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Abstract

The robot system integration (SI) business targets the construction of production lines for various products that differ from customer to customer.
Improving the efficiency of line design is important for increasing profits in the SI business. Especially in the construction of assembly lines, the
optimal system configuration, with an appropriate combination of robotic and human stations, is critical for maximizing the return on investment
of customers. Yet, the optimal system configuration depends heavily on the task sequence in the process plan. In this paper, task sequencing and
system configuration are regarded as two interdependent sub-problems of line design. The exact joint optimum of the two problems can be found
only if they are solved together, in an integrated way. However, this is computationally intractable for problems of industrially relevant sizes.
To overcome this challenge, a heuristic method exploiting industrial knowledge is proposed for solving the two problems simultaneously. The
heuristic constructs promising task sequences according to the capabilities of the applicable resources, considering aspects such as, among others,
human work quality or robot tool change times. Then, a close-to-optimal system configuration is computed by considering the promising task
sequences and their various relevant combinations. The proposed method is illustrated in a case study on the assembly of electrical components
in the automotive industry.
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1. Introduction

With the declining working-age population in many devel-
oped countries, the importance of automation and robotization
in the manufacturing industry is increasing. Estimated annual
sales of industrial robots worldwide increased by more than
10% every year from 2015 to 2018, and robot utilization in the
automation market is expected to grow by an average of 14.4%
annually from 2018 to 2023 [7].

In robot system integration (SI), which builds production
lines for assembly and welding processes utilizing industrial
robots, it is important to coordinate process planning with cus-
tomers based on product and production conditions for each
customer project. After that, the line is designed and manu-
factured by solving the control, equipment, and layout design
problems. Hence, line design is the process of determining the
optimal system configuration and manufacturing process in the
engineering chain, and this procedure has a great impact on pro-
duction efficiency.

However, line design, which takes into account a huge vari-
ety of resource candidates and task allocations, is said to be one
of the areas in the engineering chain where automation has been
delayed [1], and it still depends on the know-how of engineers.
In order to meet the increasing demand for automation projects,
technology for deriving the optimal system configuration at an
early stage is required. Therefore, in this research, the devel-
opment of automated line design technology that optimizes the
system configuration and task allocation of production lines is
investigated.

Within the line design workflow, process planning defines
the set of production tasks, together with the interdependencies
between them, that are required to manufacture the product ac-
cording to its specification. Task sequencing departs from these
predefined tasks and the precedence constraints between them,
and determines a complete order of the production tasks. Sys-
tem configuration is responsible for computing the combina-
tion of resources, as well as the assignment of those resources
to production tasks, in order to satisfy the given demand in
the most efficient way. The geometrical layout of the produc-2212-8271© 2022 The Authors. Published by Elsevier B.V.
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tion system, as well as the micro-level process plan (e.g., robot
paths) are determined in downstream planning steps.

Yet, task sequencing and system configuration are mutually
interdependent: the optimal task sequence depends on the sys-
tem configuration, and vice versa, the optimal system configu-
ration depends on the task sequence. This means that the exact
joint optimum of the two problems can be found only if they
are solved together, in an integrated way.

Approaches to task sequencing include methods that de-
part from the product CAD model and the available knowledge
about the assembly process [6], as well as methods that capture
the problem as a constrained optimization problem built up au-
tomatically from a generic feature-based representation of the
product and the assembly process [8].

System configuration has been studied mostly for fully hu-
man or fully robotized systems [2, 3]. However, there is an in-
creasing need to build production lines that combine human and
robot workforce [11]. Production lines are required that utilize
various production resources, such as industrial robots of var-
ious sizes, mechanisms and price ranges, as well as workers
with different skills and labor costs depending on the production
area. The authors have also presented results on system config-
uration combining human and machine resources [10]. More-
over, classical methods for system configuration and the related
assembly line balancing problem fail to capture the choice from
different execution modes for each task, and accordingly, the
variation of equipment within the different cells (e.g., robots
and tools), which greatly affects the cost of the cell [4, 9].
These are all drastic simplifications of the configuration prob-
lem arising in an industrial setting. To overcome this challenge,
this paper proposes a heuristic method for finding a close-to-
optimal joint solution of the task sequencing and the system
configuration problems from a huge combination of candidate
task sequences and various resource candidates for executing
the tasks.

2. Problem statement

There problem consists in configuring a dedicated produc-
tion line for producing a given product, serving the forecasted
demand of D over the planning horizon. The process plan is
given in the input, and consists of a set of tasks connected
by precedence constraints. The ensemble of precedence con-
straints forms a directed acyclic graph. Yet, there are alternative
execution modes for each task, which require a different mix of
resources and have different durations. A typical example of
alternative execution modes is a screwing task that can be exe-
cuted either by a human operator quickly using a manual screw
driver, or by a robot at a speed depending on the robot type us-
ing a suitable robotic screw driver with a bolt picker. Different
tasks can be executed in different modes.

The production line consists of a series of human or robotic
stations, equipped with various tools. A single human operator
or a single robot can serve a station. Planning departs from a
given initial line configuration, which contains the ensemble of
resources installed along the line. As a special case, the initial

configuration can be an empty plant, which corresponds to plan-
ning from scratch. These initial resources cannot be removed or
re-assigned to another station. The investment cost for building
a new station, purchasing a robot of type r or a tool of type j is
denoted by KC , KR

r , and KJ
j , respectively.

Each station of the line executes a subset of the tasks in the
process plan. In contrast, each task must be assigned to ex-
actly one station, i.e., parallel stations or executing a fraction
of a task are not allowed. A station can execute a task τ in a
given mode m if the station is equipped with all the required
resources (robot, tool, or human operator). Then, executing this
task takes Tτm processing time. Moreover, if the task requires a
tool different from the tool required by the previous task, then a
changeover time of Um is also necessary. For the first task exe-
cuted in the station on a product, the previous task corresponds
to the last task of the previous piece. The cycle time of the over-
all production line is determined by the slowest station, and it
must be sufficiently low to serve the complete demand in a time
period of length Θ.

The total investment cost I is calculated as the sum of the
purchase price of the base stations, the robots and the tools.
Linear depreciation is applied on all investments with a useful
life of D. Then, the objective is minimizing the investment de-
preciation ID (for hardware resources) plus the labor cost L (for
human resources) while satisfying the demand. The notation is
summarized in Table 1.

Indices
τ Task (index)
s Station (index)
m Execution mode (index)
r Robot type (index)
j Tool type (index)
Input parameters
D Product demand [pcs]
R(τ,m) Robot type req’d by task τ in exec. mode m (index)
J(τ,m) Tool type req’d by task τ in exec. mode m (index)
H(τ,m) Human operator is req’d by task τ in exec. m (boolean)
Tτm Processing time of task τ in mode m [sec]
Um Tool changeover time in mode m [sec]
Θ Length of the planning horizon [sec]
KC Investment cost of a base station [yen]
KR

r Investment cost of robot type r [yen]
KJ

j Investment cost of tool type j [yen]
D Useful life of resources for depreciation [time periods]
KL Labor cost [yen per period and worker]
α0

s Station s is built initially (binary)
ϱ0

sr Station s is equipped with robot type r initially (binary)
δ0s j Station s is equipped with tool type j initially (binary)
Decision variables
xsτm Task τ is assigned to station s in exec. mode m (binary)
αs Station s is built (binary)
ϱsr Station s is equipped with robot type r (binary)
δs j Station s is equipped with tool type j (binary)
γs Station s is equipped with a human operator (binary)
usτ Changeover time before task τ on station s [sec]
Cost functions
I Total investment cost [yen]
L Total labor cost [yen]

Table 1. Notation.
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It is noted that some practical, but mathematically straight-
forward features of the implemented system are omitted in the
paper for the sake of brevity, such as enabling or disabling
certain types of investments or execution modes, considering
additional equipment (e.g., storages), or a multi-period model
that allows configuring a system that changes over time. Most
importantly, the system configuration model captures multiple
products assembled together in a common production system,
on multiple lines. Yet, the task sequencing approach is imple-
mented for a single product only, and hence, we stick to this
reduced problem in the paper.

3. Solution approach

3.1. Overview

The proposed method combines the following two basic
steps: (i) Finding the optimal task sequence for a given system
configuration, and (ii) finding the optimal system configuration
for a given task sequence. The two steps and their integration
are introduced in the following subsections.

3.2. Task sequencing sub-problem

By heuristics based on the know-how of engineers, the gen-
eration of the optimal task sequence for a fixed system config-
uration, i.e., for a given number of stations in the line and the
same given main resource (human or robot) at each station, is
performed with special attention to the different characteristics
of human and robotic resources.

Human operators can flexibly respond to the changes in part
shapes and tool requirements between subsequent tasks, and

hence, the impact of part geometry and tool changeovers on
cycle times is limited. However, from the viewpoint of work
quality, continuous work on spatially close parts can maintain
concentration and high quality based on the knowledge of hu-
man work so far [5]. Accordingly, in human work, the posi-
tional relationship of parts is captured by minimizing the to-
tal center-of-gravity (CoG) distance of parts assembled during
subsequent tasks. For computational efficiency, the Manhattan
distance is used.

At the same time, robots work with high repetitive accu-
racy in the whole operating range, and the effect of task se-
quence on quality is negligible. On the other hand, robotic grip-
pers must match part shapes, which leads to significant tool
changeover times. Hence, in robot work, the minimization of
tool changeover times is addressed.

In both cases, the problem of finding the optimal task se-
quence involves ordering the tasks and assigning continuous
sections of this sequence to the predefined number of stations in
such a way that the precedence constraints are respected, while
the cycle time, i.e., the highest total processing time (plus tool
changeover times in case of robotic stations; plus the penalty
for total part distance in case of human stations) over the dif-
ferent stations is minimized. This task sequencing problem has
been encoded into a mixed-integer linear program (MILP). The
presentation of this MILP is omitted in this paper due to limited
space.

3.3. System configuration sub-problem

The system configuration problem with with fixed task se-
quence can be encoded into a MILP as displayed below:

Minimize

ID/D + L (1)

subject to

∑
s,m

xsτm = 1 ∀ τ (2)

αs ≥ xsτm ∀ s, τ,m (3)
ϱsR(τ,m) ≥ xsτm ∀ s, τ,m (4)
δsJ(τ,m) ≥ xsτm ∀ s, τ,m (5)
γs ≥ xsτm ∀ s, τ,m : H(τ,m) (6)

αs ≥ α
0
s ∀ s (7)

ϱsr ≥ ϱ
0
sr ∀ s, r (8)

δs j ≥ δ
0
s j ∀ s, j (9)

usτ ≥ Um(xs(τ−1)m + xsτm − 1) ∀ s, τ,m : J(τ,m) , J((τ − 1),m) (10)
usτ ≥ Um(xsτm + xsτ′m − xs(τ−1)m − xs(τ′+1)m − 1) ∀ s, τ, τ′,m : J(τ,m) , J(τ′,m) (11)
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m

xsτm ≤
∑

s′≤s,m

xs′(τ−1)m ∀ s, τ > 1 (12)

D

∑
τ

usτ +
∑
τ,m

Tτmxsτm

 ≤ Θ ∀ s (13)

ID =
∑

s

(KC(αs − α
0
s)) +

∑
s,r

(KR
r (ϱsr − ϱ

0
sr)) +

∑
s, j

(KJ
j (δs j − δ

0
s j)) (14)

L =
∑

s

(KLγs) (15)

xsτm, αs, ϱsr, δs j, γs ∈ {0, 1} ∀ s, τ,m, r, j (16)
usτ ≥ 0 ∀ s, τ (17)

The objective is minimizing the sum of the investment de-
preciation and the labor cost (1). For investments, linear depre-
ciation is applied with a useful life of D. Each task must be
assigned to a station, in one of its possible execution modes (2).
Yet, a task can be assigned to a station only if the station is built
(3), and it is equipped with the appropriate robot (4), tool (5),
and human operator (6) as required by the selected execution
mode. The model allows installing new stations (7), robots (8)
and tools (9), but removing resources is prohibited.

Tool changeover times are defined in constraints (10)-(11).
Inequality (10) states that a changeover is needed between two
subsequent tasks executed at the same station if their tool re-
quirements differ. The changeover is also required before the
first task executed at the given station if the first and the last
tasks at the station require different tools (11). Note that in the
actual implementation, slightly different versions of this con-
straint are required for the first and last tasks in the production
plan, where the predecessor and successor tasks do not exist.
Line (12) encodes the precedence constraints between the sub-
sequent tasks of a product. Constraint (13) declares that the cy-
cle time on each station, i.e., the sum of changeover times and
task durations, must be appropriately low to satisfy all demand.

The total investment and labor costs are calculated by con-
straints (14) and (15), respectively. Finally, the binary and the
non-negative variables are enumerated in constraints (16) and
(17).

3.4. Integrating task sequencing and system configuration

Given the solvers above for task sequencing and for system
configuration, the following procedure is proposed for solving
the two interrelated sub-problems simultaneously:

1. Constructing basic configurations: The algorithm is ini-
tialized by constructing a set of basic configurations. Each
basic configuration is defined by a given number of sta-
tions and an execution mode, assuming that the product is
produced on a line consisting of the given number of sta-
tions, using the given execution mode for every task. All
possible combinations of execution modes and number of
stations, taken from a given interval that can be determined

from the relevant range of cycle times, is used to define a
basic configuration.

2. Computing basic sequences: The optimal task sequence
is computed for each basic configuration by solving the
corresponding task sequencing problem. The set of solu-
tions to the different task sequencing problems will be re-
ferred to as basic sequences.

3. Crossover of sequences: A one-point crossover operator
is applied to derive further task sequences by recombin-
ing pairs of basic sequences. A break point is generated
on the first basic task sequence. The head of the new task
sequence equals the beginning of the first task sequence
up to the break point. From then on, each task that is not
present in the head is inserted into the new task sequence
in the order that they appear in the second basic sequence.
The crossover operator is applied to each directed pair of
two different basic sequences, using each possible break
point.

4. System configurations: The system configuration prob-
lem is solved for each candidate task sequence, including
both basic sequences and additional sequences received by
crossover. Finally, the algorithm returns the system config-
uration that yields the lowest cost.

The above algorithm is a generate-and-test heuristic in the
sense that it tries many different task sequences, but it is not
guaranteed to reach the exact joint optimum for task sequenc-
ing and system configuration. Its efficiency lies in the idea that
the few basic sequences capture the characteristics of task se-
quences that may become optimal under different conditions. It
is noted that the crossover operator is partly motivated by ge-
netic algorithms, but the overall algorithm cannot be called a
genetic algorithm.

In experiments on problems of moderate size with up to 35
tasks, the computational effort required–given that both the task
sequencing and the system configuration problems could be
solved very efficiently–allowed considering all sequences re-
ceived by crossover. However, on larger problems, where this
might become computationally intractable, the required effort
might have to be restricted by appropriate search limits. While
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Fig. 1. Product and four robotic tool models in the case study.

this simple approach showed high effectiveness for the available
sample problems, the elaboration of more sophisticated algo-
rithms for integrating task sequencing and system configuration
should be the focus of further research.

4. Industrial case study

4.1. Experimental scenarios

The effectiveness of the developed approach was verified in
a case study involving the assembly of the automotive inverter
shown in Fig 1. It is composed of 36 assembled parts. The
graph of precedence constraints between the tasks is displayed
in Fig 2. Every task can be performed by a human operator
or 3 different types of robots, resulting in a total of 4 execu-
tion modes. Processing times are defined for the combination of
modes and tasks. In addition, tasks require 6 different tools, two
robot grippers, two robot screw drivers, and two manual screw
drivers; one of them is required by each execution mode of ev-
ery task. A tool changeover time of 15 seconds occurs when two
consecutive tasks within a robotic station are performed using
different tools. The depreciation period for every resource is 5
years. Task sequencing and system configuration are executed
with two different target cycle time values, 100 seconds and 720
seconds as input.

4.2. Computational results

For this problem instance, the combination of 4 target system
sizes and 4 execution modes during task sequencing resulted in
16 basic scenarios, which led to 15 different basic sequences
(one was a duplicate). After crossover, the set of all sequences
contained 2422 elements1. The computation time for generating
the basic sequences was 983 seconds, while all other sequences
could be generated by crossover quickly, in less than a second.

1 Theoretically, crossover could generate N(N − 1)(T − 1) sequences, where
N is the number of basic sequences and T is the number of tasks. The two
sequences can be selected in N(N − 1) different ways, and the (T − 1) different
break points can be applied. For N = 15 and T = 35, this results in 7140
sequences, but many were duplicates.

For the cycle time limit of 100 seconds and the original task
sequence used currently in the factory, the optimal system con-
figuration could be computed in 6 seconds, and yielded a depre-
ciation cost of 1 078 333 yen for 9 stations. The generation of
the basic sequences and the solution of the corresponding sys-
tem configuration problems took altogether 1 111 seconds, and
resulted in a depreciation cost of 1 035 833 yen for 8 stations,
which is a 3.94% reduction compared to the original sequence.
The total computation time for all the sequences was 30 286
seconds, and the best sequence incurred a depreciation cost of
1 027 500 yen, again for 8 stations, but a better selection of the
resources. This is a 4.71% reduction compared to the original
sequence, and a 0.77% further reduction compared to the basic
sequences. The results are summarized in Table 2.

Num. seq. Obj. (yen) Comp. time (sec)
TS SC Total

Original sequence 1 1 078 333 0 6 6
Basic sequences 15 1 035 833 983 128 1 111
All seq. (1h limit) 324 1 035 833 983 2 617 3 600
All sequences 2422 1 027 500 983 29 302 30 286

Table 2. Integrated task sequencing and system configuration: results on the
cycle time limit of 100 seconds. Computation times are displayed separately
for task sequencing (TS) and system configuration (SC).

The results for a cycle time limit of 720 seconds are dis-
played in Table 3. The task sequences were the same as in the
previous case. The original task sequence yielded a deprecia-
tion cost of 203 333 yen, and the optimal system configuration
could be computed in 138 seconds. The generation of the basic
sequences and the solution of the corresponding system config-
uration problems took 1858 seconds, and resulted in a deprecia-
tion cost of 143 333 yen, which is a 29.5% reduction compared
to the original sequence. This system configuration consisted
of a single robot (the fastest and most expensive robot was re-
quired to meet the cycle time limit) and all the necessary grip-
pers and screw drivers in a single station. Obviously, this system
configuration cannot be improved further by any sequence.

Num. seq. Obj. (yen) Comp. time (sec)
TS SC Total

Original sequence 1 203 333 0 138 138
Basic sequences 15 143 333 983 875 1858
All seq. (1h limit) 34 143 333 983 2617 3600
All sequences 2422 143 333 983 ∗ ∗

Table 3. Integrated task sequencing and system configuration: results on the cy-
cle time limit of 720 seconds. ∗The experiments were aborted before computing
the system configuration for all sequences, since the configuration for a basic
sequence was provably optimal.

The results show that the gain by better task sequencing de-
pends largely on the system and the problem instance. In gen-
eral, for small-scale systems, the chance for reducing the sys-
tem size by one station may result in significant relative savings.
In the above case study with the cycle time limit of 720 seconds,
the number of stations is halved from 2 to 1 by optimizing the
task sequence, minimizing the tool changeover times, and also
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Fig. 2. Precedence graph between the assembly tasks in the case study.

shortening the processing times by using an expensive robot. As
a result, total costs were reduced by 29.5%. On the other hand,
in the case of a large-scale system with strict restrictions on the
target cycle time, the relative savings are naturally lower. In the
case study with a cycle time limit of 100 seconds, the number
of stations is reduced from 9 to 8, and the total cost reduction
rate is 4.7%, which is still a significant gain.

5. Conclusions and future works

In this research, an optimization approach for combined task
sequencing and system configuration was proposed for system
integration businesses focusing on human-robot assembly lines.
From the viewpoint of optimization, the challenge was to re-
duce the search space in a complex combination of interrelated
problems. To solve this problem, a heuristic method was devel-
oped that focuses on the difference in the work ability of human
and robotic resources, generates a task sequence for each candi-
date resource, and optimizes the system configuration based on
these task sequences. In a case study involving an automotive
inverter assembly line, the proposed approach reduced the in-
vestment cost by about 4 to 29% depending on the target cycle
time. Hence, the main benefit of the approach is that despite its
simplicity, it generates close-to-optimal solutions with reason-
able computation times for the combination of two optimization
problems that are already challenging on their own.

We see three major limitations of the approach. First, in case
of many productions tasks (e.g., more than 40) or high order
flexibility (very few precedence constraints), it might be im-
possible to compute the system configuration for each candi-
date task sequence. Hence, algorithms have to be elaborated
to limit search for the most promising sequences. Second, in
case of multiple products in a common production system, the
approach ignores the potential interrelations between different
products. Extension to large-scale multi-product problems may
also require replacing the current commercial MILP solver by
powerful meta-heuristic solution approaches. Finally, the com-
puted task sequence and system configuration may be sensitive
to fluctuations in the production system, such as the variation
of the demand. Robust approaches must be developed that can
ensure good performance under such fluctuations as well.
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