective, combinatorial optimization model

• Worker reallocation

iii



Dedication

To my parents,
Luis Marcelino (1953∼2021) and María Verónica.

iv



Acknowledgment

A word of appreciation and gratitude to:

• JAIST (Japan Advanced Institute of Science and Technology),
for having accepted me as a Ph.D. student and for having provided facilities to conduct research.

• MEXT (the Ministry of Education, Culture, Sports, Science and Technology of Japan),
for granting me a scholarship for the second time (this time, for Ph.D. studies).

• Yusuke IDE,
Associate Professor at the Department of Mathematics, Nihon University,
for his valuable comments and discussions on different mathematical issues.

• Wei OU,
Assistant Professor at the International Business School, Zhejiang Gongshang University,
for supporting the design and coding of the genetic algorithm employed in this study.

• Pisal YENRADEE,
Associate Professor at the School of Manufacturing Systems and Mechanical Engineering,
Sirindhorn International Institute of Technology, Thammasat University,
for his research-specific critics and feedback.

• Van-Nam HUYNH,
Professor at the School of Knowledge Science, JAIST,
for the general guidance and supervision offered during my Ph.D. course.

• Mineo KANEKO,
Professor at the School of Information Science, JAIST,
for supervising and guiding my minor research project.

• Takashi HASHIMOTO,
Professor at the School of Knowledge Science, JAIST,
for the opportunity of being a teacher assistant in Introduction to Knowledge Science.

• Youji KOHDA, Tsutomu FUJINAMI, Takaya YUIZONO,
Professors at the School of Knowledge Science, JAIST,
and members of the evaluation committee in my preliminary defense and final defense,
for their questions, comments, and suggestions.

• William HOLDEN,
Professor, Global Communication Center, JAIST,
for his valuable feedback and comments.

• My lab-mates and class-mates,
for the fruitful conversations held and
for providing the right amount of fun and humor during my journey to this Ph.D.

• My relatives in Nicaragua,
for their love, encouragement, and support.

v



Contents

Abstract i

Dedication iv

Acknowledgment v

List of Figures vii

List of Tables viii

List of Symbols (notation) x

List of Abbreviations xii

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.1.1 Historical background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.2 Academic background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Problem statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 Organization of chapters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Literature Review 8
2.1 Assembly line balancing and worker (re)allocation . . . . . . . . . . . . . . . . . . . . 8
2.2 Worker (re)allocation with learning and forgetting effects . . . . . . . . . . . . . . . . 9
2.3 Assembly line balancing and multi-objective optimization . . . . . . . . . . . . . . . . 10
2.4 Assembly line balancing and market demand . . . . . . . . . . . . . . . . . . . . . . . 11

3 The Demand-Driven Assembly Line Rebalancing Problem 13
3.1 Preliminaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Problem description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 DDALRP typology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 A Demand-Driven Model to Minimize Lost Sales 20
4.1 Proposed model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.1.1 Objective functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.1.2 Normalization of objective functions . . . . . . . . . . . . . . . . . . . . . . . . 21
4.1.3 Incorporation of learning and forgetting effects . . . . . . . . . . . . . . . . . . 23
4.1.4 Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.2 Numerical experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

vi



4.2.1 Experimental design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.2.2 Solution implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

5 A Demand-Driven Model to Minimize Back Orders 41
5.1 Proposed model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.1.1 Objective functions and normalization procedure . . . . . . . . . . . . . . . . . 41
5.1.2 Constraints and learning and forgetting effects . . . . . . . . . . . . . . . . . . 42

5.2 Numerical experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2.1 Experimental design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

6 Concluding Remarks 54
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6.2 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.2.1 Practical implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.2.2 Academic implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.2.3 Contribution to Knowledge Science . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.3 Directions for future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Bibliography 58

vii



List of Figures

1.1 Scope of this research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Structure of this dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.1 Solution to the example: Assembly of the Boeing 737 electrostatic wing . . . . . . . . 14
3.2a A worker is assigned to station 1. As long as this worker remains in station 1, he/she

will be making progress in his/her production output rate according to some learning
curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.2b When this worker is moved from station 1 to a different station (say, for instance, sta-
tion 2), a new learning curve begins a progress while, at the same time, the previously
learned skill starts deterioration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.2c Considering the learning and forgetting curves of all workers, our aim is to find the
best assignment of workers to stations in every working period, so as to match a given
demand forecast as much as possible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.1 Flowchart of the genetic algorithm implemented in this study . . . . . . . . . . . . . . 29
4.2 Model A (lost sales): 36 cases of the Jackson problem . . . . . . . . . . . . . . . . . . 31
4.3 Model A (lost sales): 36 cases of the Buxey problem . . . . . . . . . . . . . . . . . . . 32
4.4 Model A (lost sales): 36 cases of the Gunter problem . . . . . . . . . . . . . . . . . . . 33
4.5 Model A (lost sales): 36 cases of the Kilbrid problem . . . . . . . . . . . . . . . . . . . 34
4.6 Model A (lost sales): 36 cases of the Hahn problem . . . . . . . . . . . . . . . . . . . . 35
4.7 Model A (lost sales): 36 cases of the Tonge problem . . . . . . . . . . . . . . . . . . . 36
4.8 Model A (lost sales): 36 cases of the Arcus 1 problem . . . . . . . . . . . . . . . . . . 37
4.9 Model A (lost sales): 36 cases of the Mukherjee problem . . . . . . . . . . . . . . . . . 38
4.10 Model A (lost sales): 36 cases of the Arcus 2 problem . . . . . . . . . . . . . . . . . . 39
4.11 Model A (lost sales): 36 cases of the Bartholdi 1 problem . . . . . . . . . . . . . . . . 40

5.1 Model B (back orders): 36 cases of the Jackson problem . . . . . . . . . . . . . . . . . 44
5.2 Model B (back orders): 36 cases of the Buxey problem . . . . . . . . . . . . . . . . . . 45
5.3 Model B (back orders): 36 cases of the Gunter problem . . . . . . . . . . . . . . . . . 46
5.4 Model B (back orders): 36 cases of the Kilbrid problem . . . . . . . . . . . . . . . . . 47
5.5 Model B (back orders): 36 cases of the Hahn problem . . . . . . . . . . . . . . . . . . 48
5.6 Model B (back orders): 36 cases of the Tonge problem . . . . . . . . . . . . . . . . . . 49
5.7 Model B (back orders): 36 cases of the Arcus 1 problem . . . . . . . . . . . . . . . . . 50
5.8 Model B (back orders): 36 cases of the Mukherjee problem . . . . . . . . . . . . . . . 51
5.9 Model B (back orders): 36 cases of the Arcus 2 problem . . . . . . . . . . . . . . . . . 52
5.10 Model B (back orders): 36 cases of the Bartholdi 1 problem . . . . . . . . . . . . . . . 53

viii



List of Tables

3.1 Example: Assembly of the Boeing 737 electrostatic wing . . . . . . . . . . . . . . . . . 13
3.2 Solution to the example: Assembly of the Boeing 737 electrostatic wing . . . . . . . . 14
3.3 Example of an output or solution representation . . . . . . . . . . . . . . . . . . . . . 17
3.4 Example data to illustrate the backlog portion of Equation (3.4) . . . . . . . . . . . . 19
3.5 DDALRP typology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1 Main characteristics of the examined problem instances . . . . . . . . . . . . . . . . . 26
4.2 Deployment of cases run . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

ix



List of Symbols (notation)

Indexes
j stations, j = 1, 2, 3, . . . , J

k workers, k = 1, 2, 3, . . . ,K

ℓ planning periods, ℓ = 0, 1, 2, . . . , L− 1

Input parameters and intermediate variables related to the learning curve (skill improvement)
rk the learning coefficient of worker k

βk the learning slope of worker k

Sinitial
jk the initial skill level of worker k in station j

Srem
jka the skill level that worker k had in station j when he/she was assigned to that station

(period a)
Smax
j the theoretical maximum level of skill at station j

SUB
j the achievable upper level or skill upper bound in station j

δj the skill upper bound threshold value for station j

Input parameters and intermediate variables related to the forgetting curve (skill deterioration)
fk the forgetting coefficient of worker k

γk the forgetting slope of worker k

Sjkd the skill level that worker k had in station j when he/she departed last time (period
d) from that station

Smin
j the theoretical minimum level of skill at station j

SLB
j the achievable lower level or skill lower bound in station j

ϵj the skill lower bound threshold value for station j

Other input parameters
D(ℓ) the market demand forecast for period ℓ, ℓ = 1, 2, 3, . . . , L

WIPmin the minimum work-in-process inventory necessary to assure smooth production flow
at the beginning of each period ℓ

h the inventory holding cost per unit per period
hFP the cost of holding one unit of finished product one period
hWIP the cost of holding one unit of work-in-process inventory one period
g the unit cost of lost sale
zℓ1, z

u
1 the lower and upper limits that define the satisfaction of objective function 1

zℓ2, z
u
2 the lower and upper limits that define the satisfaction of objective function 2

zℓ3, z
u
3 the lower and upper limits that define the satisfaction of objective function 3

x



Other intermediate variables
WIP (j, ℓ) the work-in-process inventory between stations j − 1 and j accumulated at the end

of period ℓ

P (j, ℓ) the theoretical number of units that can be processed in station j in period ℓ

Q(j, ℓ) the actual number of units processed by station j in period ℓ

Q(ℓ) the average number of units processed among all stations in period ℓ

Q(bn, ℓ) the number of units processed by the bottleneck station in period ℓ

Qe(j, ℓ) the number of units processed in excess by station j in period ℓ

Qe(ℓ) the total number of units processed in excess by all stations (the whole assembly
line) in period ℓ

Ii(ℓ) (initial inventory) the amount of inventory of finished goods at the beginning of
period ℓ

If (ℓ) (final inventory) the amount of inventory of finished goods at the end of period ℓ

Std.Dev(ℓ) the standard deviation of the number of units processed by all stations in period ℓ

Output: the decision variables and the value of the objective functions
xjkℓ the decision variable: 1 if worker k is assigned to station j in period ℓ; 0 otherwise
Z1 the value of objective function 1: total lost sales (or total back orders)
Z2 the value of objective function 2: total standard deviation (the sum of the S.D. of

the number of units processed by all stations during the whole planning period)
Z3 the value of objective function 3: total production excess
SL1, SL2, SL3 the satisfaction levels of objective functions 1, 2, and 3

xi



List of Abbreviations

ABC Artificial Bee Colony
ACO Ant Colony Optimization
AL Assembly Line
ALB Assembly Line Balancing
ALBHW Assembly Line Balancing with Hierarchical Worker Assignment
ALBP Assembly Line Balancing Problem
ALR Assembly Line Rebalancing
ALRP Assembly Line Rebalancing Problem
ALS Assembly Line System
ALWABP Assembly Line Worker Assignment and Balancing Problem
ALWIBP Assembly Line Worker Integration and Balancing Problem
AWALBP Accessibility Windows Assembly Line Balancing Problem
BOM Bill of Materials
BPP Bin Packing Problem
B&B Branch and Bound
BB&R Branch, Bound, and Remember
CMS Cellular Manufacturing System
DDALRP Demand Driven Assembly Line Rebalancing Problem
DE Differential Evolution
DPSO Discrete Particle Swarm Optimization
GA Genetic Algorithm
GALBP Generalized Assembly Line Balancing Problem
HAL Hull Assembly Line
IDPSO Improved Discrete Particle Swarm Optimization
IFG Inventory of Finished Goods
ILP Integer Linear Programming model
LALBP Assembly Line Balancing Problem with Learning effects
LFFRM Learning-Forgetting-Fatigue-Recovery model
L&F Learning and Forgetting
LS Lost Sales
MILP Mixed Integer Linear Programming model
MIP Mixed Integer Programming
MO Multi-Objective
MOACO Multi-Objective Ant Colony Optimization
MOEA Multi-Objective Evolutionary Algorithm
MODO Multi-Objective Differential Evolution
MOGA Multi-Objective Genetic Algorithm
MOO Multi-Objective Optimization

xii



OM Operations Management
OR Operations Research
PBABC Pareto-based Artificial Bee Colony (algorithm)
PE Production Excess
PSO Particle Swarm Optimization
SALBP Simple Assembly Line Balancing Problem
SD Standard Deviation
SL Satisfaction Level
TSALBP Time and Space constrained Assembly Line Balancing Problem
TSP Traveling Salesman Problem
TWALBP Traveling Worker Assembly Line (re)Balancing Problem
T&E Tooling and Equipment
ULBP U-type Line Balancing Problem
VNS Variable Neighborhood Search
WIP Work-in-Process

xiii



Chapter 1

Introduction

An assembly line (AL) is a flow-oriented production system in which a job or workpiece is put
together and joined with other parts, components, and materials, progressively, along one ore more
stations until finally completing a finished product at the end of the line [2, 5]. The assembly line
was first introduced by Henry Ford in the early 1900’s [13, 14]. It was designed to be an efficient,
highly-productive way of manufacturing a particular product. Today, ALs are widely employed as
mass production systems in order to increase speed and efficiency, reduce the unit production cost,
and facilitate production control and the transformation of raw materials into a finished product.
In addition, as pointed by Boysen et al. [3, 4], nowadays, ALs are of great importance in both, the
industrial production of high-quantity standardized commodities, and in the low-volume production
of customized products (mass-customization).

Assembly lines can have different kinds of layouts: straight, U-shaped, S-shaped, or multiple-
U layout; single- or two-sided configuration; parallel workstation(s), parallel line, or a configuration
without parallelization; main line only or main line with feeder line(s) (sub-assembly and main assem-
bly operations); multi-station or single-station (i.e., a manufacturing cell); etc. Readers are referred
to the works of Battaïa and Dolgui [15], Boysen et al. [4], Boysen et al. [3], and Becker and Scholl
[16] for reviews and surveys on types of assembly lines and classification of assembly line systems
(ALSs). All ALs, regardless of their intended physical layout or configurations, have to address the
same problem: Which tasks are to be assigned to which station (while respecting both, cycle time and
precedence relations)? This problem is referred to as the assembly line balancing problem (ALBP).

Depending on the assumptions under consideration, the ALBP can be classified in two main
categories: the simple assembly line balancing problem (SALBP), and the generalized assembly line
balancing problem (GALBP). The SALBP is further divided into four problems: 1) SALBP-1 seeks
to minimize the number of stations when the cycle time is given, 2) SALBP-2 seeks to minimize the
cycle time when the number of stations is given, 3) SALBP-E seeks to maximize the efficiency of the
assembly line, and 4) SALBP-F seeks a feasible solution.

While SALBP focuses on the core configuration problem (i.e., the assignment of tasks to stations)
with numerous simplifying assumptions, GALBP is the extended ALBP with additional character-
istics such as different line layouts and configurations, mixed-model production, different objective
functions, and related problems (equipment selection, parts feeding, material supply, etc.) simulta-
neously considered on top of the core problem.

Assembly line balancing (ALB) is an active area of optimization research in operations man-
agement. ALB directly affects production flow, the movement of the product through a facility.
According to Zandin [17], production flow strategies are strongly related to the layout of the facility.
There are five basic types of layouts: continuous flow layout, product layout (also known as line
layout), cellular layout, process layout (also known as functional layout), and fixed position layout
[17].

Product layouts are dedicated assembly lines (ALs) used for manufacturing big volumes of one
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specific product [17]. If there is need for small varieties, so as to produce different product models,
minor adjustments can be made in the dedicated production line, provided that minimal setup times
are achieved [17]. However, as already pointed by Boysen et al. [3, 4], assembly lines have already
gained importance in the low-volume production of commodities with customized varieties. In fact,
the authors classify assembly lines depending on the degree of variation of the product models being
manufactured, and identify three categories: (a) single-model ALs (one homogeneous product is
manufactured), (b) mixed-model ALs (several variations of a basic product family are manufactured
simultaneously and continuously), and (c) multi-model ALs (different products are manufactured in
separate batches).

For a product flow layout to perform efficiently, the assembly line needs to be balanced. In general
terms, the objective of balancing an assembly line is to achieve approximately the same workload in
the different stations, so that production flows smoothly along the line [15]. To perform an optimum
(or near-optimum) balance, the best possible assignment of tasks and operators to workstations must
be identified by means of optimization (or heuristic) techniques.

The ALBP is an NP hard combinatorial optimization problem. The solution for an ALBP consists
of finding the best assignment of tasks to operators, and the best assignment of operators to work-
stations, so that the precedence relations among tasks are satisfied and some measure of effectiveness
is optimized. The simpler version of this problem (SALBP, simple assembly line balancing problem)
was first defined by Baybars [18]. Its main assumptions are: each task can be assigned in any station,
the line produces only one homogeneous product, stations are equally equipped in respect to machin-
ery and workers, the line is considered serial, no parallel stations or feeder lines exist, there is only
one workplace per station. Today, the ALBP is a well established research topic in the Operations
Research literature.

1.1 Background

1.1.1 Historical background

Assembly lines
The assembly line was invented in 1913 and has been in continuous operation ever since. It has

spread to every industrial nation and has become the most familiar form of mass production [19].
Some corporations that adopted it made enormous profits; other went bankrupt. It has been praised
as a boom to all working men and women, yet it has also been condemned as a merciless form of
exploitation. The assembly line was reinvented in Japan and exported back to the United States [20].

The assembly line emerged in a specific place (Detroit), at a specific time (1913), in a specific
industry (the automobile industry) [19, 21].

1.1.2 Academic background

Assembly line balancing problem
The ALBP belongs to the general class of sequencing problems [22] and can be seen as a bin

packing problem (BPP) with additional side constraints, as precedence relations between tasks. These
precedence constraints establish an implicit order of bins, deriving in a sequence of operations.

The assembly line balancing problem (ALBP) has been studied intensively in academia for over
six decades. The search for ways to increase labor productivity in industrial enterprises with flow
organization of production led to the appearance in the 1950’s of the idea of controlling the assembly
line on the basis of a mathematical model that would allow the production process to be optimized.
The first mathematical formalization of this problem was made by Salveson [23] in 1955. Since
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then, different line configurations with various considerations have been investigated, and different
approaches have been proposed, enriching the field. However, one gap in the existing literature is the
lack of interest in assembly line practice before Salveson’s work; despite universal acknowledgement
([24, 25, 26, 27, 28, 29]) of Ford’s fundamental contribution in implementing these systems.

The ALBP is the generalized form of the bin packing problem (BPP) [30], which involves no
precedence relations among tasks. In a BPP, the aim is to pack uni-dimensional objects of various
sizes into the smallest possible number of containers of a given capacity.
Learning curves

Learning curves have been studied for more than eight decades. The learning curve phenomenon
was first reported in the literature by Wright [31] in 1936. Wright observed in the aircraft industry
that the time required to process one job decreases as the operator processes more jobs. Wright also
described the favorable effect of learning on reducing production costs. Different types of learning
effects have been demonstrated and extensively studied in a number of areas. However, the effects of
learning in the context of production scheduling were investigated by first time by Biskup [32].

1.2 Motivation

Balancing an assembly line is an essential role that organizations must workout. Consider, for in-
stance, the automobile assembly industry. A car consists of approximately 30,000 parts, and its
assembly operations represent a substantial portion of the entire production process. The vehicle
assembly process comprises welding, painting, prefabrication, and final entire-vehicle assembly, mak-
ing the labor force for the assembly line the largest group involved in the process. Thus, labor
force requirements need to be appropriately organized and production efficiency must be improved
by effectively implementing assembly line balancing [33].

Consider the apparel industry. Garment manufacturing consists of a variety of product categories,
materials, and styling. The joining of garment pieces by using thread, known as the sewing process,
is the most labor-intensive division of the clothing manufacturing process. Even today, in spite of
the efforts to adapt automation in the clothing system, the sewing process continues demanding a
considerably large number of human resources. Because of its critical importance, line balancing in
the sewing process needs to be planned and executed carefully in order to achieve small stocks in the
sewing lines and increase the efficiency of the clothing manufacturing system.

Consider shoemaking, the process of making footwear, a traditional handmade product. The
footwear industry manufactures a range of products, including shoes, moccasins, sandals, clogs, slip-
pers, boots, and safety footwear (in different sizes and in different styles). A variety of materials are
used in the process, including leather, textiles, rubber, plastics, wood, cork, and plaiting materials,
which are all assembled through a production line. Substantial labor is dedicated along the processes
of cutting, stamping, stitching, assembling (the core component of the shoemaking process), and
finishing touches (i.e., oil and dirt are washed off, cream is applied and shoes are polished to a high
shine, etc.). Because the production rate of operators will be changing constantly due to the effect
of the learning curve, an appropriate allocation and reallocation of the labor force becomes necessary
to balance and rebalance the assembly line, so that it operates with smooth flow and high efficiency.

Labor-intensive manufacturing cells are characterized by the presence of lightweight, small, inex-
pensive machines and equipment where continuous operator attendance and involvement is required.
Consequently, cell performance is affected by the performance of operators. Thus, operator issues
like skill levels, skill-based operation times, and learning curves become important matters to con-
sider. Therefore, it is essential and worthwhile to assign and reassign workers in order to increase the
production rate of the bottleneck workstation in each cell, and hence improve the efficiency of the
cellular manufacturing system (CMS).
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In short, assembly line systems are commonly found in most manufacturing and production sys-
tems; and hence, assembly line balancing continues to be an optimization problem of significant
industrial importance. For this reason, over the last decades, enormous academic effort has been
done towards solving assembly line balancing problems efficiently. In fact, finding the best solution
for this problem is a fundamental task for maintaining the competitive advantage of an organization.
As Falkenauer [34] argues, the efficiency difference between an optimal and a sub-optimal assignment
can yield economies (or loses) reaching millions of dollars per year.

There are two more motivational perspectives: value for society (a positive contribution to com-
munity), and a personal motivataion.

Motivation (ii): Value for society, higher living standards

Manufacturing, at the macro level and from a global perspective, is regarded as an essential and
uniquely powerful economic force. In advanced economies and developed nations, manufacturing
drives productivity growth and trade; manufactured goods are the clear, tangible expression of in-
novation and competitiveness. In emerging economies and developing countries, manufacturing is
recognized as the engine of development, the pathway to higher living standards which raises agrar-
ian populations out of poverty, turning poor nations into players in the global economy [35].

At the micro level, from a community-size perspective, manufacturing is at the heart of our
daily lives. Manufacturing supports the satisfaction of our basic needs. For instance, assembly lines
produce heavy machinery used in industrialized agriculture and intensive farming -necessary to bring
the food to our table. The benefits of manufacturing also play a vital role in providing ease, comfort,
and convenience; for example, the production of washing and drying machines. In short, production
systems and manufacturing plants are producing products every day to enhance the well-being of
society. Therefore, manufacturing ultimately determines how well we live.

Motivation (iii): Personal motivation

In my first job as Plant Engineer at Knitwear S.A. (a garment manufacturing company in Nicaragua),
I worked at the Engineering Department. One area within the Engineering Department dealt with
the training of new hires (new operators without previous sewing experience or semi-skilled workers
with previous experience in sewing operations). Some of my tasks included to perform time and
motion studies, monitor the actual progress of the learning curves of operators, and compare such
progress against theoretical learning curves and the production plan.

In the training lines, operators used to remain at one particular station (i.e., one specific sewing
machine) until achieving 100% efficiency. I noticed that this situation caused bottlenecks and ineffi-
ciencies during the training period (because different sewing operations have different learning curves
with different pattern or shape of progress). At all stations the job that needed to be executed was the
sewing of a portion of the garment. However, due to certain particularities and specific movements
that the operator needed to do, the learning curve at each station was different. Hence, the progress
in the production output rate of an operator was different depending on which machine (station)
he/she was allocated. As a consequence, along time, the output rate of operators progressing at
different rhythm or pace, caused accumulation of work-in-process (WIP) inventory in some stations,
or starvation in other stations.

In order to alleviate the situation, I proposed to examine exchanging workers among stations. If
the current arrangement of workers into stations was creating accumulation of jobs at some stations,
and starvation in others, then, assigning workers differently along the line would modify the flow of
jobs, hopefully, in a more efficient way.

4



I started to notice that I was performing balancing differently from the way learned in my un-
dergraduate education. In my bachelor program we solved problems on assembly line balancing by
distributing tasks to stations; not by reallocating workers. To me, the reallocation of workers to
balance the assembly line became a very interesting topic which highly stimulated my intellectual
curiosity. In addition, I visualized a practical and positive implication of reallocating workers: due
to a different assignment of workers to stations, workers would be exposed to more than one type
of sewing machine, thus, creating the additional advantage of training multi-skilled workers. This
practical implication also motivated me to keep going further in my proposal.

At my workplace, I started to modify the position of workers, initially, twice per week; and later
on, every day, from Monday to Friday. There were positive results in terms of job efficiency (reduced
work-in-process inventory, increased production output), and in terms of personnel satisfaction (more
worker motivation, workers acquiring skills in more than one sewing operation).

Since those days, the mathematical formalization of a model has always been a goal that I wanted
to achieve. For this reason, in these Ph.D. studies, without hesitation, I focused on the worker
reallocation problem, considering not only learning and forgetting effects, but also a demand forecast,
creating, thus, the demand-driven assembly line rebalancing problem.

1.3 Problem statement

Simply, the problem can be stated as follows: Identify the most appropriate allocation of workers
to stations for every working period, in such a way that the production output of the assembly
line adapts as much as possible to a given demand forecast while simultaneously aiming a smooth
production flow.

1.4 Research objectives

1. Propose a framework to formally define the new model and its related problem variants.
2. Develop specific mathematical models to balance assembly lines and meet demand forecasts via

worker reallocation.
3. Validate the models and obtain insights about the dynamic of worker reallocation.

Make contributions to Knowledge Science and the field of ALB by creating new, useful, and
practical knowledge.
As for objective 1, the formal definition of the demand-driven assembly line rebalancing problem and
DDALRP typology are presented in Chapter 3. As for objectives 2 and 3, two mathematical models
were proposed and tested in numerical experiments. Those two models are detailed in Chapters 4
and 5.
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1.5 Scope

In order to visualize and understand the scope of this work, we have to think of an assembly system
taking into consideration three core components; namely: machines, people, and information.

1. Machines: In this research, we treat assembly lines that are organized in straight layout (also
known as assembly systems organized under an I-shaped configuration) and are operated by
human workers (labor-intensive assembly lines). Robotic or semi-automated assembly lines are
out of the scope of this research. Moreover, other kinds of layouts or configurations (U-shaped
lines, two-sided lines, assembly lines with parallel stations, etc.) are also out of the scope of
this research.

2. People: Regarding human factors, we take into consideration the experience / inexperience of
workers (e.g., the fact of having or lacking some initial skill inventory) as well as their learning
and forgetting curves. Other kinds of human factors (for instance: fatigue-recovery, motivation-
boredom, age, gender, etc.), are out of the scope of this research.

3. Information: The actual operation of an assembly system is sustained thanks to information
systems that support decision-making regarding both, in-bound logistics decisions (such as the
material supply or the feeding of parts and components to the assembly line), and out-bound
logistics decisions (such as the expected production output or number of units that shall be
produced by the assembly line). In this research, we take into consideration a demand forecast
that indicates the expected production output. In this research, the demand forecast is the
main driver of the worker reallocation decision. Information other than the demand forecast is
out of the scope of this research.

Figure 1.1 schematically depicts the scope of this research.

Figure 1.1: Scope of this research
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1.6 Organization of chapters

After the introductory chapter, the rest of this dissertation is structured as follows: Chapter 2
presents the literature review. We review related works on assembly line that are linked to: (1)
assignment or allocation of workers (to stations), (2) learning and forgetting effects, (3) assembly
line balancing with multi-objective optimization, (4) demand forecast. Then, Chapter 3 defines the
demand-driven assembly line rebalancing problem (DDALRP) and proposes a classification framework
to define four kinds of DDALRPs. Next, Chapter 4 presents the mathematical formulation and
numerical experiments of a demand-driven model that aims to minimize lost sales. Afterwards,
Chapter 5 presents the mathematical formulation and numerical experiments of a demand-driven
model that aims to minimize backlog or back orders. Finally, Chapter 6 summarizes the contributions
of this dissertation to industry, academia, and the Knowledge Science community; and provides
conclusions and directions for future research. This organization of chapters (or structure of this
dissertation) is depicted in Figure 1.2.

Figure 1.2: Structure of this dissertation
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Chapter 2

Literature Review

2.1 Assembly line balancing and worker (re)allocation

In 2007, Miralles et al. [36] introduced the assembly line worker assignment and balancing problem
(ALWABP). The ALWABP appears in real assembly lines in which not every worker is capable of
executing any task, and the operation time of each task differs depending upon who executes the task.
Traditionally, the aim in the ALBP has been the assignment of tasks to stations. In the ALWABP the
balancing of the line consists of a double assignment: (1) tasks to stations (respecting the precedence
relations among tasks), and (2) workers to stations (respecting the incompatibilities among tasks and
workers). The authors presented the mathematical model for the ALWABP and a case study based
on a Spanish sheltered workcenter for disabled workers.

Miralles et al. [37] proposed a basic branch-and-bound procedure with three possible search
strategies and different parameters for solving the ALWABP. Chaves et al. [38, 39] proposed a
clustering-search-based hybrid solution approach for solving the problem, which was implemented
using simulated annealing to generate solutions in the clustering process. Blum and Miralles [40]
presented an algorithm based on beam search for solving the problem. Moreira et al. [41] developed
a constructive heuristic framework based on task and worker priority rules defining the order in
which the tasks and workers should be assigned to the stations. Mutlu et al. [42] developed an
iterative genetic algorithm. Borba and Ritt [43] and Vilà and Pereira [44] proposed branch-and-
bound procedures for solving the ALWABP.

In 2015, Moreira et al. [45] introduced the assembly line worker integration and balancing problem
(ALWIBP). While the ALWABP was inspired in a workcenter for disabled workers –where most of
the workers have limitations–, the scenario seen in the ALWIBP is quiet more similar to that of the
ordinary company –where only few disabled workers have to be integrated. The authors presented
mathematical models and heuristic methodologies to solve the problem. Moreira et al. [46] proposed
the use of Miltenburg’s regularity criterion to evenly distribute workers with special characteristics
along the line, as well as two fast heuristics in order to assign tasks and workers to stations and solve
the ALWIBP.

In 2013, Calleja et al. [47] introduced a novel ALBP: the accessibility windows assembly line
balancing problem (AWALBP). Usually, in the literature concerning ALBPs, it is assumed that each
station accesses and processes one workpiece at a time and that each workpiece can only be processed
by one station at a time. In contrast, the AWALBP addresses the situation where the length of the
workpieces is larger than the width of the stations. This is the case of the assembly of large buses,
trucks, and ambulances, where, at any time, a station cannot access one whole workpiece, but is
restricted to a portion of it or to two consecutive workpieces. The authors formalized the AWALBP
and its variants and proposed a mixed integer linear programming (MILP) model for the two-sided
assembly line to solve the AWALBP.

Sungur and Yavuz [48] introduced a new ALBP in which tasks differ with respect to their qualifica-
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tion requirements and the qualification levels of workers are ranked hierarchically. In the hierarchical
workforce structure, a lower qualified worker can be substituted by a higher qualified one at the
expense of higher cost. The resulting problem was named assembly line balancing with hierarchical
worker assignment (ALBHW). The ALBHW problem consists of finding the optimal assignment of
tasks and workers to stations in such a way that the total cost is minimized. The authors formulated
an integer linear programming model to solve this problem and carried out computational experi-
ments in order to investigate the effects of time and cost on the total cost and the total number of
different types of workers assigned to the stations.

More recently, Stall Sikora et al. [49] introduced the traveling worker assembly line (re)balancing
problem (TWALBP). This new problem variation arises if workers can be assigned to more than one
station. Hence, workers are able to move between stations, allowing them to perform tasks from
different regions of the precedence diagram. Each worker limits the cycle time by the sum of the
processing times of the tasks assigned to him/her and his/her movement times between stations.
The authors presented a mixed integer linear programming model with a traveling salesman problem
(TSP) formulation integrated in the balancing model to solve the problem.

2.2 Worker (re)allocation with learning and forgetting effects

The importance of considering learning effects in ALB was first discussed by Globerson and Shtub
[50], followed by Chakravarty and Shtub [51] and Cohen and Dar-El [52].

Toksarı et al. [53] introduced the learning effect into the ALBP and showed that polynomial
solutions can be obtained for both, the SALBP and the U-type line balancing problem (ULBP).

In 2014, Otto and Otto [54] combined the well-known simple assembly line balancing problem
(SALBP) [55] with learning effects, creating a new problem class, named: assembly line balancing
problem with learning effects (LALBP). The assumption of deterministic task times persistent in the
literature was modified, allowing for individual learning curves for each task. The authors developed
an exact solution method for small- and medium-sized problems, as well as an effective and fast
heuristic for larger problem instances.

Koltai and Kalló [56] proposed a model to calculate the throughput time of a production run when
a learning effect influences task times. The authors explored the effects of an exponential learning
function, presented an algorithm to determine the throughput time, and examined the sensitivity of
the throughput time with respect to the learning rate.

In the process of learning, if the work or operation is temporally stopped for some period of
time, then forgetting phenomenon could take place. Different investigations have recognized the
actual existence of the forgetting phenomenon in industrial settings. For example, Globerson et al.
[57] carried out laboratory experiments in order to examine the forgetting phenomenon. The result
of their experiments showed that the forgetting of a task depends on the length of the break or
interruption and the amount of experience accumulated before the break or interruption.

Bailey [58] investigated relearning in a laboratory setting. The study revealed that, using a one-
time break in the learning process, the level of forgetting a task is directly influenced by the amount
of learning achieved before the task was interrupted, a forgetting rate, the time duration of the
interruption, and the nature of the task itself.

Toksarı et al. [59] introduced simultaneous effects of learning and linear deterioration in the
ALBP. The authors proposed a mixed, nonlinear, programming formulation to minimize the number
of stations for a given cycle time. The same learning and deterioration rates were used for all stations.
The authors used the learning curve introduced by Biskup [32], which means that the time required
to perform a task decreases with the number of repetitions.
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Worker allocation with the consideration of learning and forgetting effects has been investigated
mainly in manufacturing cells. Liu et al. [60] developed an integrated model that minimizes the
sum of back-order cost and inventory holding cost of a manufacturing cell, by assigning and reassign-
ing operators over a planning period, considering multi-skilled workers and learning and forgetting
effects. The authors extended the model of Mazur and Hastie [61] (an individual learning model),
and its modified version made by Nembhard and Uzumeri [62] (modified to include forgetting effects)
to represent the learning and forgetting behavior of heterogeneous workers who process different
operations.

Süer and Tummaluri [63] proposed a multi-phase hierarchical approach for loading labor-intensive
cells and assigning operators to operations by considering operator skill levels, operator-operation
times, and learning and forgetting issues. In their study, the number of consecutive weeks an operator
performs or does not perform a particular operation was used as the criterion for skill improvement or
deterioration. The authors represented learning as an ordinal scale, with assumed values for the time
it takes to improve or deteriorate the skill level along with an associated probability, which indicates
the chance that an operator will improve (or deteriorate) his/her skill level after he/she has (not)
been performing that operation for a specified number of consecutive weeks.

2.3 Assembly line balancing and multi-objective optimization

Multi-objective optimization has attracted research attention in comparison with single-objective
problems [64]. In fact, in recent years, the basic ALBP has been extended a large number of multi-
objective scheduling problems for the demands of manufacturing flexibility, just-in-time, and lean
production [65].

Song et al. [66] built a model with three objectives (minimize the standard deviation of operation
efficiency, maximize production line efficiency, and minimize total operation efficiency waste) to find
the optimal operator allocation in a hybrid (serial/parallel) assembly line (or “pstat” -parallelized
stations-, following the classification scheme of Boysen et al. [3]). The authors used both single- and
multiple-skilled operators, and assumed that different operators have different efficiency on the same
operation; this is, each operator has his/her own skill inventory.

Nearchou [67] addresses a solution for the multi-objective single-model deterministic ALBP. Two
bi-criteria objectives are considered: (1) minimize the cycle time of the AL and the balance delay
time of the workstations, and (2) minimize the cycle time and the smoothness index of the workload
of the line. The author proposes a new population heuristic to solve the problem based on the general
differential evolution (DE) method. The efficiency of the proposed multi-objective DE (MODE) was
compared to that of two other previously proposed population heuristics, namely, a weighted-sum
Pareto genetic algorithm (GA) [68], and a Pareto-niched GA [69]. The experimental comparisons
showed a promising high quality performance of the MODE approach.

Hamta et al. [64] addressed multi-objective (MO) optimization of a single-model AL where the
operation times of tasks are unknown variables and the only known information is the lower and
upper bounds of operation times of each task. The authors used the learning curve introduced
by Biskup [32], and considered three objectives functions: minimize the cycle time, minimize total
equipment cost, and minimize the smoothness index. In their research, it was assumed that (a) task
times depend on workers’ learning, and (b) sequence-dependent setup time exists between tasks. The
authors proposed a new solution method based on the combination of a particle swarm optimization
(PSO) algorithm and a variable neighborhood search (VNS) algorithm to solve the problem. The
performance of their proposed hybrid algorithm showed superior efficiency.

Rada-Vilela et al. [70] adapted eight multi-objective ant colony optimization (MOACO) algo-
rithms to solve the TSALBP-m/A by optimizing their operation with respect to the number of
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workstations and the maximum physical area these require, and compared their performance on ten
well-known problem instances. The comparison was performed in terms of the quality of results found
by two variants of the algorithms: one in which ants utilize the commonly used heuristic functions
within their transition rules (heuristic variant), and another in which such functions are simply ex-
cluded (non-heuristic variant). The non-heuristic variants always outperformed the heuristic ones in
a time-limited setup where both had the same computational resources and time to perform as many
iterations as possible.

Saif et el. [71] address the single model assembly line balancing problem with uncertain task times
and multiple objectives. Their research aims to minimize the cycle time, maximize the probability
that completion time of tasks on stations does not exceed the cycle time, and minimize the smoothness
index. The authors propose a Pareto-based artificial bee colony (PBABC) algorithm to get Pareto
solution of the multiple objectives. The performance of the proposed PBABC algorithm was compared
with a famous multi-objective optimization algorithm, NSGA II [72, 73]. Computational results show
that the proposed PBABC algorithm outperforms NSGA II in terms of both, quality of Pareto
solutions and computational time.

Yuguang et al. [65] developed a model for the hull assembly line (HAL) that aims to minimize
the cycle time, minimize the static load balancing between workstations, minimize the dynamic load
balancing in all workstations, and minimize the multi-station associated complexity. The authors also
developed an improved discrete particle swarm optimization (IDPSO) algorithm for scheduling of the
multi-objective problem. The performance of their proposed hybrid algorithm was compared against
that of a discrete PSO algorithm (DPSO) [74] and a multi-objective genetic algorithm (MOGA) [75].
Comparative results showed a promising higher performance for the IDPSO in terms of quality of the
solutions.

Zacharia and Nearchou [76] presented a multi-objective evolutionary algorithm (MOEA) for the
solution of the ALWABP with two objectives to be minimized: the cycle time and the smoothness
index. The efficiency of the proposed MOEA was evaluated over a set of benchmarks test problems
taken from the open literature, obtaining very satisfactory performance in terms of solution quality.

2.4 Assembly line balancing and market demand

Chica et al. [77] introduced novel robustness functions to measure how robust an AL configuration
-number of stations and stations area- (found by a multi-objective optimization method) is when
production plans change due to variable and uncertain demand. The authors also introduced a
graphical representation to plot the values of the robustness functions in order to offer a picture
of the robustness of different AL configurations for the problem under consideration, and evaluate
the convenience of the solutions. The authors tackled the time and space constrained assembly line
balancing problem (TSALBP) introduced by Bautista and Pereira [78], specifically the TSALBP-1/3
variant.

Bautista and Pereira [78] introduced a new family of ALBPs, called TSALBPs, that arise in the
automobile industry. In addition to the cycle time constraint, the authors considered space limitations
by associating each task i with a required area ai, and by associating each station j with an available
area Aj . Based on the variables: number of stations j, cycle time c, and the total area A available,
and depending on which variables are set as fixed values and which are set as optimization variables,
eight variants of the TSALBP were proposed by the authors:
1. TSALBP-F (feasible): given j, c, and A, find a feasible solution.
2. TSALBP-1: minimize j given c and A.
3. TSALBP-2: minimize c given j and A.
4. TSALBP-3: minimize A given j and c.
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5. TSALBP-1/2: minimize j and c given A.
6. TSALBP-1/3: minimize j and A given c.
7. TSALBP-2/3: minimize c and A given j.
8. TSALBP-1/2/3: minimize j, c, and A.
The authors formulated a model for the TSALBP-1 variant and proposed an ant algorithm for solving
the problem. The algorithm was tested by comparing its solutions offered with that of the branch-and-
bound procedure SALOME [55], two tabu search implementations [79], and a previous ant algorithm
approach developed by the authors [80], obtaining clearly superior results.

Chica et al. [81] proposed the robust model for the time and space assembly line balancing problem
(r-TSALBP), a multi-objective model for ALB that searches for the most robust solution when
demand changes. In their model, the authors used the demand vector

−→
d = (d1ϵ, d2ϵ, . . . , dIϵ) of

product i ∈ I in production plan ϵ ∈ E to compute the average processing time and required area of
each task j ∈ J for production plan ϵ. These two average values are then used in two of the three
objective functions, for computing, respectively, the cycle time of the line and the area of the line.

Simaria et al. [82] developed a two-stage methodology for designing flexible U-shaped lines. In
the first stage, the required number of stations is computed based on the highest forecast demand
(this guarantees that the line will be capable to respond to all the demand scenarios) and tasks are
assigned to stations. The second stage consists in determining the assignment of workers to stations.
The configuration task-station defined in the first stage is maintained; so, whenever demand changes,
the only modification in the line is the number of workers. The second stage is repeated for every
demand scenario of the problem. The solution procedure for both stages is based on ANTBAL, an
ant colony algorithm previously developed by the authors [83].
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Chapter 3

The Demand-Driven Assembly Line Rebalancing
Problem

3.1 Preliminaries

Traditionally, ALB has tackled the problem of assigning tasks to stations. This implies that a station
is designed and built-up with specific functionality depending on which tasks will be performed in
it. In fact, in many industrial settings, each station of an assembly system is a well-defined area
equipped with specific tooling for executing a specific subset of operations of the whole assembly
process. Furthermore, because the cost of installing an assembly line is high, its configuration is
carefully planned in advance.

Configuration planning comprises all decisions related to equipping and aligning the productive
units for a given production process, before the actual assembly can start. This includes (a) defining
the line layout (will the line operate on a straight, U-shaped, or S-shaped layout? Single- or two-
sided configuration? Will it have some parallel stations, full parallel line, or a configuration without
parallelization? Etcetera), (b) setting the system capacity (cycle time, number of stations, equipment
for each station), and (c) assigning the work content to productive units (task assignment, sequence of
operations) [3]. Hence, the configuration of the assembly line is a long-term decision for the operation
of the production system; and therefore, rebalancing the line in terms of regrouping tasks differently
becomes undesirable and, often, unfeasible.

For instance, to give a simple and extreme example, consider Boeing 737, the world’s most popular
commercial airplane, which is produced on a moving production line traveling at 2 inches per minute
through the final assembly process [10]. Table 3.1 provides the task times and precedence relations for
the assembly of the electrostatic wing of Boeing 737. Boeing determines that there are 480 productive
minutes of work available per day. Furthermore, the production schedule requires that 40 units of
the wing component be completed each day. With this information on hand, Boeing now wants to

Table 3.1: Example: Assembly of the Boeing 737 electrostatic wing

Task Task time (min) Predecessor
A 10 -
B 11 A
C 5 B
D 4 B
E 12 A
F 3 C, D
G 7 F
H 11 E
I 3 G, H

Source: Heizer and Render [10]
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Figure 3.1: Solution to the example: Assembly of the Boeing 737 electrostatic wing

Solution A: 6 stations. Solution B: 3 stations.

Table 3.2: Solution to the example: Assembly of the Boeing 737 electrostatic wing

Solution A: 6 stations
Station Tasks assigned Working time Idle time Utilization

1 A 10 2 83%
2 B 11 1 92%
3 E 12 0 100%
4 C, D, F 5 + 4 + 3 = 12 0 100%
5 H 11 1 92%
6 G, I 7 + 3 = 10 2 83%

Solution B: 3 stations
Station Tasks assigned Working time Idle time Utilization

1 A, E 10 + 12 = 22 2 92%
2 B, C, D, F 11 + 5 + 4 + 3 = 23 1 96%
3 G, H, I 7 + 11 + 3 = 21 3 88%

group the tasks into stations. Solution: The cycle time is 480 minutes ÷ 40 units = 12 minutes/unit.
The minimum number of stations is computed by dividing the total task time by the cycle time,
⌈66÷ 12⌉ = 6 stations. An appropriate grouping of tasks is provided in Figure 3.1 (A) and in Table
3.2 (A).

What if demand increases (or decreases)? What would be an appropriate balancing if the produc-
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tion schedule were 20 units of the wing component per day? Solution: The cycle time is 480 minutes
÷ 20 units = 24 minutes/unit. So, the minimum number of stations is ⌈66÷24⌉ = 3. An appropriate
grouping of tasks is provided in Figure 3.1 (B) and in Table 3.2 (B).

Can the reader visualize how cumbersome and inconvenient it would be for Boeing to redesign
the working area for the assembly of the electrostatic wing from 6 stations to 3 stations? Tooling and
equipment (T&E) for station 1 (embracing task A only, in solution A) were already in place. In the
new configuration (solution B), T&E for station 1 would now include two tasks, A and E; meaning
that T&E of task E (station 3 in solution A) have to be moved into station 1, in some convenient,
coherent, and effective arrangement.

Often, the movement of a machine is not technically impossible, but rather associated with move-
ment costs [4]. Time and effort spent in redesigning the working area could significantly offset the
benefits of the new balance. As a matter of fact, often, the cost exceeds the benefit [84]. In addition,
there is risk that the machine malfunctions if it is constantly moved and reorganized withing the
factory or plant, when it is supposed to be installed in a fixed position. Hence, once resources are
allotted to stations, heavy machinery is not usually reallocated [4]. In short, rebalancing is rare in
industry because of prohibitively high costs [84].

Falkenauer [34] already observed that in real-world balancing, workstations cannot be eliminated
(i.e.: “redesigned” from, say, 6 to 3 stations, as illustrated in the example above) because workstations
have identities in terms of the operations that can be carried out there, heavy equipment already
installed which cannot be moved, space, and other characteristics that define a workstation’s identity.
The problem is not balancing a new line by the first time, but rebalancing an existing assembly line.
For this reason, Falkenauer [34] indicates that assuming that the problem to be solved involves a new,
yet-to-be-built AL, has been the gravest oversimplification ever made.

Taking into consideration this fact pointed by Falkenauer, we have proposed a model to per-
form assembly line rebalancing (over a planning horizon), different from the traditional approach of
assigning tasks to stations. In this regard, our model shows a way for dealing with worker alloca-
tion and reallocation as a mean to balance and rebalance an AL over a planning period taking into
consideration a demand forecast and learning and forgetting effects.

3.2 Problem description

In this subsection, we describe the problem, including the characteristics of the assembly line, its
stations, the flow of the jobs or workpieces throughout the stations, the assumptions regarding the
demand forecast, workers and their learning and forgetting curves, and the logic behind the worker
reallocation decision. A brief description of the scenario is shown in Figure 3.2.

Figure 3.2a: A worker is assigned to station 1. As long as this worker remains in station 1, he/she
will be making progress in his/her production output rate according to some learning curve.
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Figure 3.2b: When this worker is moved from station 1 to a different station (say, for instance, station
2), a new learning curve begins a progress while, at the same time, the previously learned skill starts
deterioration.

Figure 3.2c: Considering the learning and forgetting curves of all workers, our aim is to find the best
assignment of workers to stations in every working period, so as to match a given demand forecast as
much as possible.

Input description

The assembly line and its stations
This study considers an assembly line that consists of a specified number of stations j = 1, 2, 3, . . . , J ,

which are arranged in an I-shaped configuration; i.e., the stations are organized in straight lay-
out. We assume the production of one homogeneous product. This is, we deal with a single-model
assembly line. The production of this homogeneous product requires several assembly operations
i = 1, 2, 3, . . . , I. We assume that these tasks have already been assigned to the stations in the
original design and creation of the assembly line. Therefore, each station is equipped with specific
instruments and tools, so as to provide them with the functionality they are intended to have in
order to execute that particular subset of tasks that belongs to each station. Main assumption /
simplification: Stations are assumed to be reliable. Preventive maintenance of machines as well as
unplanned breakdowns or downtimes are not considered.

The flow materials throughout the stations
Regarding the movement of materials along the assembly line, we deal with an unpaced assembly

line. This is, jobs or workpieces move from one station to the next as soon as the worker completes
the assembly tasks. Between two consecutive stations there is a buffer. The buffer located at the
backside of a station contains the jobs or workpieces to be processed by that station. The buffer
located at the frontside of a station contains the jobs or workpieces processed by that station. For
the purpose of assuring a smooth production flow and as a measure to avoid the waiting time of
feeding the line at the beginning of each working period, each station has to secure a minimum WIP
inventory, WIPmin, for the next station at the end of each working period. The jobs or workpieces
become finished products at the end of the assembly line, after the bill-of-material (BOM) parts and
components had progressively been assembled throughout the stations. Main assumption / simplifi-
cation: We assume unlimited buffer capacity.

The market demand
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For each working period ℓ = 1, 2, . . . , L of the planning horizon, a forecast market demand, D(ℓ),
is a given input. The demand data, if plotted against time, may have different patterns, including:
increasing, decreasing, seasonal, erratic, etc. Demand is served at the beginning of each period using
the inventory of finished goods (IFG) available at the end of the previous period, If (ℓ − 1). (For
example, the units produced in period 0 are used to satisfy the market demand of period 1; the units
produced in period L − 1 are used to satisfy the market demand of period L.) When IFP is not
enough to cope with the market demand, lost sales occur. Back orders are cleared at the beginning
of the next period or later period, when inventory of finished goods is available. Main assumption
/ simplification: Demand data is deterministic and is known with certainty. Stochastic demand and
demand uncertainty are not considered.

Workers
In the factory, there is a fixed number of workers, K, that will occupy a position in one station.

These workers may (or may not) have an initial skill inventory, Sinitial
jk , defined as the number of

units that worker k would be able to process (in one working period) in his/her first assignment to
station j. This capacity improves (according to some learning parameter r) as long as the worker
continues performing on the same station, or deteriorates (according to some forgetting parameter
f) if he/she discontinues performing on that station. (The formulas for computing skill improvement
and skill deterioration are presented in section 4.1.3.)

Throughput description

The throughput refers to the mechanisms that will be implemented in order to process the input and
provide the output or final solution. In this work we have employed a genetic algorithm (GA) to solve
the problem. Details of the implemented GA is provided in Section 4.2.2.

Output description

The output refers to the allocation of workers along the planning period. An example of an output
or solution representation is shown in Table 3.3.

By assigning workers to stations, the AL should be balanced in the best possible way in each
planning period ℓ = 0, 1, 2, . . . , L− 1 in order to satisfy D(ℓ+ 1), the forecast market demand of the
next period. (The units produced in period 0 are used to satisfy the market demand of period 1; the
units produced in period L− 1 are used to satisfy the market demand of period L.)

Table 3.3: Example of an output or solution representation

Period, ℓ

Station 0 1 2 3 4 5 6 7 8 9 . . . 51

j1 3 1 1 2 2 2 3 1 2 2 . . . 2
j2 1 3 2 1 1 3 2 2 1 1 . . . 1
j3 2 2 3 3 3 1 1 3 3 3 . . . 3

Problem statement

Given the five main inputs described above (tasks and stations, workers, minimum WIP inventory,
learning and forgetting parameters, and the demand forecast of a planning period), what is the
assignment of workers to stations for each period that best fits or adapts to the forecast market
demand while achieving the highest possible production flow?
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3.3 DDALRP typology

The solution to a DDALRP intends to match the production output of the AL to the forecast market
demand. The units of finished products available at the end of period ℓ, If (ℓ), are used to satisfy
the market demand of the next period, D(ℓ + 1). If If (ℓ) < D(ℓ + 1), then the factory would be
losing sales in period ℓ+1. The solution to a DDALRP intends to minimize the number of lost sales.
Hence, the first objective function is:

Min Z1 =

L−1∑
ℓ=0

max
{
0, D(ℓ+ 1)− If (ℓ)

}
(3.1)

Equation (3.1) represents the first objective (objective A: minimize lost sales) of type I (units). In
the analysis of objective A, it may also be of interest to minimize lost sales in terms of money. Every
unit of unmet demand represents an economic (business) loss for the factory. In order to reduce the
likelihood of losing sales, the AL should build sufficient inventory. However, inventory also represents
money; it is an operating cost which, ideally, should be as small as possible. Therefore, a trade-off
clearly emerges: to reduce the likelihood of lost sales, enough inventory should be built. On the other
hand, if the amount of inventory is kept very low in order to reduce the cost of holding inventory,
then lost sales may occur. Therefore, an appropriate balance between both elements is crucial.

If Ii(ℓ) and If (ℓ) are respectively the inventory of finished goods at the beginning and at the end
of period ℓ, then,

[
Ii(ℓ) + If (ℓ)

]
÷ 2 is the average inventory held in period ℓ. If h represents the unit

cost of holding inventory, and g, the unit cost of lost sale, then, objective function A (minimize lost
sales) of type II (cost) can be written as:

Min Z1 = g

L−1∑
ℓ=0

max
{
0, D(ℓ+ 1)− If (ℓ)

}
+ h

L∑
ℓ=0

Ii(ℓ) + If (ℓ)

2
(3.2)

Furthermore, if the analysis of objective function A shall include the cost of WIP inventory along the
stations, then, the previous equation can be extended to:

Min Z1 = g

L−1∑
ℓ=0

max
{
0, D(ℓ+ 1)− If (ℓ)

}
+hFP

L∑
ℓ=0

Ii(ℓ) + If (ℓ)

2
+hWIP

L∑
ℓ=0

J∑
j=2

WIPi(j, ℓ) +WIPf (j, ℓ)

2

(3.3)
where hFP is the unit cost of holding inventory of finished products and hWIP is the unit cost of
holding WIP inventory. Notice that station 1 is excluded from the WIP computation because station
1 is fed by raw materials, not by WIP inventory.

Under the analysis of objective function A, unmet demand is a lost sale. However, if customers are
willing to receive their products (some time) later (implying some economic penalty for the factory),
then, the unmet demand becomes a backlog or back order. Since there is a penalty for supplying
units late, the number of back orders should be minimized. Again, to reduce the likelihood of backlog,
enough inventory should be built, and some appropriate balance between the penalty of back orders
and the cost of (holding) inventory should be sought.

Min Z1 = b

L−1∑
ℓ=0

max

0,

ℓ∑
ℓ′=0

[
D(ℓ′ + 1)−Q(J, ℓ′)

]+ h

L∑
ℓ=0

Ii(ℓ) + If (ℓ)

2
(3.4)

where b is the unit cost of backlog (the economic penalty for delaying one unit of finished product
one period), and Q(J, ℓ) is the actual number of units processed by the last station J in each period
ℓ.

As a short example of the backlog portion of Equation (3.4), consider the data of Table 3.4.
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Table 3.4: Example data to illustrate the backlog portion of Equation (3.4)

ℓ 0 1 2 3 4 5 6
D(ℓ) 10 12 15 7 20 17
Q(J, ℓ) 10 10 12 20 15 14
backlog 0 2 5 0 0 0

Forecast demand data is given for six periods, 1 to 6. Consequently, the AL works from period 0
to 5. In period 0 the AL produced exactly the demand requirement of period 1 (10 units). Hence,
backlog is 0:

∑0
ℓ′=0

[
D(ℓ′ + 1)−Q(J, ℓ′)

]
= 10− 10 = 0. The cumulative production of the AL from

period 0 to 1 is 20 units. These units are intended to satisfy the demand of periods 1 and 2. However,
the cumulative demand requirement of periods 1 and 2 is 22 units. Therefore, there is a backlog of
2 units at the end of period 2:

∑1
ℓ′=0

[
D(ℓ′ + 1)−Q(J, ℓ′)

]
= 22 − 20 = 2. At the end of period 3,

there is an accumulated backlog of 5 units:
∑2

ℓ′=0

[
D(ℓ′ + 1)−Q(J, ℓ′)

]
= 37− 32 = 5. At the end,∑5

ℓ=0 max
{
0,
∑ℓ

ℓ′=0

[
D(ℓ′ + 1)−Q(J, ℓ′)

]}
= 7 units · periods.

To understand the real dynamic of back orders, building a table becomes necessary. 7 units ·
periods may be interpreted as 7 units delayed 1 period each. However, a careful look at Table 3.4
reveals that 2 units were delayed 2 periods (periods 2 and 3), and 3 units were delayed 1 period
(period 3), making a total backlog of 7 units · periods.

If WIP inventory is also considered along all stations, then, Equation (3.4) can be extended to:

Min Z1 = b

L−1∑
ℓ=0

max

0,

ℓ∑
ℓ′=0

[
D(ℓ′ + 1)−Q(J, ℓ′)

]+hFP

L∑
ℓ=0

Ii(ℓ) + If (ℓ)

2
+hWIP

L∑
ℓ=0

J∑
j=2

WIPi(j, ℓ) +WIPf (j, ℓ)

2

(3.5)
Equations (3.4) and (3.5) address objective function B (minimize back orders) of type II (cost).
Objective function B can also be of type I (units):

Min Z1 =

L−1∑
ℓ=0

max

0,

ℓ∑
ℓ′=0

[
D(ℓ′ + 1)−Q(J, ℓ′)

] (3.6)

The family of DDALRPs is summarized below, in Table 3.5. Two rows display two objective functions
(A: lost sale and B: backlog) and two columns display two measures of interest (1: units or 2: money).
This 2 x 2 matrix leads to the 4 possible variations of the DDALRP.

Table 3.5: DDALRP typology

Measure of interest

Objective I. Units II. Cost

A. Minimize lost sales Type A-I
Equation (3.1)

Type A-II
Equation (3.2) or (3.3)

B. Minimize back orders Type B-I
Equation (3.6)

Type B-II
Equation (3.4) or (3.5)

In this research we focus our attention to examine the model Type I (units). The next Chapter
addresses full formulation and numerical experiments for the “lost sale” scenario (problem variant
A-I), while Chapter 5 addresses the “backlog” scenario (problem variant B-I).
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Chapter 4

A Demand-Driven Model to Minimize Lost Sales

In this Chapter we propose a mathematical formulation for balancing and rebalancing workers over
a planning horizon with the aim of minimizing lost sales. The Chapter is composed of two main
sections. In Section 4.1 “Proposed model”, we incorporate additional objective functions, detail the
normalization procedure of the objective functions, explain how learning and forgetting curves were
incorporated into the model, and state the constraints of the model. In section 4.2 “Numerical
experiments”, we describe the experimental design and present and discuss the results obtained.

4.1 Proposed model

4.1.1 Objective functions

The first objective function comprising this formulation is A-I (Equation 3.1), already presented in
the previous Chapter. In addition to the minimization of lost sales, the solution to the DDALRP
also aims to achieve the smoothest possible production flow. Therefore, workers need to be allocated
to stations so as to obtain the most balanced AL with the lowest possible standard deviation of the
number of units processed by the stations, and the least possible excess of production. The following
two objective functions were modified and adapted from those of Song et al. [66]. If Q(ℓ) represents
the average number of units processed among all stations in period ℓ, then, the degree of how smooth
production is flowing along the AL in period ℓ can be expressed by the standard deviation:

Std.Dev(ℓ) =

√√√√ 1

J

J∑
j=1

[
Q(j, ℓ)−Q(ℓ)

]2
Hence, the second objective function consists of minimizing the standard deviation of the number of
units processed by the stations along the whole planning horizon, and can be written as:

Min Z2 =

L−1∑
ℓ=0

√√√√ 1

J

J∑
j=1

[
Q(j, ℓ)−Q(ℓ)

]2
(4.1)

The bottleneck station is the station that processes the fewest number of units. The number of units
processed by the bottleneck station is Q(bn) = min

{
Q(1), Q(2), . . . , Q(J)

}
. The excess of production

of station j in period ℓ, represented by Qe(j, ℓ), is defined as the difference between the number of
units that station j processed (in period ℓ) and the number of units processed by the bottleneck
station (in period ℓ). Mathematically, Qe(j, ℓ) = Q(j, ℓ) −Q(bn, ℓ). The total production excess (of
the whole AL) in period ℓ, represented by Qe(ℓ), is the sum of the production excess of all stations.
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Qe(ℓ) =

J∑
j=1

[
Q(j, ℓ)−Q(bn, ℓ)

]
Therefore, the third objective function is to minimize the total production excess over the whole
planning horizon:

Min Z3 =

L−1∑
ℓ=0

J∑
j=1

[
Q(j, ℓ)−Q(bn, ℓ)

]
(4.2)

While the unit of measure of objective function 1 is finished products, the unit of measure of
objective functions 2 and 3 is units of unfinished products. To adhere to academic rigor, we must
make use of some normalization procedure because it facilitates the comparison between data or
models having different scales or units of measure. The next subsection specifies a procedure to
convert the value of the objective functions into a satisfaction level that ranges between 0 and 1.

4.1.2 Normalization of objective functions

In order to address this problem having a multi-objective formulation, we employ the concept of
membership function, originally introduced by Zadeh [85] in 1965. In essence, the notion of member-
ship function relates the outcome of an objective function to a number that lies in the interval [0, 1].
In the original work of Zadeh, this value between 0 and 1 represents the “degree of membership” of
an element to a fuzzy set. However, in the context of our problem, we will interpret the value as a
measure of the satisfaction level (SL) achieved by the objective function under consideration. This is,
we will use the membership function to transform or map the output value of the objective function
into a scale-free value in the interval [0, 1]; thus, normalizing the output value of the three objective
functions. The normalization procedure through the concept of membership function works as follows:

Normalization of Z1 (A-I)
Let z1 be the number of lost sales expressed as a percentage of the forecast demand.

z1 =
Z1∑L

ℓ=1 D(ℓ)

z1 should be as small as possible. In the numerical experiments, the ideal case, z1 = 0%, represents
a situation where demand is fully satisfied and no lost sale occurs; this ideal case will receive the
maximum satisfaction level of 1. On the other hand, lost sales of 30% or more of the market demand
will receive a satisfaction level of 0. Thus, the lower bound is zℓ1 = 0% and the upper bound is
zu1 = 30%. Accordingly, the normalization of objective function 1A is as follows (SL stands for
satisfaction level):

SL1 =



1 if Z1∑L
ℓ=1 D(ℓ)

= zℓ1

1−
Z1∑L

ℓ=1
D(ℓ)

−zℓ
1

zu
1 −zℓ

1
if zℓ1 < Z1∑L

ℓ=1 D(ℓ)
< zu1

0 if Z1∑L
ℓ=1 D(ℓ)

≥ zu1

(4.3)

Or, more simply:
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SL1 =


1 if z1 = zℓ1

1− z1−zℓ
1

zu
1 −zℓ

1
if zℓ1 < z1 < zu1

0 if z1 ≥ zu1

(4.4)

A quick inspection of Equation (4.4) reveals the logic behind the concept of membership function:
If a response (objective function value) meets or exceeds a given target, then the value of the mem-
bership function will be 1. When a response (objective function value) falls within some acceptable or
tolerance interval (but not on the target), the corresponding value of membership will lie somewhere
between 0 and 1. (As the response approaches the target, the membership value comes closer to 1;
and conversely, as the response deviates from the target, the membership value comes closer to 0.)
If a response (objective function value) does not reach the acceptable or tolerance interval, then the
corresponding membership value (satisfaction level) will be 0.

Normalization of Z3

The production excess of each station over the whole planning horizon is summed up as Z3. The
average production excess per station is simply Z3/J . Further, if this quotient is divided by the
demand forecast, then the average production excess per station is expressed as a percentage of the
demand forecast. This quotient is defined as:

z3 =
Z3

J
∑L

ℓ=1 D(ℓ)

which should be as small as possible. In the numerical experiments, the ideal case, z3 = 0%, represents
a situation of 0 production excess and will receive the maximum satisfaction level of 1. An average
production excess per station of 30% or more of the market demand will receive a satisfaction level
of 0. Thus, the lower bound is zℓ3 = 0% and the upper bound is zu3 = 30%. Accordingly, the
normalization of objective function 3 is as follows:

SL3 =



1 if Z3

J
∑L

ℓ=1 D(ℓ)
= zℓ3

1−
Z3

J
∑L

ℓ=1
D(ℓ)

−zℓ
3

zu
3 −zℓ

3
if zℓ3 < Z3

J
∑L

ℓ=1 D(ℓ)
< zu3

0 if Z3

J
∑L

ℓ=1 D(ℓ)
≥ zu3

(4.5)

Or, more simply:

SL3 =


1 if z3 = zℓ3

1− z3−zℓ
3

zu
3 −zℓ

3
if zℓ3 < z3 < zu3

0 if z3 ≥ zu3

(4.6)

In short, for objective function 3: if the average production waste per station z3 = 0, then SL3 = 1; if
the average production waste per station is 30% or more (of the market demand), then SL3 = 0. For
any other level of average production excess per station between these two extremes, its corresponding
satisfaction level is computed linearly.

Normalization of Z2

The standard deviation is computed for every working period ℓ, and is then summed for all working
periods, ℓ = 0, . . . , L− 1. On average, the standard deviation of each period is simply z2 = Z2/L. z2

should be as small as possible.
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A very unbalanced situation is created when the most skillful worker (the worker with the lowest
r value and the highest f value) is assigned to the “easiest” station (the station with the highest
Smax value), the second most skillful worker is assigned to the second easiest station, and so on,
until reaching the least skillful worker (the worker with the highest r value and the lowest f value)
assigned to the most difficult station (the station with the lowest Smax value). z2 was computed
under such situation, and this value was taken as a reference to define the standard deviation value
that would receive a SL of 0. A standard deviation of 0 would receive a SL of 1. For any other value
of z2 between these two poles, its corresponding SL is computed linearly, following the same kind of
membership function as shown in equations (4.3)–(4.6).

The solution to this multi-objective optimization problem intends to maximize the total satisfac-
tion level.

Max Z = SL1 + SL2 + SL3 (4.7)

4.1.3 Incorporation of learning and forgetting effects

We incorporate the formulations of skill improvement and skill deterioration proposed by Azizi et al.
[86], which are presented here only for the sake of completeness. Readers are referred to the original
work.

On the one hand, when a worker is assigned to a station, his/her skill improves as he/she performs
in the same station. A worker’s skill improvement may depend on the initial skill (if the worker is
assigned by the first time) or the remnant skill (if the worker is re-assigned), the length of the
assignment (the elapsed time between the current period, ℓ, and the period on which he/she was
assigned, a), and the worker’s learning slope. Therefore, skill improvement can be modeled as:

Sjkℓ = Smax
j −

(
Smax
j − Srem

jka

)
eβk(ℓ−a) (4.8)

where Sjkℓ is the skill level of worker k in station j in period ℓ; Smax
j is the theoretical maximum level

of skill at station j; Srem
jka is the skill level that worker k had in station j when he/she was assigned

to that station (in period a). It is the remnant skill; the previously gained skill that has not been
affected by forgetting phenomenon. However, at time zero, i.e., ℓ = 0, the skill level of worker k in
station j, Srem

jk0 corresponds to the worker’s initial skill level; so, Sjk0 = Srem
jk0 = Sinitial

jk . Therefore, in
the case that a worker is assigned to a station by the first time, the remnant skill Srem

jka in (4.8) should
be substituted by Sinitial

jk . And βk is the learning slope of worker k given by βk = (log rk)/(log 2),
where rk is the learning coefficient of worker k.

According to Equation (4.8), at infinite time, i.e., ℓ → ∞, the skill level of worker k performing in
station j reaches the maximum level, Sjk∞ = Smax

j . However, achieving the maximum level of skill
in infinite time is unrealistic. Therefore, a notion called achievable upper level or skill upper bound
is introduced. This notion is represented by SUB

j . The relationship between Smax
j and SUB

j can be
expressed as:

SUB
j = Smax

j − δj (4.9)

where δj is the skill upper bound threshold value for station j.
On the other hand, as the worker continues to learn the new skill, his/her previously gained skill

decays as a result of the forgetting phenomenon. A worker’s skill deterioration may depend on the
previous skill level achieved (the worker’s skill level at the time of interruption), the length of time
that he/she has not been performing (the elapsed time between the current period, ℓ, and the period
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d at which the worker’s experience with that specific station was last interrupted), and the worker’s
forgetting slope. Therefore, the corresponding skill deterioration formula is:

Srem
jkℓ = Smin

j +
(
Sjkd − Smin

j

)
eγk(ℓ−d) (4.10)

where Srem
jkℓ is the remnant skill of worker k in station j in period ℓ; Smin

j is the theoretical minimum
level of skill at station j; Sjkd is the skill level that worker k had in station j when he/she departed
last time (in period d) from that station; and γk is the forgetting slope of worker k given by γk =

(log fk)/(log 2), where fk is the forgetting coefficient of worker k.
According to Equation (4.10), at infinite time, i.e., ℓ → ∞, the skill level of worker k performing

in station j reaches the minimum level, Srem
jk∞ = Smin

j . However, achieving the minimum level of skill
in infinite time is unrealistic. Therefore, a notion called achievable lower level or skill lower bound
is introduced. This notion is represented by SLB

j . The relationship between Smin
j and SLB

j can be
expressed as:

SLB
j = Smin

j + ϵj (4.11)

where ϵj is the skill lower bound threshold value for station j.

4.1.4 Constraints

The following set of constraints are related to the number of workers: Constraint (4.12) indicates that
in each period, every worker can be assigned, at most, to one station. Constraint (4.13) indicates
that in each period, each station receives exactly one worker. Constraint (4.14) indicates that in each
period, the sum of workers assigned along the different stations cannot exceed the number of workers
available in the factory. Notice that the last period (L) is excluded from these (and other) restrictions
because it is not necessary to perform worker allocation and assembly line rebalancing in the last
period of the planning horizon. In the DDALRP, the demand of period ℓ is satisfied with the worker
assignment solution and the units produced in the previous period, ℓ− 1. Hence, D(L), the forecast
market demand of the last period, is satisfied with the output produced in period L− 1.

J∑
j=1

xjkℓ = 1 ∀ k ∈ K, ℓ = 0, 1, . . . , L− 1 (4.12)

K∑
k=1

xjkℓ = 1 ∀ j ∈ J, ℓ = 0, 1, . . . , L− 1 (4.13)

J∑
j=1

K∑
k=1

xjkℓ ≤ K ℓ = 0, 1, . . . , L− 1 (4.14)

Constraint (4.15) links the worker allocation decision to the theoretical number of units produced.
The theoretical number of units that can be processed in station j in period ℓ is a function of the
worker assigned to station j and his/her respective skill level in period ℓ. Constraint (4.16) shows
the binary restriction of the decision variables.

P (j, ℓ) =

K∑
k=1

(xjkℓ · Sjkℓ) ∀ j ∈ J, ℓ = 0, 1, . . . , L− 1 (4.15)

xjkℓ ∈ {0, 1} (4.16)
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The following constraints regulate the actual number of units processed by the stations: Constraint
(4.17) indicates that the actual number of units processed by station 1 equals its own theoretical
number of units processed. Constraints (4.18) and (4.19) compute the number of units processed by
all other stations in period 0 (when there is no WIP inventory), and in subsequent periods (when
there may exist some WIP inventory), respectively. Constraint (4.20) stipulates that, in any given
period, the actual number of units produced by the last station (J) must satisfy the forecast market
demand of the next period.

Q(j, ℓ) = P (j, ℓ) j = 1, ℓ = 0, 1, . . . , L− 1 (4.17)

Q(j, ℓ) = min
{
P (j, ℓ), Q(j − 1, ℓ)

}
j = 2, 3, . . . , J, ℓ = 0 (4.18)

Q(j, ℓ) = min
{
P (j, ℓ), Q(j − 1, ℓ) +WIP (j, ℓ− 1)

}
j = 2, 3, . . . , J, ℓ = 1, 2, . . . , L− 1 (4.19)

Q(J, ℓ) ≥ D(ℓ+ 1) ℓ = 0, 1, . . . , L− 1 (4.20)

The following restrictions control the amount of WIP inventory: Constraint (4.21) computes the WIP
inventory that remains at each station at the end of period 0. It is equal to the number of units fed
by the upstream (previous) station, minus the number of units processed by the station. Constraint
(4.22) calculates the WIP inventory that remains at each station at the end of subsequent periods.
It is equal to the WIP inventory remained from the previous period, plus the number of units fed by
the previous station, minus the number of units processed by the station. Constraint (4.23) requires
the WIP inventory at the stations to be at least the minimum necessary to ensure immediate work at
the beginning of each period (i.e., avoid the waiting time of feeding a station). In this way, smooth
production flow can be obtained in the line. Period 0 is excluded from this WIP constraint because
in period 0 the AL is empty; there is no WIP inventory at all. Again, station 1 is excluded from
these three WIP constraints because station 1 is not fed by WIP inventory from a previous station;
instead, it is fed by raw materials.

WIP (j, ℓ) = Q(j − 1, ℓ)−Q(j, ℓ) j = 2, 3, . . . , J, ℓ = 0 (4.21)

WIP (j, ℓ) = WIP (j, ℓ− 1) +Q(j − 1, ℓ)−Q(j, ℓ) j = 2, 3, . . . , J, ℓ = 1, 2, . . . , L− 1 (4.22)

WIP (j, ℓ) ≥ WIPmin j = 2, 3, . . . , J, ℓ = 1, 2, . . . , L− 1 (4.23)

The following restrictions compute the inventory of finished goods (IFG) produced by the last station
(J): Constraint (4.24) indicates that the initial IFG in period 0 (i.e., IFG at the beginning of period
0) is 0 units. Constraint (4.25) indicates that the final IFG in period 0 (i.e., IFG at the end of period
0) is the actual number of units produced by the last station in period 0. Constraints (4.26) and
(4.27) calculate, respectively, the initial and final IFG for subsequent periods, 1, 2, . . . , L. Constraint
(4.26) calculates the initial IFG in period ℓ as the IFG that remained at the end of the previous
period, ℓ− 1, minus the demand that must be satisfied (according to the forecast) in period ℓ. If the
IFG that remains at the end of the previous period is not enough to satisfy the demand, then the
initial IFG in period ℓ is 0. Constraint (4.27) calculates the final IFG on period ℓ as the initial IFG
in period ℓ plus the number of units produced by station J in period ℓ.
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Ii(ℓ) = 0 ℓ = 0 (4.24)

If (ℓ) = Q(J, ℓ) ℓ = 0 (4.25)

Ii(ℓ) = max
{
0, If (ℓ− 1)−D(ℓ)

}
ℓ = 1, 2, . . . , L (4.26)

If (ℓ) = Ii(ℓ) +Q(J, ℓ) ℓ = 1, 2, . . . , L (4.27)

4.2 Numerical experiments

We now present and discuss numerical experiments demonstrating the use of the developed MIP for-
mulation. The assembly line data for these experiments comes from the collection of simple assembly
line balancing problems (SALBP) that appears in Scholl [87]. All of the cases ran in these experi-
ments were solved using a genetic algorithm implemented in Python NumPy. Both algorithms (for
objective A: lost sales and for objective B: back orders) used the same framework and programming
language. All cases were launched in the same computer: Intel(R) Xeon(R) with 32 CPUs E5-2667
v3 at 3.20GHz, 125 GB of memory, and SUSE Linux Enterprise Server 12 SP1 operating system.

Next, in sub-section 4.2.1, we describe the methodology and experimental design. Afterwards, in
sub-section 4.2.2, we explain the solution procedure via genetic algorithm. In sub-section 4.2.2, we
present, analyze, and discuss the results obtained.

4.2.1 Experimental design

The proposed model was tested on 10 problem instances; their main characteristics are shown in
Table 4.1.

Table 4.1: Main characteristics of the examined problem instances

Problem
instance

Number
of tasks

Order
strength

Flexibility
ratio

Time
variability

ratio

Degree of
divergence

Degree of
convergence

1. Jackson 11 58.2 41.8 7.0 0.77 0.77
2. Buxey 29 50.7 49.3 25.0 0.74 0.78
3. Gunter 35 59.5 40.5 40.0 0.78 0.76
4. Kilbrid 45 44.6 55.4 18.3 0.67 0.69
5. Hahn 53 83.8 16.2 44.4 0.63 0.63
6. Tonge 70 59.4 40.6 156.0 0.78 0.73
7. Arcus 1 83 59.1 40.9 15.8 0.73 0.73
8. Mukherjee 94 44.8 55.2 21.4 0.51 0.51
9. Arcus 2 111 40.4 59.6 568.9 0.63 0.63

10. Bartholdi 1 148 25.8 74.2 127.7 0.74 0.72

Preprocessing of the problem instances
These 10 assembly lines were arranged in straight layout. Tasks were assigned to stations respect-

ing their precedence relations. The task times that appear in these data sets were assumed to be
the task times that workers are able to execute once they have achieved the theoretical maximum
level of skill. Hence, Smax

j values were computed based on these task times. For instance, in the
Jackson problem, station 1 consists of tasks 1, 2, 4, and 5; making a station load (SL) of 16 minutes.
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Therefore, in one working period of available productive time (e.g., 8 hours or 480 minutes), a worker
with the theoretical maximum level of skill performing in station 1 should be able to process 480 min
÷ 16 min/unit = 30 units. Smin

j values were all set to 0.

Scenarios and cases for these problems
Each of the 10 problem instances was run under different scenarios, creating a total of 36 cases

for each problem instance. The scenarios were created for: (1) learning and forgetting coefficients
(optimistic, most-likely, and pessimistic scenarios); (2) initial skill inventory (workers with some initial
skill inventory and workers with no initial skill inventory); (3) demand patterns (increasing, seasonally
increasing, and erratic demand patterns); and (4) level of difficulty of the demand forecast (easy to
achieve, intermediate, and difficult to achieve)

First, optimistic, most-likely, and pessimistic values were defined for learning and forgetting coef-
ficients. In the experiments, learning coefficients of workers ranged from 0.700 to 0.850. (The lower
the value, the faster the learning effect.) Optimistic values: [0.700 – 0.750), most-likely values: [0.750
– 0.800), pessimistic values: [0.800 – 0.850). Forgetting coefficients ranged from 0.950 to 0.800. (The
higher the value, the slower the forgetting effect.) Optimistic values: [0.950 – 0.900), most-likely val-
ues: [0.900 – 0.850), pessimistic values: [0.850 – 0.800). Based on the value of learning and forgetting
coefficients, three cases have been developed so far.

Empirical studies for different industries have found that the modal value of the aggregate learning
rate is about 81%, whereby very fast learning rates of 56% and very slow learning rates of 95% are
observed [88]

It is possible to distinguish between the “best” worker, “average” workers, and the “worst” worker.
If workers are sorted in order from the best to the worst, then, the best worker has the lowest r value
(fastest learning) and the highest f value (slowest forgetting). Progressively, r values increase and f

values decrease, until reaching the worst worker, who has the highest r value (slowest learning) and
the lowest f value (fastest forgetting).

Second, in regard to the initial skill inventory, two scenarios were created: (a) workers are ex-
perienced, and hence, possess some initial skill inventory (Sinitial values were obtained randomly
following a uniform distribution in some interval approximately between 1/4 and 1/2 of the average
Smax
j value, e.g.,

∑J
j=1 S

max
j /J), and (b) workers are new operators or new hires, and hence, do not

have any initial skill inventory (Sinitial = 0 for all workers). With this variation, six cases have been
generated so far.

Finally, each of these six cases was run under three different scenarios of demand forecast patterns:
increasing (cases 1–12), seasonally increasing (cases 13–24), and erratic (cases 25–36); and under
two levels of difficulty: attainable and challenging, as illustrated in Table 4.2. In the attainable
scenario, workers, at their skill upper bound, are able to produce during the whole planning horizon
a total number of units that exceeds by approximately 10% the total demand forecast that needs
to be satisfied. In the challenging scenario, workers, at their skill upper bound, are able to satisfy
approximately 90% of the total market demand. These different scenarios in the market demand
forecast make a total of 36 cases for each problem instance. Since we examined 10 problem instances
(Table 4.1), the total number of cases analyzed in these numerical experiments consisted of 360.

4.2.2 Solution implementation

To solve this problem, we implemented a genetic algorithm. According to the survey carried out by
Battaïa and Dolgui [15], the implementation of genetic algorithms seems to be the solution method
most popularly employed to solve ALBPs. A GA is a powerful metaheuristic technique that is
inspired by the process of natural selection, and it is considered a class within the larger category
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Table 4.2: Deployment of cases run

Group 1: Increasing demand pattern
Case Level of difficulty Skill inventory r and f parameters

1

Attainable

Workers have some
skill inventory

optimistic values
2 most-likely values
3 pessimistic values

4
Sinitial = 0
for all workers

optimistic values
5 most-likely values
6 pessimistic values

7

Challenging

Workers have some
skill inventory

optimistic values
8 most-likely values
9 pessimistic values

10
Sinitial = 0
for all workers

optimistic values
11 most-likely values
12 pessimistic values

Group 2: Seasonally increasing demand pattern
Case Level of difficulty Skill inventory r and f parameters

13

Attainable

Workers have some
skill inventory

optimistic values
14 most-likely values
15 pessimistic values

16
Sinitial = 0
for all workers

optimistic values
17 most-likely values
18 pessimistic values

19

Challenging

Workers have some
skill inventory

optimistic values
20 most-likely values
21 pessimistic values

22
Sinitial = 0
for all workers

optimistic values
23 most-likely values
24 pessimistic values

Group 3: Erratic demand pattern
Case Level of difficulty Skill inventory r and f parameters

25

Attainable

Workers have some
skill inventory

optimistic values
26 most-likely values
27 pessimistic values

28
Sinitial = 0
for all workers

optimistic values
29 most-likely values
30 pessimistic values

31

Challenging

Workers have some
skill inventory

optimistic values
32 most-likely values
33 pessimistic values

34
Sinitial = 0
for all workers

optimistic values
35 most-likely values
36 pessimistic values

of evolutionary algorithms (EA). GAs were originally developed by Holland [89] in 1975, and today,
GAs are widely employed in several research fields because they can provide solutions close to the
optimal solution within a reasonable frame of time [90].

It is well known that no optimal settings exist that are feasible for all problems [90]. This fact
is the so-called “no-free-lunch problem” (i.e., there is no parameter choice that is optimal for all
problems). As a matter of fact, in this research, finding the best possible parameters for the GA was
the most time-consuming activity. We undertook a systematical testing of values and, after 200 trial
runs, we came up with the parameters that led to the best solutions. The GA was coded according
to the following characteristics and parameters:

• Initialization: We randomly generate an initial population of size equivalent to 1% of the total
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number of all possible allocations. Note that K!L is the expression that provides the total
number of possible allocations. L represents the length of the planning horizon (the number
of periods) and K is the number of workers. Note that K!L is equivalent to J !L because the
number of workers and the number of stations is the same, K = J .

• Selection: We select a portion (equivalent to 0.1%) of the existing population to create a new
generation. The best solutions are chosen based on the fitness function that was defined in
equation (4.7) (total satisfaction level). This expression is employed to measure the quality of
the solutions.

• Genetic Operators: We employ recombination in order to obtain successive generations. More
specifically, a recombination type called crossover two points was utilized. We set this parameter
at a rate of 0.75. Moreover, we implemented mutation to happen randomly and with 0.01
probability of occurrence.

• Heuristics: We did not develop any particular heuristic. We leave the development of specific
heuristics that lead to improved solution quality and computation time as a future research
plan.

• Termination: Regarding the stopping criterion, our GA is terminated when either, the GA has
detected the best possible total satisfaction level that it is able to find (global optimum is not
guaranteed), or when the allowable maximum run time of 6 hours is consumed.

A flowchart of the implemented GA is shown in Figure 4.1.

Figure 4.1: Flowchart of the genetic algorithm implemented in this study

4.2.3 Results

Results of the numerical experiments are shown in the next 10 figures (Fig. 4.2 to 4.11). Each figure
shows the results on one problem instance under the 36 cases deployed in Table 4.2. The 10 figures
embrace the 10 problem instances indicated in Table 4.1, from the Jackson problem (11 tasks) to
Bartholdi 1 problem (148 tasks).

The 36 graphs shown on each table are read as follows: The x axis indicates the planning periods
(from 0 to 52). The blue trendline shows the demand forecast (from period 1 to 52). The red line
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indicates the actual output produced by the AL (from period 0 to 51). The stacked column shows
the accumulated IFG at the end of each period ℓ (green bar) and lost sales (purple bar). The y axis
shows the number of units (forecast, produced, stored as IFG, or lost).

Results of the numerical experiments revealed the following general patterns:
In the optimistic scenario (when workers show faster learning and slower forgetting), it is more

likely to observe a higher number of worker reallocation. We measure worker reallocation with the
count of the number of times that a worker changed station. In general, “best” workers experience
more reallocation than “average” or “worst” workers. Therefore, “best” workers tend to be more multi-
skilled; they dominate the work of more stations and tend to process more units (than “average” or
“worst” workers).

When workers learn quickly and forget slowly (optimistic scenario), possess some initial skill in-
ventory, and the demand forecast is attainable, then, worker reallocation is likely to occur more
frequently. By contrast, the combined scenarios of slower learning and faster forgetting effects, no
initial skill inventory, and challenging demand forecasts, require that workers take advantage of learn-
ing effects as much as possible, in order to produce as many units as possible. Taking advantage of
learning effects implies that workers would remain in a specific station. Consequently, the number of
worker reallocation is significantly reduced in presence of these three scenarios.

In all scenarios where demand is attainable, lost sales were at 0; the assembly line was able to
produce the required number of units to satisfy demand. When learning and forgetting coefficients
are favorable (optimistic scenario) and when workers have some initial skill, then, more IFG remains
at the end of the planning period. Approximately, one more day could be supplied with the IFG that
remains at the end. Progressively, in the most-likely scenario, pessimistic scenario, and when workers
have no initial skill inventory, the amount of IFG that remains is less and less.

When market demand is attainable, there is more worker reallocation than in the scenario of
challenging demand.

In the challenging scenarios (i.e., cases 7–12, 19–24, and 31–36), there are efforts to follow the
demand forecast, but the production output always lies behind. In the optimistic scenario and when
workers have some initial skill inventory, the actual production output gets closer to the demand
forecast, but still remains behind. Although it is possible to accumulate inventory, lost sales take
place.

In the scenario of challenging demand, lost sales start to appear and less worker reallocation takes
place in order to take advantage of the learning effect.
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Figure 4.2: Model A (lost sales): 36 cases of the Jackson problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.3: Model A (lost sales): 36 cases of the Buxey problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.4: Model A (lost sales): 36 cases of the Gunter problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.5: Model A (lost sales): 36 cases of the Kilbrid problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.6: Model A (lost sales): 36 cases of the Hahn problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.7: Model A (lost sales): 36 cases of the Tonge problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.8: Model A (lost sales): 36 cases of the Arcus 1 problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.9: Model A (lost sales): 36 cases of the Mukherjee problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.

38



Figure 4.10: Model A (lost sales): 36 cases of the Arcus 2 problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Figure 4.11: Model A (lost sales): 36 cases of the Bartholdi 1 problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple bar: lost sales.
Axis: x axis: units; y axis: periods.
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Chapter 5

A Demand-Driven Model to Minimize Back Orders

In some situations, when there is a commitment regarding the delivery of finished products to the
customer, the unmet demand, rather than being treated as a lost sale (as treated in the previous
Chapter), should be treated as a backlog or back order. A backlog or back order is demand pending
to be met; it is demand that should have been met in the past, but due to unavoidable circumstances,
the demand remained unmet and the pending items must be delivered some time later, but as soon as
possible. This treatment of unmet demand as a backlog or back order is considered in this Chapter.

First we address the mathematical formulation of this model. Many of the equations to be
employed in this model are identical to equations already introduced in Chapters 3 and 4. Therefore,
we will focus our attention on the new or revised equations, only.

Then, we proceed to explain and analyze the numerical experiments.

5.1 Proposed model

5.1.1 Objective functions and normalization procedure

In this model, the first objective function is B-I (Equation 3.6), introduced in Chapter 3. The
normalization procedure is as follows: Let z1 be the number of back orders expressed as a percentage
of the forecast demand.

z1 =
Z1∑L

ℓ=1 D(ℓ)

z1 should be as small as possible. In the numerical experiments, the ideal case, z1 = 0%, represents
a situation where demand is fully satisfied on time, and hence, there are no units supplied behind
schedule; this ideal case will receive the maximum satisfaction level of 1. On the other hand, a
backlog level of 30% or more of the market demand will receive a satisfaction level of 0. Thus, the
lower bound is zℓ1 = 0% and the upper bound is zu1 = 30%. Accordingly, the normalization of this
objective function is as follows:

SL1 =



1 if Z1∑L
ℓ=1 D(ℓ)

= zℓ1

1−
Z1∑L

ℓ=1
D(ℓ)

−zℓ
1

zu
1 −zℓ

1
if zℓ1 < Z1∑L

ℓ=1 D(ℓ)
< zu1

0 if Z1∑L
ℓ=1 D(ℓ)

≥ zu1

(5.1)

Or, more simply:
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SL1 =


1 if z1 = zℓ1

1− z1−zℓ
1

zu
1 −zℓ

1
if zℓ1 < z1 < zu1

0 if z1 ≥ zu1

(5.2)

In short, for this objective function: if backlog is 0, then SL1 = 1; if backlog is 30% or more (of
the market demand), then SL1 = 0. For any other amount of backlog between these two poles, its
corresponding satisfaction level is computed linearly.

Objective functions 2 (minimize the standard deviation of the number of units processed among
all stations during the whole planning horizon) and 3 (minimize total overproduction or production
excess) are also part of this “backlog” model. Objective functions 2 and 3 are used exactly as intro-
duced in Chapter 4, and their normalization is made exactly as explained in the previous chapter.
Hence, this demand-driven model to minimize back orders also consists of three objective functions
that need to be minimized, and are combined in a single maximization function that aims for the
highest overall satisfaction level (Equation 4.7).

5.1.2 Constraints and learning and forgetting effects

Learning and forgetting curves are implemented in the same way as explained in the previous Chapter.
However, in regard to constraints, when running this model to minimize back orders, constraint (4.26)
must be replaced by the following constraint (5.3), as it reveals the real dynamic of the IFG at the
beginning of each period:

Ii(ℓ) = max

0,

ℓ−1∑
ℓ′=0

Q(J, ℓ)−
ℓ∑

ℓ′=1

D(ℓ)

 ℓ = 1, 2, . . . , L (5.3)

According to constraint (5.3), any accumulated unmet demand is satisfied as soon as new inventory
is built up.

In short, the modifications made to the mathematical model were:
• Objective function A-I (Equation 3.1) was replaced by objective function B-I (Equation 3.6).
• The normalization of objective function B-I was made according to Equation (5.1) or (5.2).
• Constraint (4.26) was replaced by constraint (5.3).

5.2 Numerical experiments

5.2.1 Experimental design

The demand-driven model to minimize back orders was tested on the 36 cases detailed in the previous
chapter, and on the same 10 problem instances. Therefore, a second set of 360 cases was run and
analyzed.

5.2.2 Results

Again, we observe that when demand is attainable, (1) backlog remains at 0, (2) more worker re-
allocation takes place, and (3) workers become more multi-skilled as a consequence of more worker
reallocation.

The green bar on any period is the IFG accumulated at the end of that period. Those are the
units used to satisfy the market demand of the next period. In the challenging scenarios, the amount
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of IFG accumulated is not enough to satisfy the market demand, thus, generating a small portion
(shown in purple) which represents the accumulated backlog. In the challenging scenario, we can see
that the backlog tends to be higher in the pessimistic scenario (slow learning, fast forgetting, workers
without initial skill inventory).

We speculate that a major difference between the lost sale model and the back order model can
be seen when evaluating cost (Type II). Due to the economic loss of a sale, it may be preferable to
build inventory in advance, anticipating a rise in demand. Holding inventory might be preferable
than losing a sale. Hence, in the lost sale model it would be more likely to see that IFG accumulates.
By contrast, in the back order model, since unsatisfied demand can be met later, it might be less
likely to see inventory build up.
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Figure 5.1: Model B (back orders): 36 cases of the Jackson problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.2: Model B (back orders): 36 cases of the Buxey problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.3: Model B (back orders): 36 cases of the Gunter problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.4: Model B (back orders): 36 cases of the Kilbrid problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.5: Model B (back orders): 36 cases of the Hahn problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.6: Model B (back orders): 36 cases of the Tonge problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.7: Model B (back orders): 36 cases of the Arcus 1 problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.8: Model B (back orders): 36 cases of the Mukherjee problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.9: Model B (back orders): 36 cases of the Arcus 2 problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Figure 5.10: Model B (back orders): 36 cases of the Bartholdi 1 problem

Legend: blue trendline: demand forecast; red line: actual output of the assembly line; green bar: inventory of finished goods accumulated at the end of each period; purple line: backlog.
Axis: x axis: units; y axis: periods.
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Chapter 6

Concluding Remarks

6.1 Conclusions

Different from other methods, which focus on maximizing the efficiency of the lines without regard
to their role within the extended supply chain they belong to, this research aimed at balancing the
assembly line in such a way that the production output of the line meets a given market demand
forecast. In particular, the research presented in this dissertation:
1. Introduced the demand-driven assembly line rebalancing problem (DDALRP);
2. Proposed a framework for the DDALRP based on two objectives (A: minimize lost sales, B:

minimize back orders) and two measures of interest (I: units, II: cost), thus, defining four types of
DDALRPs (A-I, A-II, B-I, B-II);

3. Proposed two formulations for the DDALRP: one for A-I (a demand-driven model to minimize
lost sales in terms of units) and one for B-I (a demand-driven model to minimize back orders in
terms of units);

4. Undertook an extensive computational study to evaluate the behavior of the proposed models under
different scenarios: (a) optimistic, most-likely, and pessimistic learning and forgetting coefficients;
(b) workers with and without initial skill inventory; (c) increasing, seasonally increasing, and
erratic demand patterns; and (d) attainable and challenging demand forecasts; and

5. Obtained conclusions and a general understanding of the dynamic of the reallocation of workers.
In fact, the purpose of the numerical experiments was to study the behavior of the proposed models
for different instance sizes and considering diverse scenarios. The followings were the main insights
of about the dynamic of worker reallocation:
• More worker reallocation takes place under an optimistic scenario (fast learning, slow forgetting,

workers have some initial skill inventory). As learning occurs slower, or forgetting occurs faster, or
the initial skill inventory of workers is lower, then, less worker reallocation takes place.

• More worker reallocation takes place when the market demand is attainable. As the level of difficulty
of the demand forecast increases (i.e., higher the demand forecast), less worker reallocation occurs.

• “Best” workers experience more number of reallocations than “average” workers. “Average” workers
experience more reallocation than “worst” workers.

The followings were the main insights of about the dynamic of IFG, lost sales, and back orders:
• More IFG accumulates when market demand is attainable and in presence of an optimistic scenario.

When demand is attainable and the scenario is “most likely” or “pessimistic”, IFG also accumulates,
but less than in presence of an “optimistic scenario”.

• Less back orders or lost sales occur under an optimistic scenario. When the scenario is “most-likely”
or “pessimistic” there may be an increased number of lost sales or back orders.

• Less back orders or lost sales occur when market demand is attainable. As the forecast demand
increases (i.e., as the forecast demand becomes more challenging or more difficult to attain), then,
more back orders or lost sales are observed.
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6.2 Contributions

We proposed a new, useful, and practical model to balance an assembly line via worker reallocation,
adapting, as much as possible, the production output of an AL to a demand forecast, and aiming to
minimize lost sales or back orders. New : while the extensive literature has focused on maximizing
line efficiency, we tackled an ALBP where the aim is to achieve a production output that varies
according to some demand forecast. Useful : to reduce the gap between industry needs and the status
of research findings. Practical : the models are applicable to any manufacturing plant involving human
labor in their assembly systems arranged in I-shaped structure (also known as straight layout or serial
configuration).

6.2.1 Practical implications

We created two mathematical models to tackle the problem of balancing an assembly while at the
same time adjusting the production output of the line to a given demand forecast. The models are:
1. Demand-driven model to minimize lost sales
2. Demand-driven model to minimize back orders

The proposed models in this dissertation support plant engineers and production managers in the
analysis of their production lines, in the tracking of their workers’ skill inventory, and their decision
making process in regard to worker reallocation to balance ALs and match a demand forecast.

Some positive, practical implications and additional advantages of worker reallocation are: (a)
more job variety, (b) more motivation and less boredom, and (c) multi-skilled workers.

6.2.2 Academic implications

This research presents a new family of assembly line balancing problems that we have denominated:
demand-driven assembly line rebalancing problem (DDALRP). The DDALRP itself is a contribution
to the body of knowledge of the field of Assembly Line Balancing (ALB). As a reference, other
problems introduced by other researchers over the last few years include:
• Assembly line worker assignment and balancing problem (ALWABP) [36]
• Assembly line worker integration and balancing problem (ALWIBP) [45]
• Time and space constrained assembly line balancing problem (TSALBP) [78]
• Accessibility windows assembly line balancing problem (AWALBP) [47]
• Traveling worker assembly line (re)balancing problem (TWALBP) [49]
To add a new item to the list above, the DDALRP presented in this dissertation is a new contribution
to the ALB / ALR body of knowledge.

In addition, it is worthy to note that the classical ALBP faces the problem with the traditional
task precedence constraints, considers deterministic task times, aims at one single objective (usually
minimize the cycle time or the number of stations), and the balancing task is a one-time endeavor
(i.e., does not require re-balancing). Therefore, from an academic point of view, it is worth to contrast
that, in contrast, we have addressed the ALBP considering simultaneously: (1) dynamic processing
times of tasks (learning and forgetting effects), (2) a demand forecast, (3) multi-period balancing
(i.e., rebalancing over a planning horizon), and (4) multi-objective formulation.

6.2.3 Contribution to Knowledge Science

From the Knowledge Science point of view, we have applied conceptual combination, a fundamental
cognitive process by which two or more existing basic concepts are mentally synthesized to generate
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a composite, higher-order concept [91], e.g., the demand-driven assembly line rebalancing problem.
The DDALRP is a fascinating problem that combines:
• Multi-objective optimization: three objective functions were combined: two intended to achieve

high efficiency, and one intended to adapt the production output of the assembly line to some
forecast.

• Multi-period analysis: we balance and re-balance the assembly line over a planning horizon.
• Worker reallocation: we balance and re-balance the assembly line by performing allocation and

re-allocation of workers.
• Dynamic times: learning and forgetting effects were taking into consideration.
• Demand forecast

The combination of these elements conform a real industry scenario that has critical importance in
manufacturing facilities and production plants. We named it DDALRP and we created two mathemat-
ical models to tackles this problem (demand-driven model to minimize lost sales and demand-driven
model to minimize back orders), contributing, thus, to the body of knowledge in the ALB research
area.

From the Knowledge Science point of view, the definition of the DDALRP and its framework
proposed (Chapter 3) is an example of knowledge creation. As mentioned in my personal motivation,
the DDALRP emerged from a real industry situation that I experienced in my workplace. Citing the
words of Tenenbaum: “A concept is an abstraction or generalization from observable examples or a
transformation of existing ideas. New concepts never come out of nowhere. Past experiences support
the learning of new concepts by showing the learner what matters for generalization.” [92] Further,
as a new knowledge created, the appearance of the DDALRP into the body of knowledge in the field
of ALB could be modeled in a SECI spiral (cfr. [93]).

Finally, we highlight transformation of data into information, and transformation of information
into knowledge. Data includes learning and forgetting coefficients, a demand forecast, and other input
parameters. These data were processed and transformed to generate information. For instance:
Based on the learning parameters, how many units can workers produce? Given the demand forecast,
to which station should workers be allocated? Knowledge: management of industrial knowledge:
How to properly manage organizational resources (e.g., workers) to efficiently balance assembly lines?
How to balance assembly lines in order to minimize lost sales or back orders, and to sustain competitive
advantage? These questions are answered under the framework (DDALRP) and tool (non-linear,
multi-objective, combinatorial optimization model) presented in this study.

6.3 Directions for future research

The models proposed in this research were applicable to the straight AL. Thinking in terms of
generalization (of models), a possible direction for future research is the exploration of a generalized
model capable of being applicable to assembly systems having different layouts or configurations.
Regardless of the physical flow of the line (straight, U-shaped, S-shaped, carousel, etc.), the presence
of some parallel stations or parallelization of the whole line, or the presence of feeder lines (sub-
assembly operations), a production system is comprised of J stations, which, independently of their
physical location within the factory, configuration, or layout arrangement, the production system
should be balanced in such a way so as to achieve smooth production flow, and match as much as
possible the forecast market demand.

Additionally, in our numerical experiments, we assumed a “well-aligned” set of workers that can
be sorted from “best” to “worst” based on progressively increasing (decreasing) learning (forgetting)
coefficients. In reality, a worker may show fast learning in certain tasks, and slower learning in other
tasks. Similarly, the forgetting coefficient of a worker may be different depending on the kind of task
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that he/she will perform. More complex dynamics of worker reallocation might be seen when learning
and forgetting values are completely shuffle or random. Thus, investigating the dynamics of worker
reallocation under such scenario may constitute a further step.

Further comments

Contrary to the well-known principle “divide and conquer”, conquering new research frontiers in ALB
is about doing exactly the opposite: it is about (a) simultaneously considering branches that are
connected to the problem, and (b) about considering more reality.

In regard to the first item, this research has already considered the demand forecast in the ALBP.
(The demand forecast his is only one connecting branch.) Recently, Sternatz [94] introduced the
joint line balancing and material supply problem. (Materials supply to the assembly line is another
connecting branch.) Roy and Khan [95] developed an integrated model for line balancing with work-
station inventory management. (Inventory management is another branch associated with ALB.) Che
[96] proposed a multi-objective optimization algorithm for solving the supplier selection problem with
assembly sequence planning and assembly line balancing. (Further, the supplier selection problem is
also related to operations management issues of the assembly line.)

Therefore, it seems that a new trend in this research field is, in general terms, connecting nearby
issues surrounding the ALBP, and in particular, connecting inbound and outbound logistics issues to
the ALBP. In the past, materials requirement planning (MRP), inventory management problems, the
supplier selection problem, the ALBP, and other problems had been addressed separately. Probably,
the reason that may explain the new trend to formulate a bigger problem is the fact that addressing
the problem as a whole yields a better solution, closer to optimum, than dividing the problem into
sub-problems and solving them separately and independently. In this regard, future research efforts
should be addressed to holistically optimize the work system. (Will we visualize in the future one
single, “all-mighty” model capable of solving “the factory management problem”?)

Another possible way to extend the research frontier in this field is by considering additional reality
in order to improve the accuracy of the models. For instance, the processing rate at which workers
process units in a station is affected not only by learning-forgetting effects. There are other elements
present. Fatigue-recovery and motivation-boredom are realities that certainly affect the processing
time of a job or workpiece. Simultaneously considering these realities would lead to a more complex
model that more accurately computes the time it would take a worker to process a unit, crucial data
for solving the ALBP.

Jaber et al. [97] incorporated human fatigue and recovery into the learning-forgetting process
and presented the “learning-forgetting-fatigue-recovery model” (LFFRM). Givi et al. [98] considered
fatigue-recovery and learning-forgetting parameters to develop a mathematical model that estimates
the human error rate when performing an assembly job. In addition to estimating the error rate, it
would be desirable to estimate the processing time, as well. Azizi et al. [86] developed motivation-
boredom formulations and skill improvement-deterioration formulations to model job rotation in a
manufacturing system. Corominas et al. [99] addressed an important element of reality: if task A and
task B are related or are similar, then, when a worker performs task A, he/she also gains experience
on task B –even though he/she had not performed task B before.

Moreover, linked to our demand-driven models, it would be interesting to study the actual effect
of higher frequency of reallocation experienced by the “best” and “average” workers. Would a higher
frequency of reallocation lead to the development of more stress, fatigue, and a possible sick leave?
Or would it contribute to job variety, motivation, and development of more skills? In short, as more
elements and more realities are considered, (and as the real consequences of more reallocation are
understood), the more accurate the models will be.

57



Bibliography

[1] J.M. Wilson. Henry Ford vs. assembly line balancing. International Journal of Production
Research, 52(3):757–765, 2014.

[2] N.T. Thomopoulos. Assembly Line Planning and Control. Springer, Switzerland, 2014.

[3] N. Boysen; M. Fliedner; A. Scholl. A classification of assembly line balancing problems. Euro-
pean Journal of Operational Research, 183(3):674–693, 2007.

[4] N. Boysen; M. Fliedner; A. Scholl. Assembly line balancing: Which model to use when?
International Journal of Production Economics, 111:509–528, 2008.

[5] B. Rekiek; A. Delchambre. Assembly Line Design. Springer, Germany, 2006.

[6] J.M. Wilson. Henry Ford’s Just-in-Time System. International Journal of Operations and
Production Management, 15(12):59–75, 1995.

[7] J.M. Wilson. Henry Ford: a just-in-time pioneer. Production and Inventory Management
Journal, 36(2):26–31, 1996.

[8] G. Cachon; C. Terwiesch. Matching Supply with Demand: An Introduction to Operations Man-
agement. McGraw-Hill, New York, 3rd edition, 2013.

[9] W.J. Stevenson. Operations Management. McGraw-Hill, New York, 12th edition, 2014.

[10] J. Heizer; B. Render. Principles of Operations Management. Pearson, Boston, 9th edition,
2013.

[11] F.R. Jacobs; R.B. Chase. Operations and Supply Chain Management. McGraw-Hill, New York,
14th edition, 2014.

[12] S. Chopra; P. Meindl. Supply Chain Management: Strategy, Planning, and Operations. Pearson,
England, 5th edition, 2013.

[13] M. Gen; R. Cheng; L. Lin. Network Models and Optimization. Springer, London, 2008.

[14] E. Erel; S. Sarin. A survey of the assembly line balancing procedures. Production Planning &
Control, 9(5):414–434, 1998.

[15] O. Battaïa; A. Dolgui. A taxonomy of line balancing problems and their solution approaches.
International Journal of Production Economics, 142:259–277, 2013.

[16] C. Becker; A. Scholl. A survey on problems and methods in generalized assembly line balancing.
European Journal of Operational Research, 168(3):694–715, 2006.

[17] K.B. Zandin. Maynard’s Industrial Engineering Handbook. McGraw-Hill, USA, 2001.

[18] I. Baybars. Survey of exact algorithms for the simple assembly line balancing problem. Man-
agement Science, 32(8):909–932, 1986.

58



[19] D.E. Nye. America’s Assembly Line. MIT Press, USA, 2013.

[20] Y. Monden. Toyota Production System: An Integrated Approach to Just-in-Time. Taylor &
Francis, Florida, 4th edition, 2012.

[21] G. Dioguardi. Network Enterprises: The Evolution of Organizational Models from Guilds to
Assembly Lines to Innovation Clusters. Springer Science, New York, 2010.

[22] K.R. Baker. Introduction to sequencing and scheduling. Wiley, New York, 1974.

[23] M.E. Salveson. The assembly line balancing problem. Journal of Industrial Engineering,
6(3):18–25, 1955.

[24] H.L. Arnold; F.L. Faurote. Ford Methods and the Ford Shops. Arno Press, New York, Reprinted
1972.

[25] H. Ford and collaboration with S. Crowther. My Life and Work. William Heinemann, London,
1924.

[26] H. Ford and collaboration with S. Crowther. Today and Tomorrow. William Heinemann,
London, 1926.

[27] A. Nevins; F. Hill. Ford: The Times, The Man, The Company. Scribner, New York, 1954.

[28] Claude S. Jr. George. The History of Management Thought. Prentice-Hall, New Jersey, 1972.

[29] D. Hounshell. From the American System to Mass Production 1800-1932. The John Hopkins
University Press, Maryland, 1984.

[30] T.S. Wee; M.J. Magazine. Assembly line balancing as generalized bin packing. Operations
Research Letters, 1:56–58, 1982.

[31] T.P. Wright. Factors affecting the cost of airplanes. Journal of Aeronautical Sciences, 3(4):122–
128, 1936.

[32] D. Biskup. Single-machine scheduling with learning considerations. European Journal of Oper-
ational Research, 115:173–178, 1999.

[33] Y.Y. Chen. A hybrid algorithm for allocating tasks, operators, and workstations in multi-
manned assembly lines. Journal of Manufacturing Systems, 42:196–209, 2017.

[34] E. Falkenauer. Line balancing in the real world. Proceedings of the International Conference
on Product Lifecycle Management, 5:360–370, 2005.

[35] J. Manyika; J. Sinclair; R. Dobbs. Manufacturing the future: The next era of global growth
and innovation. McKinsey Global Institute, November 2012.

[36] C. Miralles; J.P. García-Sabater; C. Andrés; M. Cardós. Advantages of assembly lines in shel-
tered work centres for disabled: A case study. International Journal of Production Economics,
110:187–197, 2007.

[37] C. Miralles; J.P. García-Sabater; C. Andrés; M. Cardós. Branch and bound procedures for
solving the assembly line worker assignment and balancing problem: application to sheltered
work centres for disabled. Discrete Applied Mathematics, 156(3):352–367, 2008.

[38] A.A. Chaves; C. Miralles; L.A. Nogueira-Lorena. Clustering search approach for the assembly
line worker assignment and balancing problem. Proceedings of the 37th International Conference
on Computers and Industrial Engineering, pages 1469–1478, 2007.

59



[39] A.A. Chaves; L.A. Nogueira-Lorena; C. Miralles. Hybrid metaheuristic for the assembly line
worker assignment and balancing problem. Proceedings of the 6th International Workshop on
Hybrid Metaheuristics, pages 1–14, 2009.

[40] C. Blum; C. Miralles. On solving the assembly line worker assignment and balancing problem
via beam search. Computers & Operations Research, 38:328–339, 2011.

[41] M.C.O. Moreira; M. Ritt; A.M. Costa; A.A. Chaves. Simple heuristics for the assembly line
worker assignment and balancing problem. Journal of Heuristics, 18:505–524, 2012.

[42] Ö. Mutlu; O. Polat; A.A. Supciller. An iterative genetic algorithm for the assembly line worker
assignment and balancing problem of type-II. Computers & Operations Research, 40:418–426,
2013.

[43] L. Borba; M. Ritt. A heuristic and a branch-and-bound algorithm for the assembly line worker
assignment and balancing problem. Computers & Operations Research, 45:87–96, 2014.

[44] M. Vilà; J. Pereira. A branch-and-bound algorithm for assembly line worker assignment and
balancing problems. Computers & Operations Research, 44:105–114, 2014.

[45] M.C.O. Moreira; C. Miralles; A.M. Costa. Model and heuristics for the assembly line worker
integration and balancing problem. Computers & Operations Research, 54:64–73, 2015a.

[46] M.C.O. Moreira; R. Pastor; A.M. Costa; C. Miralles. The multi-objective assembly line worker
integration and balancing problem of type-2. Computers & Operations Research, 82:114–125,
2017.

[47] G. Calleja; A. Corominas; A. García-Villoria; R. Pastor. A MILP model for the accessibility
windows assembly line balancing problem (AWALBP). International Journal of Production
Economics, 51(12):3549–3560, 2013.

[48] B. Sungur; Y. Yavuz. Assembly line balancing with hierarchical worker assignment. Journal of
Manufacturing Systems, 37:290–298, 2015.

[49] C.G. Stall-Sikora; T. Cantos-Lopes; L. Magatão. Traveling worker assembly line (re)balancing
problem: Model, reduction techniques, and real case studies. European Journal of Operational
Research, 259:949–971, 2017.

[50] S. Globerson; A. Shtub. The impact of learning curves on the design of long cycle time lines.
Industrial Management, 26:5–10, 1984.

[51] A.K. Chakravarty; A. Shtub. Modeling the effects of learning and job enlargement on assembly
systems with parallel lines. International Journal of Production Research, 26(2):267–281, 1988.

[52] Y. Cohen; M.E. Dar-El. Optimizing the number of stations in assembly lines under learning for
limited production. Production Planning and Control, 9(3):230–240, 1998.

[53] M.D. Toksarı; S.K. İşleyen; E. Güner; Ö.F. Baykoç. Simple and U-type assembly line balancing
problems with a learning effect. Applied Mathematical Modelling, 32:2954–2961, 2008.

[54] C. Otto; A. Otto. Extending assembly line balancing problem by incorporating learning effects.
International Journal of Production Research, 52(24):7193–7208, 2014.

[55] A. Scholl. Balancing and Sequencing of Assembly Lines. Physica-Verlag, Heidelberg, 2nd
edition, 1999.

60



[56] T. Koltai; N. Kalló. Analysis of the effect of learning on the throughput-time in simple assembly
lines. Computers & Industrial Engineering, pages –, 2017.

[57] S. Globerson; N. Levin; A. Shtub. The impact of breaks on forgetting when performing a
repetitive task. IIE Transactions, 21:376–381, 1989.

[58] C.D. Bailey. Forgetting and learning curve: a laboratory study. Management Science, 35:340–
352, 1989.

[59] M.D. Toksarı; S.K. İşleyen; E. Güner; Ö.F. Baykoç. Assembly line balancing problem with
deterioration tasks and learning effect. Expert Systems with Applications, 37:1223–1228, 2010.

[60] C. Liu; J. Wang; J. Leung. Worker assignment and production planning with learning and
forgetting in manufacturing cells by hybrid bacteria foraging algorithm. Computers & Industrial
Engineering, 96:162–179, 2016.

[61] J.E. Mazur; R. Hastie. Learning as accumulation: A reexamination of the learning curve.
Psychological Bulletin, 85(6):1256–1274, 1978.

[62] D.A. Nembhard; M.V. Uzumeri. Experiential learning and forgetting for manual and cognitive
tasks. International Journal of Industrial Ergonomics, 25(4):315–326, 2000.

[63] G.A. Süer; R.R. Tummaluri. Multi-period operator assignment considering skills, learning and
forgetting in labour-intensive cells. International Journal of Production Research, 46(2):469–
493, 2008.

[64] N. Hamta; S.M.T. Fatemi Ghomi; F. Jolai; M.A. Shirazi. A hybrid PSO algorithm for a multi-
objective assembly line balancing problem with flexible operation times, sequence-dependent
setup times and learning effect. International Journal of Production Economics, 141:99–111,
2013.

[65] Z. Yuguang; A. Bo; Z. Yong. A PSO algorithm for multi-objective hull assembly line balancing
using the stratified optimization strategy. Computers & Industrial Engineering, 98:53–62, 2016.

[66] B.L. Song; W.K. Wong; J.T. Fan; S.F. Chan. A recursive operator allocation approach for
assembly line-balancing optimization problem with the consideration of operator efficiency.
Computers & Industrial Engineering, 51:585–608, 2006.

[67] A.C. Nearchou. Multi-objective balancing of assembly lines by population heuristics. Interna-
tional Journal of Production Research, 46(8):2275–2297, 2008.

[68] T. Murata; H. Ishibuchi; H. Tanaka. Multi-objective genetic algorithms and its application to
flowshop scheduling. Computers & Industrial Engineering, 30(4):957–968, 1996.

[69] Y.K. Kim; Y.-J. Kim; Y. Kim. Genetic algorithms for assembly line balancing with various
objectives. Computers & Industrial Engineering, 30(3):397–409, 1996.

[70] J. Rada-Vilela; M. Chica; O. Cordón; S. Damas. A comparative study of multi-objective ant
colony optimization algorithms for the time and space assembly line balancing problem. Applied
Soft Computing, 13:4370–4382, 2013.

[71] U. Saif; Z. Guan; W. Liu; C. Zhang; B. Wang. Pareto based artificial bee colony algorithm for
multi objective single model assembly line balancing with uncertain task times. Computers &
Industrial Engineering, 76:1–15, 2014.

61



[72] K. Deb; A. Pratap; S. Agarwal; T. Meyarivan. A fast and elitist multi objective genetic algo-
rithm: NSGA-II. IEEE Transactions on Evolutionary Computation, 6(2):182–197, 2002.

[73] K. Deb. Multi-Objective Optimization using Evolutionary Algorithms. John Wiley & Sons,
England, 2001.

[74] J. Dong; L. Zhang; T. Xiao. A hybrid PSO/SA algorithm for bi-criteria stochastic line balancing
with flexible task times and zoning constraints. Journal of Intelligent Manufacturing, 29(4):737–
751, 2018.

[75] T. Al-Havari; M. Ali; O. Al-Araidah; A. Mumani. Development of a genetic algorithm for multi-
objective assembly line balancing using multiple assignment approach. International Journal
of Advanced Manufacturing Technology, 77(5-8):1419–1432, 2015.

[76] P.Th. Zacharia; A.C. Nearchou. A population-based algorithm for the bi-objective assembly line
worker assignment and balancing problem. Engineering Applications of Artificial Intelligence,
49:1–9, 2016.

[77] M. Chica; Ó. Cordón; S. Damas; J. Bautista. A robustness information and visualization model
for time and space assembly line balancing under uncertain demand. International Journal of
Production Economics, 145:761–772, 2013.

[78] J. Bautista; J. Pereira. Ant algorithms for a time and space constrained assembly line balancing
problem. European Journal of Operational Research, 177:2016–2032, 2007.

[79] A. Scholl; S. Voss. Simple assembly line balancing, heuristic approaches. Journal of Heuristics,
2:217–244, 1996.

[80] J. Bautista; J. Pereira. Ant algorithms for assembly line balancing. Lecture Notes in Computer
Science, 2463:65–75, 2002.

[81] M. Chica; J. Bautista; Ó. Cordón; S. Damas. A multiobjective model and evolutionary algo-
rithms for robust time and space assembly line balancing under uncertain demand. Omega,
58:55–68, 2016.

[82] A.S. Simaria; M. Zanella de Sá; P.M. Vilarinho. Meeting demand variation using flexible U-
shaped assembly lines. International Journal of Production Research, 47(14):3937–3955, 2009.

[83] P.M. Vilarinho; A.S. Simaria. ANTBAL: An ant colony optimization algorithm for balancing
mixed-model assembly lines with parallel workstations. International Journal of Production
Research, 44:291–303, 2006.

[84] P.S. Adler; B. Goldoftas; D.I. Levine. Flexibility vs. Efficiency? A case study of model
changeovers in the Toyota Production System. Organization Science, 10(1):43–68, 1999.

[85] L.A. Zadeh. Fuzzy sets. Information and Control, 8:338–353, 1965.

[86] N. Azizi; S. Zolfaghari; M. Liang. Modeling job rotation in manufacturing systems: The study
of employee’s boredom and skill variations. International Journal of Production Economics,
123:69–85, 2010.

[87] A. Scholl. Data of assembly line balancing problems. Technical Report 16/93, Schriften zur
Quantitativen Betriebswirtschaftslehre, Technische Universität Darmstadt, November 1993.

[88] N. Baloff. Extension of the learning curve - some empirical results. Operational Research
Quarterly, 22(4):329–340, 1971.

62



[89] J.H. Holland. Adaptation in Natural and Artificial Systems. University of Michigan Press, Ann
Arbor, Michigan, 1975.

[90] O. Kramer. Genetic Algorithm Essentials, Studies in Computational Intelligence, vol. 679.
Springer International Publishing AG, Cham, Switzerland, 2017.

[91] L. Wu; L.W. Barsalou. Perceptual simulation in conceptual combination: Evidence from prop-
erty generation. Acta Psychologica, 132(2):173–189, 2009.

[92] J.B. Tenenbaum. A Bayesian framework for concept learning. PhD thesis, Massachusetts
Institute of Technology, 1999.

[93] I. Nonaka; H. Takeuchi. The Knowledge-Creating Company: How Japanese Companies Create
the Dynamics of Innovation. Oxford University Press, New York, 1995.

[94] J. Sternatz. The joint line balancing and material supply problem. International Journal of
Production Economics, 159:304–318, 2015.

[95] D. Roy; D. Khan. Integrated model for line balancing with workstation inventory management.
International Journal of Industrial Engineering Computations, 1:139–146, 2010.

[96] Z.H. Che. A multi-objective optimization algorithm for solving the supplier selection prob-
lem with assembly sequence planning and assembly line balancing. Computers & Industrial
Engineering, 105:247–259, 2017.

[97] M.Y. Jaber; Z.S. Givi; W.P. Neumann. Incorporating human fatigue and recovery into the
learning?forgetting process. Applied Mathematical Modelling, 37:7287–7299, 2013.

[98] Z.S. Givi; M.Y. Jaber; W.P. Neumann. Modelling worker reliability with learning and fatigue.
Applied Mathematical Modelling, 39:5186–5199, 2015.

[99] A. Corominas; J. Olivella; R. Pastor. A model for the assignment of a set of tasks when work
performance depends on experience of all tasks involved. International Journal of Production
Economics, 126:335–340, 2010.

[100] M. O’brien. The American System. History Magazine, December/January:17–20, 2004.

[101] B. Bryton. Balancing of a continuous production line. Master’s thesis, Northwestern University,
Evanston, IL, 1954.

[102] F.J. Andress. The learning curve as a production tool. Harvard Business Review, 32:87–97,
1954.

[103] A. Scholl; C. Becker. State-of-the-art exact and heuristic solution procedures for simple assembly
line balancing. European Journal of Operational Research, 168:666–693, 2006.

[104] C. Terwiesch; R.E. Bohn. Learning and process improvement during production ramp-up.
International Journal of Production Economics, 70(1):1–19, 2001.

[105] K.B. Clark; T. Fujimoto. Product Development Performance: Strategy, Organization and Man-
agement in the World Auto Industry. Harvard Business School Press, Boston, 1991.

[106] S. Fjällström; K. Säfsten; U. Harlin; J. Stahre. Information enabling production ramp-up.
Journal of Manufacturing Technology, 20(2):178–196, 2009.

[107] M.C.O. Moreira; A.M. Costa. Hybrid heuristics for planning job rotation schedules in assembly
lines with heterogeneous workers. International Journal of Production Economics, 141:552–560,
2013.

63



[108] E.M. Dar-El. Human Learning: From Learning Curves to Learning Organizations. Springer
Science, New York, 2000.

[109] W. Xu; T. Xiao. Strategic robust mixed model assembly line balancing based on scenario
planning. Tsinghua Science and Technology, 16(3):308–314, 2011.

[110] N. Papakostas; G. Pintzos; C. Giannoulis; N. Nikolakis; G. Chryssolouris. Multi-criteria assem-
bly line design under demand uncertainty. Procedia CIRP, 25:86–92, 2014.

[111] H. Hakansson; A. Waluszewski. Knowledge and Innovation in Business and Industry. Routledge,
New York, 2007.

[112] I. Nonaka; D.J. Teece. Managing Industrial Knowledge. SAGE Publications, London, 2001.

[113] A. Otto; C. Otto; A. Scholl. Systematic data generation and test design for solution algorithms
on the example of SALBPGen for assembly line balancing. European Journal of Operational
Ressearch, 228:33–45, 2013.

[114] A. Otto; C. Otto; A. Scholl. SALBPGen – a systematic data generator for (simple) assembly
line balancing. Technical report, Jena Research Papers in Business and Economics, May 2011.

[115] J. Driscoll; D. Thilakawardana. The definition of assembly line balancing difficulty and evalu-
ation of balance solution quality. Robotics and Computer-Integrated Manufacturing, 17:81–86,
2001.

[116] R.M. Pérez-Wheelock; V.-N. Huynh. Balancing assembly lines and matching demand through
worker reallocations. Proceedings of the 15th International Conference on Modeling Decisions
for Artificial Intelligence, LNAI 11144:206–217, 2018.

[117] R.M. Pérez-Wheelock; W. Ou; P. Yenradee; V.-N. Huynh. A demand-driven model for reallo-
cating workers in assembly lines. IEEE Access, DOI: 10.1109/ACCESS.2022.3194658, 2022.

[118] N. Modig; P. Åhlström. This is lean: resolving the efficiency paradox. Rheologica Publishing,
Stockholm, 2012.

[119] W. Grzechca. Assembly Line - Theory and Practice. InTech, Croatia, 2011.

64


