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Abstract. One of the most important operational issues in the assembly line is
to assign tasks and workers to stations while balancing the workload of the work-
ers. We consider the assembly line worker assignment and balancing problem
(ALWABP) where the process time of a task depends on worker skill levels. We
also consider new positional constraints in the ALWABP to secure the working
area of the workers. Two mathematical programming models are proposed to as-
sign workers and tasks when new products are introduced and when a worker is
absent or leaves a position temporary, respectively. A heuristic algorithm for the
first model is proposed due to its extremely high complexity. The experimental
results show the efficiency of the proposed methods. Finally, we explain how the
proposed models can be used with a real-time dashboard of a digital twin.

Keywords: Assembly line, Line balancing, Worker skill level, Positional con-
straints, Digital twin

1 Introduction

An assembly line balancing problem (ALBP) which distributes tasks to workstations
was introduced in 1955 [1]. The problem is known to be NP-hard due to its high com-
plexity [2]. The early studies have focused on the ALBP to balance task times on each
station while neglecting the heterogeneity of the workers. Later, many studies have
considered practical environments, such as mixed-model assembly lines [3], multi-
manned stations [4], and various shapes of assembly lines [5]. An assembly line worker
assignment and balancing problem (ALWABP) further considers the different task time
of each worker to the ALBP and assigns workers and tasks to stations [6]. Many studies
have developed exact methods [7-9] and heuristic algorithms [10-12] for the ALWABP.
ALWABP also has been

We address the ALWABP with new positional constraints which are required from
one of the automotive parts manufacturing companies in Korea. Since multiple workers
perform tasks in a workstation simultaneously, it is important to secure the working
area of the workers. In addition, it is preferred not to assign tasks located far from each
other to a worker [13]. These positional constraints are newly considered as well as task
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precedence constraints. We propose two mathematical models, for the assignment,
which can be used when new products are introduced and when a worker is absent or
leaves a position temporary, respectively. Absenteeism is one of the significant factors
that break the balance of assembly lines. Some workers are absent for the whole day
while some others may leave the position for a while during work hours. It happens
unexpectedly and is hard to predict in advance. Therefore, it is important to quickly and
effectively respond to such a situation [14], and the second model we propose addresses
this problem. We finally explain how the proposed models can be used in practice with
a digital twin.

2 Problem definition

The problem we consider has been motivated from one of the automotive parts manu-
facturing companies in Korea. The company assembles a wiring harness which consists
of wires, terminals, and connectors and runs throughout the entire vehicle. The wiring
harness is assembled on a panel which moves on a conveyor belt. We assume the as-
sembly line produces a single type of wiring harness. Fig. 1 shows assembly tasks on a
panel and the precedence graph of the tasks, and Fig. 2 shows the assembly line we
consider.
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Fig. 2. Photo of an assembly line

We consider two positional constraints required from the company. The first one is a
task positional constraint which restricts the assignment of tasks located far from each
other to a worker. The other one is a worker positional constraint where the working



areas of adjacent workers are not overlapped. The objective is to minimize the cycle
time.

3 Solution Approach

3.1 Mathematical programming model for regular assignment

Table 1 below shows the indices, parameters and decision variables we use for the
mathematical model.

Table 1. Notations of a mathematical model for regular assignment

Indices & Sets

hi(e) Indices of tasks (Set of tasks)
NHE)) Index of stations (Set of stations)
k(e K) Index of workers (Set of workers)
P Set of task pairs with precedence
P; Set of task pairs that are too far to be assigned to the same worker
P, Set of task pairs that are too close to be assigned to the adjacent worker
Parameters
tix Process time of task i when performed by worker k
M Total number of tasks (used as a sufficiently big number)
Decision Variables
Xijk 1 if task i is performed by worker k at station j, otherwise 0
Vi 1 if worker k is assigned to station j, otherwise 0
C Cycle time of the line
min C (@Y
Subject to:
szijk=1i Viel (2)
j€J keK
Zyjk -1 vk €K (3)
JEJ
D=1, vjiel @
keK
szxh,k SZijUk, V(hi) €P (5)
JEJ k€K j€J keK
ZZ tl-kxl-jk < C, vk € K (6)
i€l jej

D e < Myg vj€lkeK (7)

i€l



Z(x’”'" +xi) < 1, vk € K, (h,i) € P, (8)
Jj€J
D (g + 1) < 1, vj € \(1}, (1) € By(9)
kEK

This formulation derives the optimal assignment of tasks and workers to reduce the
cycle time. Objective function (1) and Constraints (2)-(7) are the basic formulation of
the ALWABP. Constraint (2) indicates that each task is assigned to exactly one station.
Constraints (3) and (4) mean that each worker should be assigned to one station and
each station should have only one worker, respectively. Constraint (5) is used for the
precedence relation of the tasks. Constraint (6) computes the cycle time which takes the
maximum value among the completion times of all workers, and Constraint (7) makes
sure that tasks are assigned to a worker and a station when the worker is assigned to the
station. Constraints (8) and (9) are the task positional constraint and worker positional
constraint, respectively. After obtaining a solution, the workstations are then assigned
to panels evenly.

3.2 Mathematical programming model for task reassignment

We now propose another mathematical model that adjusts the initial assignment ob-
tained in Section 3.1. When a worker is absent at the beginning of the day or leaves a
position during work hours, the tasks assigned to the worker should be reassigned. The
following notations and formulation are used for this case. We note that
X and yj; used in this section are obtained from the model in Section 3.1.

Table 2. Notations of a mathematical model for task reassignment

Set
Iy Set of unassigned tasks (tasks that should be reassigned)
Parameter
kq Absent worker
Decision Variable
Aix 1 if reassign task i to worker k, otherwise O
min C (10)
Subject to:
ag =1, viel, (11)
keK\{kq}
szahkyjkszzjxijk, V(h,i)ep,hEIU,ielu (12)
J€J k€K j€J keK

Y S .Y jawy, VD EPREI €L (13)

j€J keK j€J keK



Y e < Y Y jewyi, VD EPhi€l, (14)

7€J kek 7€J kek
aik+2xhij1, V(h,l)EPt,kEK,lEIU (15)
Jj€J
Z(ath(j—nk +apyix) <1, V(h,i) € Py, j €EJ\{1},h,i € Iy (16)
ek
ZZ tu(auyjx + xijx) < C, Vk € K\{kq} (17)
icl jeJ

Constraint (11) reassigns the tasks of the absent worker. Constraints (12), (13) and (14)
are used for the precedence relation of tasks after the reassignment. Constraints (15)
and (16), respectively, are for the task positional constraint and worker positional con-
straint after the reassignment. Constraint (17) calculates the cycle time.

3.3 Heuristic algorithm for regular assignment

Since it takes a long time to obtain an optimal solution of the model in Section 3.1, a
heuristic algorithm is proposed. We note that an optimal solution of the model in Sec-
tion 3.2 is easily obtained within a short period of time. The proposed algorithm consists
of the initial solution generation step and improvement step with local search.

First, the tasks with no predecessor are randomly selected and assigned to the first
station. The number of tasks assigned to each station is either [|I|/|k]|] or [|I|/]k]|].
Similarly, the remaining tasks are also randomly assigned to the stations by considering
the precedence constraints and positional constraints. After that, workers who can finish
the tasks in a station at the earliest time are assigned. Then an initial solution is obtained.

A local search process is applied to the initial solution with task shift, task swap, and
worker swap operators to reduce the cycle time. If there is any improvement after ap-
plying the three operators, the current best solution is updated. Otherwise, a new neigh-
bor solution is obtained from the current solution by randomly changing the task as-
signment regardless of the solution quality. Then the local search process is again ap-
plied to the neighbor solution. This procedure is repeated until a give number of itera-
tions or the given maximum computation time.

4 Computational results

The two optimization models in Sections 3.1 and 3.2 were programmed and solved by
using OR-Tools, an open source software for optimization. The maximum number of
iterations of the heuristic algorithm is set to 10,000, and the time limit is 10 minutes.
Experiments are performed by comparing the proposed heuristic algorithm to an opti-
mal solution for initial assignment and by comparing the reassignment result of the
proposed mathematical model to the current practice. Table 3 shows the comparison
result of the model solved with OR-Tools and the proposed heuristic algorithm for reg-
ular assignment. Table 4 shows the effectiveness of the model for task reassignment by



comparing the result with the current practice. The average cycle time (CT) and com-
putation time with 30 instances are presented in the tables.

In Table 3, the model for regular assignment found optimal solutions with up to 10
tasks with OR-Tools. When the number of tasks is more than 20, it is not able to provide
optimal solutions within one hour. The best cycle time found so far is written in the CT
column in the table. We can observe that the proposed heuristic algorithm provides
optimal solutions with 10 tasks and 5 workers. In addition, it gives a better solution
than OR-Tools with more than 40 tasks and 10 workers when there is a time limit of
one hour. The computation time of the heuristic algorithm is less than 2 minutes. This
is enough for practical use because the heuristic algorithm is required to run in the early
morning of the day when a new product is assembled, which does not occur frequently.

In Table 4, the current practice indicates the results from the simple rule used in the
company. The operations manager reassigns tasks based on his/her experience in the
company. We can see that the proposed model can reduce the cycle time at most 17.5%
with 100 tasks and 20 workers. The computation time of the optimization model with
OR-Tools is within 10 seconds even for the large-sized instances.

Table 3. Computation results for OR-Tools and heuristic algorithm

Optimization model Heuristic algorithm
Vol Mol org  Cpee  ong  Copee
7 3 378* <1 378* <1
10 5 341* 35 341* <1
20 7 524 > 3,600 524 8
40 10 714 > 3,600 703 (-1.5%) 28
100 20 910 > 3,600 874 (-3.9%) 110

*: optimal solution

Table 4. Comparison of the proposed model and current practice for task reassignment

Number of Number of Current practice Optimization model
Tasks Workers CT(s) CT(s)
10 5 555 543 (-2.1%)
20 7 739 679 (-8.1%)
40 10 951 833 (-12.4%)
100 20 1,249 1,031 (-17.5%)

5  Applications to practice

With the advancement of 10T, it is possible to identify the real-time position of workers
and to detect whether a worker is away from the assembly line and returns to the line.



In the company we consider, the workers wear a bracelet with a sensor, and the real-
time position of each worker is collected by a beacon system.

Our proposed method is implemented in the digital twin which collects real-time
data and monitors the current operations state. Fig. 3 shows a scenario of our method
applied with a digital twin. All the information about the current position of workers
and their task assignment are described in the dashboard of a digital twin. Step 1 in Fig.
3 shows the optimal worker-task assignment when all workers are present in the assem-
bly line. When a worker leaves his/her position for a certain period, absenteeism is
automatically recognized (Step 2 in Fig. 3) and the proposed model in Section 3.2 is
run with the real-time information of the task assignment, remaining workers, and tasks
requiring the reassignment. Then an optimal solution to minimize the cycle time is ob-
tained with a commercial solver and displayed in the dashboard with the modified con-
veyor belt speed and production rate (Step 3 in Fig. 3). The conveyor belt then decreases
its speed according to the solution obtained. When the worker returns to the assembly
line, the initial assignment is again applied (Step 4 in Fig. 3).

| Current worker-task assignment | | Current worker position | | Details |
O O O O O [©)
[ I | I I \\ Belt Speed 2.4 wmin
C Comveyor el
Step 1 C‘ T 0 T T ‘ Production Rete 40 unitshour
o) O O o o
o o o [©)
[ I | I I \\ Belt Speed 2.4 mmin
Conveyor Belt
Step 2 C‘C i i T T D‘ Production Rate 40 unitshour
[e) O o O (@]
Rea@nedr Reasipned ReaSjoned O O
[ I I I I ] Belt Speed 2.2 wmin
C Conveyor Belt »)
Step 3 ( ) Production Rate 37 unitsthour
[ I I I I ]
o O o © O o
Q "™ ¢ o _© ¢
[ I | I I ] Belt Speed 2.4 mmin
Conveyor Belt
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Fig. 3. Use of proposed methods in practice

6 Conclusion

We have addressed the ALWABP with new positional constraints to minimize the cycle
time. Two mathematical programming model and one heuristic algorithm have been
proposed, and the experimental results have shown their effectiveness. We have also
provided a scenario of using the proposed model with a digital twin by detecting the
real-time position of workers. We further need to compare the digital twin result with
the actual result, to develop exact algorithms for the regular assignment, to consider the



work efficiency of an individual operator, and to develop Al models for solving the
problem.
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