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A Time-Space Network Model for Collision-Free
Routing of Planar Motions in a Multirobot Station
Jianbin Xin , Chuang Meng, Frederik Schulte, Jinzhu Peng , Yanhong Liu , and Rudy R. Negenborn

Abstract—This article investigates a new collision-free
routing problem of a multirobot system. The objective is to
minimize the cycle time of operation tasks for each robot
while avoiding collisions. The focus is set on the operation
of the end-effector and its connected joint, and the oper-
ation is projected onto a circular area on the plane. We
propose to employ a time-space network (TSN) model that
maps the robot location constraints into the route planning
framework, leading to a mixed integer programming (MIP)
problem. A dedicated genetic algorithm is proposed for
solving this MIP problem and a new encoding scheme is
designed to fit the TSN formulation. Simulation experiments
indicate that the proposed model can obtain the collision-
free route of the considered multirobot system. Simula-
tion results also show that the proposed genetic algo-
rithm can provide fast and high-quality solutions, compared
to two state-of-the-art commercial solvers and a practical
approach.

Index Terms—Collision avoidance, multirobot systems,
routing, time-space network model.

I. INTRODUCTION

R
OBOTS significantly improve productivity in the manu-

facturing environment. It is not uncommon that hundreds

of industrial machines and robots work in production lines and

stations for processing different types of tasks. For the producer,

expectations on returns of the large investment impose that as

many products as possible are produced using available machin-

ery in a given time period. In order to meet this requirement, it

is necessary to maximize the productivity.

In manufacturing systems, a robotic assembly line consists

of several stations that are placed serially or in parallel to
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reach production goals [1]. At each station, multiple robots,

often sharing the same workspace, work together to carry out

complex operations (e.g., stud, welding, or sealing) within a

predetermined period [2]. High production rates require optimiz-

ing the operation and coordination within multirobot systems of

the assemble station to increase productivity. Most works on

collision avoidance in multirobot systems develop decentral-

ized approaches [3], [4]. While well-suited for highly unstruc-

tured environments, they generally show a performance gap in

comparison to centralized approaches [4].

In this article, the operational process of the multirobot system

in an assembly station is optimized. In the station, a robot is

referred to as a manipulator. The total number of tasks assigned

at a station can be obtained by solving an assembly line balancing

problem [1]. To complete the assigned tasks together, the sta-

tion operation process needs to be optimized. Yet, optimizing

this process is a complicated problem and the related deci-

sion problems are divided into several subproblems at different

levels: task allocation, routing, and path planning [2]. These

subproblems are typically regarded as operational scheduling

and control problems. Here, we focus on integrated routing and

path planning of the multirobot system in an assembly station. A

time-space network model is proposed and a dedicated algorithm

is developed for this integrated problem.

A. Related Work

Planning problems concerning multiple robots can be cat-

egorized into three types of problems in a hierarchical way:

task allocation, routing, and path planning. At a higher level,

task allocation focuses on optimally dispatching tasks to the

available robots [5]–[7]. Routing problems typically determine

task sequences and the robot route for performing several tasks

to be given [2], [8]. Path planning problems compute more

detailed paths in the working space subject to collision-aware

constraints or physical constraints on the robot [9]. In path

planning (also known as motion planning), a complete path is

concerned with performing a single task of the robot from an

initial point to an ending point. For routing problems and path

planning problems, if the task involves a time-based objective,

the associated problem also is regarded as a scheduling problem.

In manufacturing systems, task allocation of multiple robots

has received extensive attention. In [10], an intersection-free

geometrical partitioning method is proposed for allocating tasks

of assembly cells to minimize the cycle time. Moreover, task

allocation is also considered with layout design simultaneously
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for improving the efficiency of the multirobot cellular system

[11]. These studies assume a centralized approach; due to com-

munication limits and other constraints, the task allocation also

can be achieved in a distributed way [12], [13].

In routing problems, due to the type difference of the robot, a

task could be a continuous action between two different locations

and a typical example is transporting materials using automated

guided vehicles (AGVs). The task also can be a discrete action

performed at a particular location (e.g., a welding task completed

by a manipulator). Earlier routing problems of multiple AGVs

focus on optimally sequencing tasks of AGVs only under col-

lision constraints [14] and time window constraints [15]. Later

on, the routing problem of AGVs is extended into an integrated

problem taking the equipment interaction into account [16], [17].

The routing of multiple manipulators in the assembly station

has received little attention and it is initialized by Spensieri

et al. [2].

When it comes to path planning, collision avoidance between

robots is essential for the planner and it must be considered. For

multiple AGVs, a collision-free path problem is investigated

in [18] and a distributed optimization approach is proposed for

reducing the computational burden. In [19], the collision-free

trajectories of two collaborative robot manipulators are planned

using a new fuzzy genetic algorithm (GA). Furthermore, path

planning has been incorporated into a design problem for car

body assembly [20]. Generalized planning methods can be found

in [21].

For multirobot systems in the manufacturing environment,

these decision problems have been increasingly integrated into

one decision problem as they are strongly coupled [16], [22].

For AGVs, dispatching and routing are integrated, and resolving

conflicts in the path space of the AGVs is incorporated in [22].

The decision problem is regarded as a particular pickup and

delivery problem. For robotic welding stations, not much work

has been done with automatically configuring tasks and routes

[23]–[25]. Currently, these decision problems in the assembly

station are planned sequentially [2]. The routing problem is re-

garded as a multiple traveling salesman problem (mTSP) that ne-

glects collision constraints and collisions are checked separately

after computing the solution to the mTSP. It is observed that the

collisions between these robots can take place at any time instant

when planning their routes. Therefore, collision avoidance must

be taken into account when routing these robots in the assembly

station and this new collision-free routing problem needs to be

investigated.

B. Contributions

This article investigates a new collision-free routing problem

of a multirobot system in an assembly station. The contributions

of this article are twofold, which are as follows.

1) A new time-space network model is proposed for the

collision-free routing problem of the multirobot system.

Using the TSN model, task sequences and the collision

avoidance of multiple robots can be considered simultane-

ously in a unified framework. The corresponding planning

Fig. 1. Robotic assembly station in the Tesla factory. Tesla’s special
KUKA robots can perform different tasks [26].

problem results in a single mixed integer programming

(MIP) problem to be solved.

2) A dedicated metaheuristic algorithm is developed for

solving the collision-free routing problem based on the

TSN formulation. This routing problem is a variant of

mTSP using the TSN formulation. Existing methods have

not addressed such a TSN that considers task sequences

and collision avoidance simultaneously. Here, a new en-

coding scheme is designed to fit the TSN framework

and fix infeasibilities by applying a repair operation. The

developed algorithm can provide fast and high-quality

solutions to the considered MIP problem.

The rest of this article is organized as follows. Section II

formulates the mathematical model of the collision-free routing

problem of the multirobot system using a TSN representation.

Section III develops a GA for solving the corresponding MIP

problem. In Section IV, simulation experiments are carried out

and the results are analyzed. Finally, Section V concludes this

article.

II. TIME-SPACE NETWORK MODEL

In this section, a mathematical model is proposed to formulate

the collision-free routing problem of the multirobot system to

complete a number of given tasks. The first part states the prob-

lem to be solved and associated assumptions in details. Then,

the second part formulates this routing problem mathematically

using a TSN model.

A. Problem Statement

In an assembly unit of the manufacturing system, multiple

robots are required to cooperate for completing several tasks in

a shared workspace. For instance, in the automobile industry, the

tasks of stud welding or spot welding of a car body are performed

by multiple cooperative robots together in the body-in-white

process. Fig. 1 illustrates four cooperative robots for welding in

an assembly station.

From the perspective of an operator, these robots need to

complete these tasks in minimal cycle time on the one hand,

and collision avoidances between robots during the operations
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must be considered on the other hand. Therefore, a collision-free

routing problem for these multiple robots to complete several

given tasks needs to be investigated. For this problem, important

assumptions are given as follows.

1) All robots are identical.

2) Each task can be performed only by one robot.

3) Each robot starts the next task after completing the current

task.

4) A particular group of tasks has been assigned to each robot

in advance but the task sequence for each robot needs to

be decided.

5) All robots start from their idle positions.

6) The task operation space is considered in the same plane,

and the tool center point (TCP) is regarded as the reference

point for the robot.

7) The focus is set on the operation of the end-effector and

its connected joint, disregarding the state of other joints.

It is noted that, for the last assumption, each robot could

use the kinematic redundancy of the manipulator to resolve

the conflict of different operation points which are nearby. This

redundancy enables the manipulator to obtain more degrees of

freedom than needed to execute a given task. As a result, the

focus can be set on the operation of the end-effector and its

connected joint, and the three- dimensional (3-D) operation of

the end-effector is projected onto an area in the plane. For the

sake of simplicity, the area shape is considered to be circular.

Furthermore, the last assumption applies to a small number of

operational tasks and these tasks are located sparsely in open

areas where every robot can operate.

In general, if collision constraints are not considered, the

routing problem of multiple cooperative robots is identical to a

mTSP. Therefore, the routing problem considered in this article

can be regarded as a variant of the mTSP. For this routing

problem, a new model taking into account the task sequences and

collision avoidances simultaneously is proposed. In particular,

the collisions at any operation point and between any operation

points are both considered.

B. Modeling Using a TSN Model

Time-space network models have been widely used in the

domain of transportation and logistics for describing the rout-

ing problem, including time constraints and location con-

straints [27], [28] enabling collision avoidance. Therefore, this

article proposes a time-space network model for the particular

mTSP considered.

It is assumed that, for m robots, robot k (k ∈ {1, 2, . . . ,m})

owns Nk tasks. In total, m directed graphs Gk = (Vk, Ek)
(k ∈ {1, 2, . . . ,m}) are considered. For robot k, Vk (Vk =
{1, 2, . . . , Nk}) is the collection of nodes and Ek = {(i, j)|i ∈
Vk, j ∈ Vk} is the collection of arcs.

Here, a task is defined as performing a single operation (i.e.,

stud welding and spot welding) at a particular location. As a

result, a particular node i corresponds to a location for the robot

to perform a particular task and a particular arc (i, j) maps to

the path from task i to task j. Different nodes represent different

locations for the robot to visit.

TABLE I
NOMENCLATURE

TABLE II
DECISION VARIABLES

A planning horizon T ×∆t equally discretized into a set of

short time slots denoted by {∆t, 2∆t, . . ., T ×∆t} is consid-

ered. ∆t is a time slot and T is the total number of time slots.

As a result, the TSN model can decompose the overall routing

process of multiple robots into several time slots. At each time

instant t ∈ {0, 1, . . . , T}, a particular robot can visit a particular

node. During each time slot, the detailed path can be considered

for avoiding collisions among these robots.

Before detailing the TSN model for representing this

collision-free routing problem, the used subscripts, parameters,

and decision variables are introduced in Tables I and II.

The objective is to minimize the cycle time for completing

all the tasks performed by the cooperative robots. The details of

this model are given as follows:

min

⎧

⎨

⎩

max
k

⎧

⎨

⎩

∑

t

t×
∑

i:(i,hk)∈Es

k
(hk)

(dijkt − dijk(t−1)) ∀k

⎫

⎬

⎭

⎫

⎬

⎭

.

(1)

Subject to:

Group 1: Space constraints

∑

i,j:(i,j)∈Eo

k
(hk)

xijk ≥ 1 ∀k (2)

∑

i,j:(i,j)∈Es

k
(hk)

xijk ≥ 1 ∀k (3)
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∑

i:(i,j)∈Es

k
(j)

xijk =
∑

n:(j.n)∈Eo

k
(j)

xjnk ∀k, j ∈ Vk − hk (4)

∑

k=1

∑

j=1

xijk ≥ 1 ∀i (5)

xijk ≤ zik ∀i, k (6)

xjik ≤ zik ∀i, k (7)

xkt = xk(t−1) +
∑

i,j:(i,j∈Ek)

(

yijk(t−1) ×
xj − xi

wij

)

∀k (8)

ykt = yk(t−1) +
∑

i,j:(i,j∈Ek)

(

yijkk(t−1) ×
yj − yi
wij

)

∀k.

(9)

Group 2: Time constraints

wij × xijk =
∑

t

(t× (dijkt − dijk(t−1)))

−
∑

t

(t× (aijkt − aijk(t−1))) ∀k, (i, j) ∈ Ek, i �= j

(10)

wij × xijk ≤
∑

t

(t× (dijkt − dijk(t−1)))

−
∑

t

(t× (aijkt − aijk(t−1))) ∀k, (i, j) ∈ Ek, i = j

(11)

aijkt ≥ aijk(t−1) ∀k, (i, j) ∈ Ek, t (12)

dijkt ≥ dijk(t−1) ∀k, (i, j) ∈ Ek, t (13)

yijkt = aijkt − dijkt ∀k, (i, j) ∈ Ek, t (14)
∑

i.j:(i,j∈Ek)

yijkt ≤ 1 ∀k, t. (15)

Group 3: Time-space constraints
∑

i:(i,hk)∈Ek

dihkkT ≥ 1 ∀k (16)

∑

j:(hk,j)∈Ek

ahkjkt = 1 ∀k (17)

xijk = aijkT ∀k, (i, j) ∈ Ek (18)
∑

i,j:(i,j)∈Ek

dijkt =
∑

j.n:(j,n)∈Ek

ajnkt

∀k, j ∈ Vk − hk (19)

dijkt ≤ aijkt ∀k, (i, j) ∈ Ek, t. (20)

Group 4: Collision avoidance constraints

xk1t − xk2t ≥ R−Mc1
k1k2t

∀k1, k2 ∀t (21)

xk2t − xk1t ≥ R−Mc2
k1k2t

∀k1, k2 ∀t (22)

yk1t − yk2t ≥ R−Mc3
k1k2t

∀k1, k2 ∀t (23)

Fig. 2. Illustrative example of the defined variables Aijk and Dijk.

yk2t − yk1t ≥ R−Mc4
k1k2t

∀k1, k2 ∀t (24)

4
∑

q=1

Cq
k1k2t

≤ 3 ∀k1, k2 ∀t. (25)

Equation (1) is the objective function, representing the mini-

mization of the cycle time of all robots to complete given tasks.

The term
∑

t t×
∑

i:(i,hk)∈Es

k
(hk)

(dijkt − dijk(t−1)) represents

the completion time of robot k as there is only one arc to be

selected from Es
k(hk). The term max denotes the cycle time of

all robots.

In Group 1: Constraints (2)–(4) ensure the task sequence of the

starting position, intermediate position, and ending position of

each robot. Constraint (5) guarantees that all tasks are executed.

Constraints (6) and (7) ensure that arcs (i, j) and (j, i) only can

be visited by robot k when task i is assigned to it. Equations

(8) and (9) update the position of robot k, ensuring that this

robot can stay at node i or a fictitious point of arc (i, j) that is

discretized into wij − 1 fictitious points.

In Group 2: Inequalities (10) and (11) are time constraints for

each robot between two successive tasks (i �= j), and each robot

can wait more than one unit time in place (if i = j and wij = 1).

Inequalities (12) and (13) are the time connectivity constraint for

each robot to perform two successive tasks. Inequalities (14) and

(15) guarantee that each robot can only perform one task per unit

time.

Here, variables Aijk and Dijk are defined for denoting the

arrival time and the departure time of robot k at arc (i, j),
respectively, which are illustrated in Fig. 2

Aijk =
∑

t

(t× (aijkt − aijk(t−1))) ∀k, (i, j) ∈ Ek (26)

Dijk =
∑

t

(t× (dijkt − dijk(t−1))) ∀k, (i, j) ∈ Ek. (27)

In Group 3: Inequalities (16) and (17) are time constraints of

each robot at the start position and the end position, ensuring

that each robot moves at the set start time. Equation (18) is

the mapping constraint between the time-space network and

the physical network. Constraints (19) and (20) guarantee the

continuity of the arrival time and the departure time for robot k
when visiting arc (i, j).
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Fig. 3. Illustration of the 2-D encoding scheme.

In Group 4: Inequalities (21)–(25) guarantee that at any time t,
each robot do not collide with each other [16]. The coordinates

of robot k1 (xk1t, yk1t) and (xk2t, yk2t) are the coordinates of

robot k1 and k2 at time t. These coordinates are computed using

(8) and (9). These constraints ensure that any two robots avoid

collisions either at a node or at a fictitious point of the arc for

each robot.

III. SOLUTION ALGORITHM

This section develops a dedicated GA that efficiently solves

the MIP problem based on the TSN model formulated in

Section II. The MIP problem is a variant of mTSP known

to be NP-hard. Commercial MIP solvers (e.g., CPLEX and

Gurobi) struggle with providing high-quality solutions in a

shortly reasonable time. Therefore, an efficient algorithm needs

to be developed for solving this MIP problem.

GAs are regarded as an efficient metaheuristic method in-

spired by the process of natural selection and they are success-

fully used to solve real-world problems in operational research

(e.g., job shop scheduling and mTSP) [29]. For the mTSP, typical

problem formulations solved by GAs are limited to the assigned-

based formulation and the flow-based formulation [30]–[32].

The GA for our problem needs to be tailored to work on a

limited solution space—in comparison to common scheduling

and routing problems—since a predefined task sequence needs

to be considered and both arrival and departure times need to

grant collision avoidance. These constraints are satisfied using

a proposed two-dimensional (2-D) encoding scheme rather than

the one dimensional (1-D) encoding scheme used for common

scheduling and routing problems.

The proposed GA consists of the main procedures of selec-

tion, crossover, and mutation. The following parts introduce the

encoding scheme and the algorithm details of the proposed new

GA for the MIP problem based on the TSN formulation.

A. Encoding

For GAs, the first step is to generate an initial population

that contains a set of possible solutions. The population quality

closely relates to a proper encoding scheme that maps the

problem into the algorithm [33]. Here, we propose a 2-D order

based encoding used for the TSN model.

Given m robots and a task set Vk for robot k (k ∈
{1, 2, . . . ,m}). V = V1 ∪ V2...∪Vm is the set of all tasks. For

robot k, the set Vk = {uk
1 , u

k
2 , . . ., u

k
Nk

} and uk
i �= uk

j (i �= j).

Then, Fig. 3 illustrates the detailed encoding method based on

defined symbols earlier. Dimension 1 denotes the starting node

Algorithm 1: GA Based on the TSN Model.

1: iter = 0

2: initialize P (iter)
3: if P (iter) have infeasible solutions then

4: repair P (iter)
5: end if

6: while iter ≤ itermax do

7: for i = 1 to Np do

8: evaluate the fitness F (X) of P (iter)
9: end for

10: select 1/4 of the P (iter) with the lower

11: fitness as P1(iter)
12: for i = 1 to Np/4 do

13: selection operation to P1(iter) as P2(iter)
14: crossover operation to P1(iter) as P3(iter)
15: mutation operation to P1(iter) as P4(iter)
16: end for

17: P (iter + 1) =
P1(iter) ∪ P2(iter) ∪ P3(iter) ∪ P4(iter)

18: iter = iter + 1

19: if P (iter) have infeasible solutions then

20: repair P (iter)
21: end if

22: end while

and dimension 2 represents the ending node within several time

slots that corresponds to the time spent between these two nodes.

The encoding length for each robot is the planning horizonT and

the total length of the encoding scheme is mT . Each column of

the encoding is a time slot indicating that the robot is occupying a

particular path within this time window. The number of columns

occupied by a particular arc in the encoding scheme corresponds

to the number of the time slots occupied by a particular arc in

the TSN model.

B. Algorithm

After introducing the encoding scheme, this part details the

procedures of the proposed GA. Algorithm 1 presents the pseu-

docode of the GA proposed for the TSN model. iter denotes

the iteration index, F (X) is the fitness function of solution

X . P (iter) is the entire population at iteration iter. P1(iter),
P2(iter), P3(iter), and P4(iter) are the populations used for elite,

selection, crossover, and mutation, respectively, and their sizes

are all considered as one quarter of the entire population.
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The core problem of algorithm design is to satisfy the con-

straints of the MIP problem. There are several ways to handle

constraints in the GA and one simple method is the death penalty

that abandons all infeasible solutions in the evolutionary process.

However, the collision-free routing problem is a complicated

constrained optimization problem. Many infeasible solutions in

the population may be generated during the evolution process.

If all infeasible solutions are abandoned, the diversity of the

population may drop and the solution quality could be lowered.

As a result, we choose the repair approach to make solutions that

do not satisfy the constraints (2)–(20) feasible. Specifically, for

any two successive arcs, the ending node of the first arc must be

the starting node of the next arc. Also, for each arc, the number

of columns must be consistent with its spending time.

In addition to the repair operation for avoiding infeasible

solutions resulting from constraints (2)–(20), extra infeasible

solutions could be detected due to constraints (21)–(25) for col-

lision avoidance. For constraints (21)–(25), we apply a penalty

function that avoids searching in the infeasible part of the

solution space. The penalty function is incorporated into the

fitness function F (X) defined as follows:

F (X) = F0(X) + p(iter, X) (28)

where F0(X) represents the cycle time of solution X . p(iter, X)
is the penalty function at iteration iter defined as follows:

p(iter, X) = ραiterd
β(X) (29)

where ραiter is the variable multiplication factor and dβ(X) is the

penalty for breach of constraints. iter is the number of iterations

of GAs. α and β are the parameters that adjust the size of the

penalty value

ρiter = C × iter (30)

d(x) =

{

0, Xis feasible

|R− l| , otherwise
(31)

where C is a constant. l is the minimum distance between every

two robots on all unit time windows. Following sections will

carry out a number of simulation experiments using the proposed

GA for providing fast and good solutions.

IV. CASE STUDIES

In this section, simulation experiments are conducted to verify

the planned collision-free routes of the multirobot system using

the proposed TSN model. The first part gives the detailed con-

figuration and parameters of the multirobot station. Afterwards,

two typical types of case studies are considered and the results of

the new GA are compared with two state-of-the-art commercial

solvers and a practical approach.

A. Setting of the Multirobot Simulation System

The routing problem is mathematically modeled using MAT-

LAB (version: R20180612) on Windows 8 (64 b) together

with the Yalmip toolbox. The computer hardware is Intel Core

i5-4200 U (1.62 Hz) with 4 GB of memory.

TABLE III
KEY PARAMETERS OF THE MULTIROBOT STATION (ADAPTED FROM [34])

Fig. 4. Geometrical overview of two robots and four tasks.

Fig. 5. Determined routes of the two robots (four tasks).

The software RobotStudio, which is ABB’s offline robot

programming tool, is used to simulate the operations of the

multirobot station and verify the results using the proposed

time-space network model. The ABB IRB2400 series robot

is chosen for the experimental simulation. This robot moves

horizontally and vertically within the working range centered

on itself. The diameter R corresponds to its safe working range,

taking into account the size of the joint connected to the end-

effector. Key parameters for planning the multirobot system are

given in Table III.

B. Welding on a Door

The first type of case study is to weld on a door, typically

requiring two robots in a station. Two scenarios with four tasks

and ten tasks are considered. For each scenario, the operation

nodes are distributed equally and ten experiments have been

carried out. The solver CPLEX is used for solving the MIP

problem for determining the collision-free route.

For the scenario of four tasks, Fig. 4 gives geometrical

overview of two robots and four tasks for the simulation. A,

B, C, and D are task nodes, and H1 and H2 are their home

nodes. Figs. 5 and 6 show the detailed collision-free routes
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Fig. 6. Collision-free routes of two robots (four tasks).

Fig. 7. Determined routes of the two robots (ten tasks).

Fig. 8. Illustration of two robots for completing ten welding tasks on a
door.

of each robot obtained using the proposed TSN model. The

determined visited node sequences are as follows: R1:H1 →
D → C → H1; R2:H2 → B → H2 → H2 → A → H2. When

robot R1 sequentially visits the nodes D and C, robot R2 selects

to visit node A and returns to its home position H2, and then

visit node B avoiding the conflict with robot R1. Therefore, the

collision-free trajectories of these two robots can be obtained

using the proposed time space model.

For another case of ten tasks, the relating results are shown

in Figs. 7 and 8. Fig. 7 shows the visited node sequences of

these two robots obtained using the proposed TSN model. Fig. 8

illustrates the collision-free routes of two robots for completing

ten tasks, indicating that the routing of multiple robots based on

the TSN model satisfies the collision-free and time constraints.

Table IV records the computation times of the case studies

considered earlier. For these two robot, the computation time

grows as the number of tasks increases.

TABLE IV
COMPUTATIONAL TIMES REGARDING THE

CASE STUDIES OF WELDING ON A DOOR

TABLE V
SETTINGS OF CASE STUDIES TO BE CONDUCTED

TABLE VI
AVERAGED COMPUTATION TIMES USING DIFFERENT METHODS FOR CASE

STUDIES OF WELDING ON AN UNDERBODY (UNIT: SECONDS)

TABLE VII
AVERAGED CYCLE TIMES USING DIFFERENT METHODS FOR CASE STUDIES

OF WELDING ON AN UNDERBODY (UNIT: SECONDS)

Note: N.S—no solutions.

C. Welding on an Underbody

This part considers another type of case study, i.e., spot

welding on an underbody, which constitutes the base structure

for all assembly parts, such as the engine and chassis. Such

circumstances normally require two or four robots.

The setting of case studies are given in Table V, as sug-

gested by Spensieri et al. [2]. For each case, the task nodes are

distributed randomly and ten experiments are carried out. The

results of the proposed GA are compared with commercial solves

CPLEX and Gurobi and a sequential approach. In the sequential

approach, all the robots are planned in a prioritized order [35],

[36] and the overall mTSP is decomposed into mTSPs. The

collision-free routing of each TSP is solved by the general

GA sequentially, regarding the previous planned robot routes

as obstacles. The performances of these methods are compared

in Tables VI and VII. The maximal computation time is set to

be 1 h.

Table VI gives the averaged computation times of the pro-

posed GA in comparison to two commercial solvers and the

sequential method regarding Scenarios 3–7. It can be found that

for the smaller case, CPLEX and GUROBI use significantly

computational times, whereas for the bigger cases, these two

commercial solvers cannot obtain feasible solutions within 1 h.

Authorized licensed use limited to: TU Delft Library. Downloaded on October 06,2021 at 09:16:43 UTC from IEEE Xplore.  Restrictions apply. 



6420 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS, VOL. 16, NO. 10, OCTOBER 2020

Fig. 9. Relative distances between each two robots using the mTSP
neglecting collision constraints for Scenario 5.

Fig. 10. Relative distances between each two robots using the
proposed TSN model for Scenario 5.

The sequential approach decomposes the overall optimization

problem into several smaller optimization problems, and there-

fore, the computational times become considerably shorter. For

Scenarios 3–7, the proposed GA can solve the overall optimiza-

tion problem using greatly shorter times than using these two

state-of-the-art commercial solvers.

Table VII lists the averaged cycle times, which are the crucial

performance indicator for the manufacturer, of the compared

four methods concerning Scenarios 3–7. CPLEX and GUROBI

obtain the minimal cycle times in Scenario 3, which is the small-

est scale. However, as the system increases, these two solvers

struggle with the computational complexity of the problem and

cannot give feasible solutions within the maximal setting times.

For all the cases considered, the proposed GA can provide fast

and good quality solutions. For Scenarios 3, the gap between

the GA and these two commercial solvers is acceptable but the

computation times are much shorter. Although the sequential

approach achieves the shortest computation times, the solution

quality is not satisfactory as its cycle times are much larger than

the proposed GA.

To demonstrate the potential of the proposed time-space net-

work modeling framework and the proposed new GA, here, we

Fig. 11. Convergence curve of the proposed GA for Scenarios 3–7.
(a) Scenario 3. (b) Scenario 4. (c) Scenario 5. (d) Scenario 6.
(e) Scenario 7.

Fig. 12. Robot routes of Scenario 6 based on the TSN model.

detail a simulation result of Scenario 5 consisting of 4 robots

and 20 predefined tasks. For the experiment of Scenario 5, Fig. 9

gives the relative distances of every two robots if collision con-

straints are not considered, and the planning problem becomes

a traditional mTSP. Fig. 10 shows these relative distances based

the proposed TSN model, including collision constraints. It can

be seen clearly from Figs. 9 and 10 that the proposed TSN model

can avoid collisions between robots while the traditional mTSP

model cannot obtain the collision-free routes. Fig. 11 presents

the convergence curve of the proposed GA for solving the TSN
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Fig. 13. Illustration of robot traces using the TSN model for Scenario 6.

model and this curve indicates the solution is obtained in less

than 100 iterations.

In the last part, we present a more complicated Scenario 6

involving four robots and 30 predefined tasks. The determined

routes are illustrated in Fig. 12 and their individual TCP traces in

RobotStudio are illustrated in Fig. 13. The multiple robots move

in a collision-free way among the predefined tasks avoiding

collisions between each robot, aiming to minimize the cycle

time. A more vivid demonstration can found in a video on1.

V. CONCLUSION

This article proposed a new methodology for collision-free

routing planning of the multirobot system of an assembly station.

In the routing problem, the objective was to minimize the cycle

time of given tasks for each robot. This routing problem included

collision avoidance constraints, and a time-space network model

was constructed to map the robot location constraints into the

route planning framework, leading to an MIP problem. Since

the related planning problem was a variant mTSP known as

NP-hard, a dedicated GA was developed for solving this MIP

problem. We designed a new encoding scheme for describing the

transition between two adjacent task locations. The simulation

experiments indicated that the proposed TSN model obtained the

collision-free route of these robots. Compared to the state-of-the-

art commercial solvers and a practical approach, the proposed

new GA can provide fast and high-quality solutions.

Future research will consider including energy consumption

as another objective for this routing problem and investigate the

tradeoff between cycle time and energy consumption. Another

interesting research direction is to incorporate attitude control

of the robot [37], [38] into the considered collision-free routing

problem.
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