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Aiming at the problems that are the construction and the layout optimization of the coordinated multirobots system, the concept
of an equivalent parallel robot (EPR) is proposed based on parallel thought in this paper. That is, each robot is regarded as a
branched chain of the EPR in coordination.Thus, it can be converted into the problem for the type synthesis and the layout of the
parallel robot. Firstly, the definition of robotic characteristic (C) set and the corresponding operational rule are given. Then, the
minimum occupied area, cycle time, and condition number are used as the optimized objectives.Theweight ratio is used to express
the importance of the three objectives to meet the requirements of different scenes. Afterwards, based on the theory of 𝐶 set, the
three translational (3T) operational requirements that can be extended to other degree of freedom (DOF) are analyzed. Finally, the
feasibility of the proposed methods is verified by the DOF analysis and simulation experiment.Moreover, the multiobjective layout
problem is optimized based on the artificial bee colony (ABC) algorithm.The results show that the constructed robot combinations
and the layout optimization method are satisfactory.

1. Introduction

The development of robotics has continuously improved
the work capabilities of robots, and the field of robotic
applications is constantly expanding [1, 2], for example,
assembly work in automated factories, deep-sea operations,
fault handling in the nuclear industry, and operational tasks
in space. On the one hand, due to the complexity of the
task, when a single robot is difficult to complete the task,
people hope to accomplish this through coordination of
multirobots [3]. On the other hand, people also hope to
improve the efficiency of the robots system during the
operation through the coordination of the multirobots [4].
Furthermore, when the working environment changes or the
partial system fails, multirobots can still accomplish their
scheduled tasks through their own fault tolerance [5]. In
conclusion, comparedwith a single robot,multirobots system
has higher stiffness, accuracy, load capacity, and flexibility
[6, 7].

As a new form of robotic application, the coordinated
multirobots have increasingly attracted the interest and

concern of academic both at home and abroad. For the
different operational tasks, different DOF may be required,
so the robots need to be chosen tomeet the operational DOF.
Although the combinations of robots can meet the oper-
ational requirements, the unreasonable layout may reduce
the efficiency of the system, occupy more areas, and have
poor motion performance [8–10]. The previous work of the
authors has done some research on the type synthesis of the
coordinated multirobots system [11]. However, the 𝐶 set in
the description of the position and posture of a robot is not
detailed enough, and the layout optimization is still lacking,
and it cannot constitute the overall design of the coordinated
multirobots system. These problems will be studied in this
paper.

The layout of the multirobots system is to optimize its
layout position according to different operational tasks after
the branched robots are determined. The positions of the
branched robots are adjusted for the different requirements
of the task to achieve the best layout effect. However, for
a parallel robot, it is generally achieved through dimension
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Figure 1: Description for the end-features of the 𝐶 set.

synthesis to meet the operational requirements; thus its
branches will not change once they are laid out. At present,
there are few relevant literatures on the layout of coordinated
multirobots system. It mainly depends on the actual experi-
ence and cannot achieve the best results. Michele Gadaleta et
al. proposed themethod for the energy-optimal layout design
of robotic work cells, which numerically retrieved the indus-
trial robot base position to achieve the minimum energy
consumption [12]. Zhen Yang Lim et al. presented a layout
optimization method for multirobots cellular manufacturing
system and compared the effects of several algorithms on the
optimization results [13, 14]. However, either the optimized
objectives are too single or the result of optimization is
only an approximate areas. It is not possible to give an
accurate layout according to the different operational tasks
and the importance of the optimized objectives. This paper
proposes to use the minimum occupied area, cycle time,
and condition number as the optimized objectives. The
weight coefficient is used to express the importance of
the three objectives to meet the requirements for different
scenes of the tasks, and the artificial bee colony (ABC)
algorithm is used to optimize the multiobjective layout
problem.

The main contributions of this paper are as follows. (a)
The problem for the construction and layout optimization of
a coordinatedmultirobots system is transformed into the type
synthesis and layout of a parallel mechanism based on the
parallel thought. (b) The concept of C set is presented, which
can conveniently represent the end kinematic features (for the
robot selection of multirobots) and the position and posture
of the robot. (c) The multiobjective layout optimization
method with weighted ratios is proposed, and the minimum
occupied area, cycle time, and condition number are used
as the optimized objectives. The remainder of this paper is
organized as follows. In Section 2, the basic concept of robotic
𝐶 set is given and corresponding intersection rule is analyzed.
In Section 3, the minimum occupied area, cycle time, and
condition number are taken as optimized objectives for the
layout. The selection and layout of a specific task (3T) are
mainly designed in Section 4. Lastly, Section 5 draws the
conclusion.

2. Characteristic Set and Its Intersection Rule

The characteristic (𝐶) set is used to describe the end-feature
of a mechanism and the position and the posture of its base
[11], as shown in

𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 𝑅𝛼 𝑅𝛽 𝑅𝛾) (1)

where 𝑇𝑖 (𝑖 = 𝑥, 𝑦, 𝑧) represents the translational features of
robot’s end-effector in the direction of 𝑥, 𝑦, and 𝑧 and the
position of its base. 𝑅𝑗 (𝑗 = 𝛼, 𝛽, 𝛾) represents the rotational
features and the posture of its base. They are just as shown in
Figure 1.

The meaning of the numerical values of the 𝐶 set’s
elements is described in the literature [11]. The following
examples are illustrated.

For example, there is a four-DOF robot with two trans-
lational features in the 𝑥 and 𝑦 directions and two rotational
features rotating around the 𝑥 and 𝑦 axes, which belongs to a
2T2R robot. If the world coordinate system is set as the base
coordinate system of the robot, its 𝐶 set can be written as
(0 0 0; 0 0 0). If the position and posture of the robot’s
base coordinate system is not 0 relative to the world coordi-
nate system (neither the coordinates nor the RPY angles are
0), its 𝐶 set can be written as (𝑇𝑥 𝑇𝑦 �̂�𝑧; 𝑅𝛼 𝑅𝛽 �̂�𝛾).

The operation of 𝐶 set includes intersection and union,
and the intersection is suitable for parallelmechanism [15, 16].
It is can be defined in

𝐶 = 𝐶1 ∩ 𝐶2 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 𝑅𝛼 𝑅𝛽 𝑅𝛾) (2)

where ∩ stands for the intersection operator.

3. Layout of Multirobots

The layout optimization of a coordinated multirobots system
can be considered as a parallel robot whose branched chains’
positions are changed to achieve theminimumoccupied area,
cycle time, and condition number.

3.1. Occupied Area. Reasonable layout will reduce the occu-
pied area of the completely coordinatedmultirobots system in
the workshop [13]. For a parallel robot, the objective can be
seen as the minimum of the static platform area by changing
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the position and the posture of its branches to meet the
required tasks. The calculation method of the occupied area
is that the graphic area formed by the plane where the base of
each robot is located. Moreover, it can be calculated based on
the value of each robot’s 𝐶 set.

3.2. Cycle Time. In order to be more efficient, the production
shop requires less time for the whole process. Therefore, it
takes minimal time for EPR to complete the task. The cycle
time of the EPR is determined by its rotation angle and
the maximum angular velocity. The following equations are
specified.

Assume that the angular velocity of the jth joint of No.i
robot is 𝜔𝑗𝑖 . In a cycle time T, the continuous rotation angle
of the jth joint is |𝜃𝑗𝑖 |, and the time of the jth joint is

𝑇𝑗𝑖 =
𝜃
𝑗
𝑖


𝜔𝑗𝑖

(𝑖, 𝑗 = 1, 2, . . . , 𝑛) (3)

However, the running time of each robot’s joint may be
different. Now set the running time of No.i robot in the cycle
time 𝑇 as

𝑇𝑖 = max (𝑇𝑗𝑖 ) (4)

During the cycle time T, the simultaneous tasks run for

𝑇𝑠 = max (𝑇𝑖) (𝑠 = 1, 2, . . . 𝑛) (5)

Therefore, the total cycle time is the sum of the time for each
independent task; that is,

𝑇 =
𝑛

∑
𝑠=1

𝑇𝑠 (6)

Similar to the EPR, it is required to arrange the position and
the posture of each branch for a parallel robot reasonably.
When the task is completed, the branch with the longest
consumption time is considered as the minimum cycle time
𝑇 of the parallel robot. In the following sections, the specific
example will be given.

3.3. Condition Number. For serial robots, the statics per-
formance index of robot’s flexibility is generally used by
Yoshikawa’s manipulability index [17]. That is,

𝑤𝑗 = √𝐽 (𝑞) 𝐽𝑇 (𝑞) (7)

where 𝐽(𝑞) is the Jacobian matrix of the robot and 𝐽𝑇(𝑞) is the
inverse of the Jacobian matrix. However, for a parallel robot,
the condition number is often used as its performance index
[18]. In a highly coupledmultirobots cooperative system, such
as multirobots transporting, it can be seen as an EPR, and its
condition number is [19]

𝜅 (𝐽) = ‖𝐽‖ 𝐽
−1 (8)

where ‖𝐽‖ is the norm of the Jacobian matrix 𝐽 and for the
2-norm, the condition number can be written as [20]

𝜅 (𝐽) = 𝜎max
𝜎min

(9)

where 𝜎max and 𝜎min are the maximum and minimum
singular values of the Jacobian matrix 𝐽, respectively, and the
range of the condition number is 1 ≤ 𝜅(𝐽) ≤ ∞.

When designing a parallel robot, the value of the condi-
tion number should be 1 as far as possible [21]. Because when
𝜅(𝐽) = 1, the singular values are equal, and the arm is in an
isotropic configuration with the highest flexibility.

3.4. Weight Fitness. Layout optimization means that the rea-
sonable layout is selected to meet the different requirements.
In this paper, the minimum occupied area, cycle time, and
condition number are taken as the optimized objectives
of the layout. However, in actual situation, one or two
combinations may be dominant. Therefore, the proportion
of these three evaluation indicators is particularly important,
and the weight ratio will be used to express the importance of
the three indicators.

The fitness of the area is expressed as

𝑓𝑖𝑡𝑎 =
1

1 + (𝑆 − 𝑆min) (10)

where 𝑆 is the occupied area and 𝑆min is the minimum
occupied area. The fitness of the operation time is expressed
as

𝑓𝑖𝑡𝑡 =
1

1 + (𝑇 − 𝑇min) (11)

where𝑇 is the cycle operation time and 𝑇min is the minimum
cycle operation time. The fitness of condition number is
expressed as

𝑓𝑖𝑡𝑐 =
1

1 + (𝑁 − 𝑁min) (12)

where𝑁 represents the condition number of the coordinated
multirobots system and 𝑁min represents the minimum con-
dition number.

According to different operational requirements, a rea-
sonable weight ratio is designed to represent the importance
of the system’s indicators:

𝑓𝑖𝑡 = 𝑎𝑓𝑖𝑡𝑎 + 𝑏𝑓𝑖𝑡𝑡 + 𝑐𝑓𝑖𝑡𝑐 (13)

where 𝑎, 𝑏, and 𝑐 are the weight coefficients and 𝑎 + 𝑏 +
𝑐 = 1. Their values are determined by their importance. The
more important a certain indicator is, the greater its weight
coefficient is.

The values of 𝑆min, 𝑇min, and 𝑁min in the above three
equations are obtained by ignoring the other two indicators.
For example, when 𝑆min is calculated, only the area indicator
is considered, and the requirement of the operation time and
the condition number are abandoned, that is, in the case
where 𝑎 = 1, b = 0, and c = 0.

To optimize the above-mentioned three objectives, the
following assumptions are needed:

(1) If there is a nonstatic robot in the system (the base can
move), its maximum moving area is set as the static
area.
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Table 1: The combinations of the branched robots with 3T motion.

Chain1 Chain2 Chain3 Combinations Structure

𝐶3𝑇1

𝐶3𝑇2

𝐶3𝑇3 𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇3 symmetry
𝐶3𝑇1𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇1𝑅3

asymmetry

𝐶3𝑇2𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇2𝑅3
𝐶3𝑇3𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇3𝑅3

𝐶3𝑇1𝑅2
𝐶3𝑇1𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇1𝑅3
𝐶3𝑇2𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇2𝑅3
𝐶3𝑇3𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇3𝑅3

𝐶3𝑇2𝑅2
𝐶3𝑇2𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇2𝑅3
𝐶3𝑇3𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇3𝑅3

𝐶3𝑇3𝑅2 𝐶3𝑇3𝑅3 𝐶3𝑇1 ∩ 𝐶3𝑇3𝑅2 ∩ 𝐶3𝑇3𝑅3

𝐶3𝑇1𝑅1
𝐶3𝑇1𝑅2

𝐶3𝑇1𝑅3 𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇1𝑅3 symmetry
𝐶3𝑇2𝑅3 𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇2𝑅3

asymmetry𝐶3𝑇3𝑅3 𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇3𝑅3
𝐶3𝑇2𝑅2

𝐶3𝑇2𝑅3 𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇2𝑅3
𝐶3𝑇3𝑅3 𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇3𝑅3

𝐶3𝑇2𝑅1 𝐶3𝑇2𝑅2 𝐶3𝑇2𝑅3 𝐶3𝑇2𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇2𝑅3 symmetry

(2) The moving point is set as the base coordinate point
of the robot.

(3) Each joint runs at the maximum speed.

4. Case Study

For example, a procedure of a factory’s production line needs
to transport the goods with heavy or bulk from worktable
A to worktable B (only involving the three-dimensional
translation of the space). However, many small-load robots
with the same or different types cannot complete this task
alone. Considering the cost savings, no new heavy-load
robot will be purchased. At this time, it is necessary to
filter and reorganize the existing robots in the factory and
build a coordinated multirobots handling system composed
of multiple robots.

Next, the above-mentioned type synthesis method and
weight multiobjective optimization method will be used
in the chain selection and the layout design of the EPR
separately.

4.1. The Selection of the 3T EPR’s Chains. The 𝐶 set of the 3T
EPR’s end-manipulator is expressed as follows:

𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 0 0 0) (14)

The literature [11] shows that the 𝐶 set of the EPR’s end-
manipulator is determined by

𝐶 = 𝐶1 ∩ 𝐶2 ∩ 𝐶3 (15)

where 𝐶1, 𝐶2, and 𝐶3 are the 𝐶 sets of the EPR’s three-
branched robots, respectively, and the 𝐶 set of the branched
robots can be expressed as

𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 0 0 0) (16)

𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 𝑅𝛼 0 0) (17)

𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 𝑅𝛼 𝑅𝛽 0) (18)

𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 𝑅𝛼 𝑅𝛽 𝑅𝛾) (19)

It can be seen from (15) that the 𝐶 set of the 3T EPR can
be obtained by the intersection of the 𝐶 sets for the above
three-branched robots. As seen in Table 1, there are sixteen
combinations of the branched chains, and the intersections
must satisfy (2).

The classification and the condition of the combinations
from Table 1 are listed in Table 2. According to the Table 1,
the intersection just as 𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 0 0 0) has fifteen
combinations and the proper subset of intersection just as𝐶 =
(𝑇𝑥 𝑇𝑦 𝑇𝑧; 0 0 0) has 9 combinations.

Since each branched chain of EPR is an independent
robot, it can be a parallel or serial robot. The common robots
with 3 to 6 DOF are listed in Table 3.

Then the combinations of the robots are selected to meet
the task requirements (3T), and the choice of this paper is
the combination of 𝐶3𝑇1 ∩ 𝐶3𝑇3𝑅2 ∩ 𝐶3𝑇3𝑅3 . That is, a parallel
robot 3-PRRR and two six DOF serial robots are used as
the EPR’s branched chains to transport the goods, as shown
in Figure 2. The three pneumatic hands are fixed under the
moving platform of the 3-PRRR and the end of the serial
robots to transport triangular goods. In this process, the
three hands contact the goods closely without any change
in position and posture between them. At this moment, the
goods can be seen as a moving platform for the EPR, and the
three robots are taken as the three-branched chains for the
EPR. The screw theory [22] is used to analyze the DOF of
EPR in the Equations (20), (21), and (24).

As shown in Figure 2, the parallel robot 3-PRRR is
composed of a moving platform and a static platform, which
are connected by the same three-branched chains. It is not
difficult to see that the kinematic screw system of the parallel
robot 3-PRRR is
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Table 2: Classification for the combinations of the branched robots.

Objectives Combinations Conditions

𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 0 0 0)

𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇3

No requirements

𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇1𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇2𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇2 ∩ 𝐶3𝑇3𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇1𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇2𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇3𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇2𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇3𝑅3
𝐶3𝑇1 ∩ 𝐶3𝑇3𝑅2 ∩ 𝐶3𝑇3𝑅3
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇1𝑅3 Two are ⊥ in 𝑅𝛼1, 𝑅𝛼2 and 𝑅𝛼3
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇2𝑅3 Three ‖ cannot appear in 𝑅𝛼1,

𝑅𝛼2, 𝑅𝛼3 and 𝑅𝛽3
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇3𝑅3 𝑅𝛼1 ⊥ 𝑅𝛼2
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇2𝑅3 Three ‖ cannot appear in 𝑅𝛼1,

𝑅𝛼2, 𝑅𝛽2, 𝑅𝛼3 and 𝑅𝛽3
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇3𝑅3 𝑅𝛼1 ⊥ 𝑅𝛼2 and 𝑅𝛼1 ⊥ 𝑅𝛽2

Proper subset is
𝐶 = (𝑇𝑥 𝑇𝑦 𝑇𝑧; 0 0 0)

𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇1𝑅3 𝑅𝛼1 ‖ 𝑅𝛼2 ‖ 𝑅𝛼3
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇2𝑅3 Three is ‖ in 𝑅𝛼1, 𝑅𝛼2, 𝑅𝛼3 and 𝑅𝛽3
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇1𝑅2 ∩ 𝐶3𝑇3𝑅3 𝑅𝛼1 ‖ 𝑅𝛼2
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇2𝑅3 Three is ‖ in 𝑅𝛼1, 𝑅𝛼2, 𝑅𝛽2, 𝑅𝛼3

and 𝑅𝛽3
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇3𝑅3 Two is ‖ in 𝑅𝛼1, 𝑅𝛼2, 𝑅𝛽2
𝐶3𝑇1𝑅1 ∩ 𝐶3𝑇3𝑅2 ∩ 𝐶3𝑇3𝑅3

No requirements𝐶3𝑇2𝑅1 ∩ 𝐶3𝑇2𝑅2 ∩ 𝐶3𝑇3𝑅3
𝐶3𝑇2𝑅1 ∩ 𝐶3𝑇3𝑅2 ∩ 𝐶3𝑇3𝑅3
𝐶3𝑇3𝑅1 ∩ 𝐶3T3R2 ∩ C3T3R3

Table 3: Common robots with 3 to 6 DOF.

Branched chain Category Robots

C3T serial P1P2P3, R1R2R2
parallel Delta, 3-PRRR, 3-RPS

C3T1R serial R1R2R2R3
parallel 4-PU1U2

C3T2R serial R1R2R2R3R4
parallel 5-RPUR

C3T3R serial Puma560 (6R)
parallel Stewart (6-UPS)

𝑆1 = (0 0 0; 0 0 1)
𝑆2 = (0 0 0; 0 1 0)
𝑆3 = (0 0 0; 1 0 0)

(20)

Its corresponding reciprocal screw is

𝑆𝑟1 = (0 0 0; 0 0 1)
𝑆𝑟2 = (0 0 0; 0 1 0)
𝑆𝑟3 = (0 0 0; 1 0 0)

(21)

The 𝐶 set of the parallel robot 3-PRRR can be written as (22).
If the base coordinate system of 3-PRRR is set to the world
coordinate system o-xyz, its 𝐶 set can be expressed as (23).

𝐶1 = (𝑇𝑥1 𝑇𝑦1 𝑇𝑧1; 0 0 0) (22)

𝐶1 = (0 0 0; 0 0 0) (23)

Similarly, the kinematic screw system of the six DOF serial
robot is
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Figure 2: Three robots transporting triangular goods in coordination.

𝑆1 = (1 0 0; 0 0 0)
𝑆2 = (0 1 0; 0 0 0)
𝑆3 = (0 0 1; 0 0 0)
𝑆4 = (0 0 0; 1 0 0)
𝑆5 = (0 0 0; 0 1 0)
𝑆6 = (0 0 0; 0 0 1)

(24)

For a 6-DOF serial robot, it is obvious that the 𝐶 set of its end
kinematic features can be described as

𝐶2 = (𝑇𝑥2 𝑇𝑦2 𝑇𝑧2; 𝑅𝛾2 𝑅𝛽2 𝑅𝛼2) (25)

where the six elements are nonzero. According to (15), the
end-features 𝐶 set of EPR can be described as

𝐶 = 𝐶1 ∩ 𝐶2 ∩ 𝐶3
= (𝑇𝑥1 𝑇𝑦1 𝑇𝑧1; 0 0 0)

∩ (𝑇𝑥2 𝑇𝑦2 𝑇𝑧2; 𝑅𝛾2 𝑅𝛽2 𝑅𝛼2)

∩ (𝑇𝑥3 𝑇𝑦3 𝑇𝑧3; 𝑅𝛾3 𝑅𝛽3 𝑅𝛼3)

= (𝑇𝑥 𝑇𝑦 𝑇𝑧; 0 0 0)

(26)

4.2. The Layout Design of the 3T EPR. When multirobots
work in cooperative task, the layout will have a direct

impact on the flexibility, operation time, and workspace of
the multirobots system. Therefore, a reasonable layout is
necessary. The method proposed in this paper is to use the
minimum cycle time, occupied area, and condition number
of the EPR as the optimized objectives, and their weight
coefficients are chosen according to specific requirements.

As shown in Figure 2, the coordinate systems 𝑜0−𝑥0𝑦0𝑧0,
𝑜0 − 𝑥0𝑦0𝑧0 and 𝑜0 − 𝑥0 𝑦0 𝑧0 are set to the base coordinates
of No. 1, No. 2, and No. 3 robots, respectively. The Cartesian
coordinate systems 𝑜1 −𝑥1𝑦1𝑧1, 𝑜1 −𝑥1𝑦1𝑧1 and 𝑜1 −𝑥1 𝑦1 𝑧1
are set to the moving coordinates of No. 1, No. 2, and No. 3
robots, respectively. 𝑜 − 𝑥𝑦𝑧 is set to the coordinate system
for the triangular goods, and 𝑜0 − 𝑥0𝑦0𝑧0 is also set to the
world coordinate system of the EPR system. Assume that the
starting coordinate A of the No.1 robot’s manipulator is (0.2,
0.2, 0.3) and the ending coordinate B of its manipulator after
the translation is (0.4, 0.4, 0.5).The DH parameters of the six
DOF serial robot are listed in Table 4, and the corresponding
coordinate systems of its linkages are shown in Figure 3.

The task requirement is to move the goods from point A
to point B and optimize the layout of the EPR systemwith the
minimum occupied area, cycle time, and condition number.

The coordinate system of the EPR system is established
and the schematic diagram is shown in Figure 4.The circular
modules with colors represent the base of the three robots,
and the triangle modules represent the hands of the robots.
The yellow pattern indicates the 3-PRRR parallel robot, and
the green indicates the 6-DOF serial robot. The coordinate
system of EPR system is projected onto the xy plane of the
world coordinate system, and the coordinate of each module
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Figure 4: The coordinate systems diagram of the EPR layout.

Table 4: Six DOF serial robot parameters of links.

𝑖 𝜃i(rad) 𝑑𝑖(m) 𝑎𝑖−1(m) 𝛼𝑖−1(rad)
1 𝜃1(-𝜋/2) 0.325 0 0
2 0 0.1 0 -𝜋/2
3 𝜃3(-𝜋/2) -0.1 0.300 0
4 0 0.405 0 -𝜋/2
5 0 0 0 𝜋/2
6 0 0 0 -𝜋/2
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Figure 5: The flow chart of ABC algorithm.

is as shown in Figure 4. It is worth noting that, in the position
layout of the robot, the base coordinate system of the fixed
3-PRRR is set as the world coordinate system, and only the
positions of two six DOF serial robots can move.

The mathematical form of the three optimized objectives
is described as follows:

min 𝑦 = 𝑓 (𝑅, 𝜃) = [𝑓𝑠 (𝑅, 𝜃) , 𝑓𝑡 (𝑅, 𝜃) , 𝑓𝑐 (𝑅, 𝜃)]
s t 0 ≤ 𝑅 ≤ 0.15

0 ≤ 𝜃 ≤ 2𝜋
(27)

where 𝑓𝑠(𝑅, 𝜃) represents the area optimized function.
𝑓𝑡(𝑅, 𝜃) represents the time optimized function. 𝑓𝑐(𝑅, 𝜃)
represents the condition number optimized function. In
addition, the circle of radius 𝑅 and the rotation angle 𝜃 are
the movable range of the serial robots.

The artificial bee colony (ABC) algorithm [23, 24] is used
to optimize the multiobjective layout parameters, and its
detailed procedure can be depicted in Figure 5. Since the EPR
motion form belongs to the type of 3T, the two six-DOF serial
robots (No. 2 and No. 3) keep the posture in the layout, as
shown in Figure 4.

Assume that the maximum velocity of the parallel robot
3-PRRR’s prismatic joint is v=2.5m/s, the maximum velocity
of the serial robot’s rotational joint is𝜔=2𝜋rad/s, and they run
at the maximum velocity. Since the condition number of 3-
PRRR is always 1 and the operation status of two serial robots
is the same, the condition number of EPR is equivalent to the
condition number of a serial robot. As long as the condition
number of the serial robot is minimal, the condition number
of EPR will be minimal.
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Figures 6–8 show the plane distribution diagrams
between cycle time, occupied area, and condition number.
Figure 9 is a spatial distribution diagram of the three
objectives set as spatial coordinate axes.Themethod ofMonte
Carlo is used to plot the diagrams in this paper. It can be
seen that the scatter plots between the three objectives are
not evenly distributed.The cycle timemainly concentrates on
the range of 0.35 to 0.55, and the condition number mainly
concentrates on the range of 8.5 to 11. In general, the condition
number increases when the occupied area increases.

Different layout will affect the values of the three objec-
tives, and it is particularly important to choose the layout
location that meets the objective requirements. Next, the
ABC algorithm will be used to search for the optimal solution
according to the importance of its optimized objectives. The
results obtained are shown in Table 5, and the corresponding
𝐶 set of each branched robot in the EPR is shown in
Table 6. When a=1, b=0, and c=0, the minimum occupied
area 𝑆min=1.5500m

2 can be obtained. Similarly, when a=0,
b=1, and c=0, the minimum cycle time 𝑇min=0.0903s, and
when a=0, b=0, and c=1, the condition number 𝐶min=8.4253.
As seen in Table 5, the values of the objectives decrease as
the weight coefficient increases, which is consistent with the
results of multiobjective optimization. From Table 6, the C
sets of each group of branched robots represent their end
kinematic features, the position, and the posture of their
layout, which greatly facilitates the selection and layout of the
multirobots.
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Table 5: Optimization results with different weight coefficients.

Number 𝑎 𝑏 𝑐 𝑅 𝜃 area time condition
1 1 0 0 0.1500 0 1.5500 - -
2 0.6 0.2 0.2 0.1283 5.8478 1.5837 0.1281 8.5469
3 0.33 0.34 0.33 0.1185 5.5168 1.6146 0.1154 8.4512
4 0.2 0.6 0.2 0.0773 0.2950 1.6260 0.1349 8.7242
5 0 1 0 0.1500 4.6911 - 0.0903 -
6 0.2 0.2 0.6 0.1263 5.7336 1.5923 0.1239 8.4776
7 0 0 1 0.1500 5.5328 - - 8.4253

Table 6: The 𝐶 set of each robot under different weight coefficients.

Number No.1 (C) No.2 (C) No.3 (C)
1 (0 0 0; 0 0 0) (1.55 1.2 0; 0 0 𝜋) (1.55 −0.8 0; 0 0 𝜋)
2 (0 0 0; 0 0 0) (1.5837 1.2541 0; 0 0 𝜋) (1.5837 −0.7459 0; 0 0 𝜋)
3 (0 0 0; 0 0 0) (1.6146 1.2822 0; 0 0 𝜋) (1.6146 −0.7178 0; 0 0 𝜋)
4 (0 0 0; 0 0 0) (1.6260 1.1775 0; 0 0 𝜋) (1.6260 −0.8225 0; 0 0 𝜋)
5 (0 0 0; 0 0 0) (1.7032 1.35 0; 0 0 𝜋) (1.7932 −0.65 0; 0 0 𝜋)
6 (0 0 0; 0 0 0) (1.5923 1.266 0; 0 0 𝜋) (1.5923 −0.734 0; 0 0 𝜋)
7 (0 0 0; 0 0 0) (1.5903 1.3023 0; 0 0 𝜋) (1.5903 −0.6977 0; 0 0 𝜋)
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5. Conclusions

In this paper, the concept of EPR is proposed based on
the parallel thought. The problem for the construction and
layout optimization of a coordinated multirobots system is
transformed into the selection and layout of the branched
chains of a parallel robot. Firstly, the concept of 𝐶 set and
its operational rule are presented, which can conveniently
represent the end kinematic features and the position and
posture of the robot. The selection scheme of EPR satisfying
the requirements is constructed based on the intersection
rule of the 𝐶 set. After that, the ABC algorithm is used to
optimize the selected robots according to the principle of
minimum occupied area, cycle time, and condition number.
Based on the importance of the three optimized objectives, a
multiobjective optimization for the multirobots system with
weighted ratios is proposed. The occupied area, cycle time,
condition number, and the locations of the robots under
different weight coefficient can be obtained by the simulation

8
1.9

9

10

1.8

C
on

di
tio

n 
nu

m
be

r

11

1

12

Occupied area (m∗m)

0.81.7

13

0.6

Cycle time (s)

1.6 0.40.21.5 0

Figure 9: Scatter plot of cycle time, occupied area and condition
number in the space.

experiments.The results show that the proposed methods are
feasible.

In future, the work may involve the selection and layout
of multirobots in more complex situations. For example,
consider the situations of more tasks, more operational
sequences, and more robots.
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