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Abstract. In the industry 4.0, the Cyber-physical system (CPS) is one of the most important core which makes
the manufacturing process more intelligent. Intelligent assembly operation is an important key in intelligent
manufacturing of CPS. To complete the intelligent assembly operation, the cooperation between assembly
robotic arm and assembly sequence planning (ASP) is necessary. However, the ASP and writing robotic codes
manually is time consuming and requires professional knowledge and experience. Because the Local
Coordinate System (LCS) is often ignored when checking for interference. If product have inclined
interference and without considering LCS and causing and infeasible ASP. Therefore, this paper proposes a
LCCPIAS (Local Coordinate Cyber-Physical Intelligent Assembly System) system to achieve three objective
functions. First, this paper presents a dual-projected-based interference analysis approach (DPIAA) that
analyzes the relations between components. Second, this paper generates optimal assembly sequence
automatically to let the assembly sequence more suitable for the robotic arm to perform the assembly operation.
The last one is LCS can recognize inclined interference between components and generate feasible ASP.
Furthermore, this paper uses CAD model to verify that the DPIAA is faster and consider LCS interference can
solve inclined interference problem. In the future assembly factory, the proposed method can help to realize

intelligent manufacturing.

1 Introduction manufacturing time and costs but also customers'

In the manufacturing process, assembly work rapidly changing needs can be met immediately [4,

consume a lot of cost and time of the whole 8]. In order to generate the best assembly sequence,

production. The product assembly cost accounts for several heuristic algorithms are proposed to solve the

0 .
more than 40% of the total cost in the whole product problem. The three most important ones are Genetic

manufacturing process [2], and the assembly time of Algorithm (GA) [1] , Particle Swarm Optimization

the product accounts for the total manufacturing time (PSO) [3] and ACO [9] . However, the input data of

0 . . L
20-70%, so intelligent assembly operation is an these algorithms such as the contact and interference

important key to the CPS intelligent manufacturing. between parts must be input manually. In addition if

In order to complete the smart assembly, the the assembly product has inclined assembly and

cooperation between the robot and the ASP is without considering the LCS coordinates of the part

necessary. itself only considering GCS, it will may generate

If the best assembly sequence of products is wrong ASPs and lead to assembly process errors.

automatically generated, it will not only reduce Therefore some methods to automatically obtain the
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part information through CAD are proposed [5-7] .
Therefore, this paper purpose LCCPIAS to solve
problem. Firstly, DPIAA method is proposed in this
paper. The relationship between the parts in the
product is analyzed. According to the output of
DPIAA, the ACO algorithm is used to automatically
generate Good assembly sequence, so that the
assembly sequence is more suitable for assembly of

the robot arm operation.

2 Literature discussion

There are probably many assembly sequences
for products made up of dozens of parts, so how to
find out the best or even the best assembly sequence
has been discussed for a long time. There should be
no possible collision of assembly sequences, so it is
necessary to analyze the interference between the
parts. Interference analysis is a common method of
calculating the assembly direction of parts[5]. The
final pattern of assembly sequence is the optimal
assembly sequence, and although the possible
assembly sequence allows the assembly operation to
be performed without any interference, some
assembly sequences still have many repetitive
motions during the assembly process and many
literature studies Find out the best assembly sequence
by different algorithms and different objective
functions [1, 9]

3 Research methods
In this paper, the LCCPIAS method was

proposed to let the product designer design the
product in the CAD software. The designer provided
the CAD file to the service provider. The service
provider imported the CAD file into the LCCPIAS
then it will output assembly sequence automatically
to robot.

The method is divided into two parts as shown in
Figure 1. Firstly, DPIAA method is used to analyze

the contact and interference between parts. After the

analysis is completed, the ACO algorithm is used to
generate the best assembly sequence. Because ACO
uses the assembly robot’s objective function
calculates each feasible assembly sequence, so

assembly can be done without human intervention.

Components
information

Output

Product designer

Figure 1 LCCPIAS Method flow chart
3.1 Dual Projection-Based Interferometric Analysis

Method: IM is generated by collision detection. Using
the proposed DPIAA and combining AABB can
reduce the collision detection time.

®  Symbol definition:

dj * Cartesian axis in the direction of k °

(3381}
S

es © Parts “s” to be assembled -
n : The total number of parts
CMy, : The contact matrix representing the contact
relationship between egand e;
DCME : The contact matrix representing the contact
relationship between ezand e; in the direction d
PME : Projection matrix representing the projection
of esand e;in thed;direction.
IMY, : The interference matrix representing the
interference between esand e;in the d; direction.
LCSEK: The interference matrix representing the
interference between egand e;in the itself direction.
® DPIAA Steps
Step 1: Interfere detection and generation of CM and
DCM

In the contact matrix (CM), CMst denotes the
contact between e and e;. CM has two kinds of
relations: if there is no contact between egand e,

CMst value will be 0,otherwise 1 .Directional
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Contact Matrix (DCM), where DCME, indicates the
contact between e; and e, in a certain direction.
There are two types of relationship in DCM. If egand
es have no contact relationship in the d; direction,
DCME, value will be 0,otherwise 1.

Step 2 Double projection inspection and generation
of PM

Projection Matrix (PM) is generated using dual
projection detection. PMY¥, represent projection
relationship between e; and e;. PM used to
represent e; and e; AABB projection onto the
plane is overlapped.

The second projection is the projection of
AABB to the moving direction d; axis. As shown in
Figure 2(a), if any part e, overlaps parts e; and
e; ,e, will between two parts (e;, e;). It’s means e
and e;is not collision in d; axis. The projection
matrix is modified to 0, otherwise 2,

@

e dy

Figure 2 Project AABB to the direction of movement
Step 3 Collision detect

Collision detection is the last method used to
determine the collision between parts. If the double
projection determines that there is a collision between
the parts e; and e, the DPIAA will perform
collision detection to verify that the parts e; and e;
interfere in the direction dj. If there is interference
between eg and e, it will modify the interference
matrix value to 1.

In order to generate LCS, collision detection
must be performed on all parts of the LCS itself.
Considering the order of collision, if e; and e;
interfere with each other in the LCS direction, If there
is any interference with other parts, if interference
occurs, test the collision of multiple parts by one part.

If there is interference, modify the value of 1 in

LCSE.
Step 4 Generate interference matrix
After the DPIAA process is completed, the

interference matrix is automatically generated.

3.2 Ant colony algorithm to solve ASP
By simulating the behavior of ants and using

the pheromone message to find the best path, the
ACO proposed an ACO algorithm for finding the best
assembly order. The target of the ACO algorithm is
minimum rotation angle and the highest stability. The
input assembly required for ACO is CM, DCM, and
IM from DPIAA.
Step 1 Initialize the basic data

The first step in this paper is to initialize the
basic ACO data. The information to be initialized
includes control parameters (such as rotation angle,
stability, weight of pheromones, total number of ants
and number of iterations), and assembly data (such as
the total number of parts n, CM, DCM and IM), the
total number of ants m is set by the number of can be
disassembled parts.
Step 2 Initialize ant data

Each ant is assigned to a set of /M, CM, and
DCM that are automatically generated from DPIAA.
Step3 Find the first moveable part

In each iteration, each ant starts browsing to
find out the possible assembly order. Every ant can
get all the parts that can be removed by IM. At the
beginning of the first iteration, all the movable parts
must be located and assigned to different ants, and all
the movable parts can be selected according to
equation(1).

Ant ™" = Pregsivie (1)

Antitt represent the ant first choice of parts, ants

select the first part of the probability is based on

equation(2).
n-1 n-1
PO =5/ Y D e
j=0 s€allowedy j=0
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Step 4. Look for detachable parts
After selecting the first detachable part, the ant
selects the next part according to equation (3) .
Plé(t) = 1;; ()" * nijﬁ
/ Z 75 (0)* 3)

seallowedy,
*1);sP
PL(t) represents the probability of ant k from i to j
at time t, o and [ are the weights and heuristic functions
of pheromone, and the heuristic function 7;;j is
composed of the following two criteria:
1. Rotation angle : The rotation angle indicates the
combined direction difference between the assembly
directions of the parts i and j as equation (4),
0.1,d; —d; = 180°
1,d; —d; =0° 4)
0.5, other angle
2. Stability : Stability indicates that the part does not fall
or displace during disassembly. Heuristic functions for
stability (S) are shown in equations(5), (6) and (7)
Sy=S'+SiG=1..,n=-D=j-1) (5

n
Z MY
k=0

4
0.1 n
[CCD,M_\. ~ CCD;  DCCDg gy — DCCDG Z MY (6)
CCDma.\ DCCDG.:::«.\' ' k=0 -
other
-Y _
Sizj _ {O.S,DCMU =0 )
0, other

In this paper, we modify the definition of the
direction of gravity and increase the stability of the
previous component. The multi-objective heuristic
function is given by equations(8) .S; j represents the
stability between i and j, and w1 and w2 represent the
weight of each target.

Nij = Wi * Dij +wy * S5 ®)
StepS Pseudo-random scaling rules
After calculating the probability of all moving parts, the
ants in the ACO use the pseudorandom scaling rule of

equation (9) to select the parts from 1 to j

ar max T, ()% * 4
s={"9 e allowed, Y Tk,

S
if q<Q

other

(C)

CM, DCM, and IM are updated from the data of
each ant, and if there are still parts that have not been
selected yet, it will go back to Step 4. Otherwise, when all
the ants have finished searching in the current iteration, go
to Step 6; otherwise, go to Step 3.

Step 6 Update Pheromone matrix

After all the ants finishes searching, the pheromone
matrix is updated with the global update rule given by
equation(10) and (11).

qﬂHJJ=O—pﬁMO+§}hHO (10)
k=1

(Fpe)? Mod(t,5) =0&(i.j) € Global best solution
atfi(t) (Fp)t-as{Mod(t.5) # 0&(i./) € Irerated optimal solution (11)

0 other
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