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Synchronizing controlled logistics
terminals between simulated and
visualized production lines using an
ASTAK method

Zixiao Wang'™, Yue Dong?, Shengguo Wang? & Xinxiang Zhang?

In a fully automated factory, the Visualized Production Line serves as a crucial tool for assisting
personnel to monitor and manage the manufacturing process. The synchronization between the
visualized line and the actual production line significantly impacts the efficiency of production
supervision. This article proposes a method for controlling the logistics terminals, which encompasses
three steps: animation simplification, timing alignment, and keyframe synchronization (hereinafter
referred to as ASTAK). This method aims to achieve precise synchronization between the Simulated
Production Line and the Visualized Production Line when the process data of the simulated line is

not directly accessed. Then, the experiments demonstrate that the proposed method reduces the
time difference between the simulated and visualized production lines to an average of 0.08 s with a
synchronization rate of 99.97%, which further verifies the effectiveness and superiority of the proposed
method over some other state-of-the-art methods.

Keywords Synchronization, Controllable logistics terminal, Animation simplification, Timing alignment,
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In recent years, various unmanned production lines, including both process-oriented and discrete manufacturing
processes, can effectively fulfill production tasks within their respective processes'. Since the establishment of
these production lines, the issue of process supervision has consistently been a key concern. In this context,
the emergence of visualized production lines (also known as Digital Factories or Digital Twin Models in some
contexts) based on digital twin technology has been widely applied®~. These visualized production lines
are designed to present the production process, highlight process parameters, and allow for the tracking of
production progress. However, the development of unmanned factories is still premature, resulting in inaccurate
synchronization between actual production lines and visualized production lines'”. In this article, an ASTAK
method is proposed to address the synchronization challenges between simulated and visualized production
lines. This method integrates three core innovations: (1) Animation Simplification: pre-simplified animations
that replace real-time 3D modeling to optimize computational efficiency and synchronization between virtual
and actual production lines, (2) Timing Alignment: stage-based process division with synchronized timing that
ensures the visualized production line mirrors the actual production flow, and (3) Keyframe Synchronization:
aligning equipment actions with animation keyframes that achieves movement consistency and enhances visual
synchronization accuracy.

Research background and related studies

The technology of utilizing visualized production lines to present the actual production process is known as
digital twin. The digital twin has been attempted and has achieved certain success in engineering construction,
and intelligent manufacturing fields in the last decade. The digital twin is a technology that utilizes digital
methods to simulate physical entities. In the past, a general digital twin was achieved based on multiple sensors
and digital 3D models!'!~13. Engineers needed to build digital 3D models in a virtual three-dimensional space
according to physical entities and rely on the sensors in the real world to collect operational data from the
physical entities. Based on the operational data, real-time calculations were made to estimate the movement
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of the 3D models in the virtual three-dimensional space. Most traditional digital twins are realized based on
real-time calculations of 3D models'*!>. In digital factories, a system that digitizes production lines using digital
twin methods is referred to as visualized production lines. In this article, a physical production line simulating
an actual production line is referred to as a simulated production line. By applying digital twin technology to the
simulated production line, a matching visualized production line can be built. In order to make the visualized
production line play a better role in monitoring production, it is necessary to improve the synchronization rate
between the visualized production line and the simulated production line.

There are some previous studies on the synchronization between visualized production lines and actual
production lines'®!”. Holger Zipper transformed the problem of synchronizing the status of the actual production
line and the visualized production line into an optimization problem, in which the time difference between
the actual production line output and the visualized production line output was taken as the optimization
objective'®!°. However, this method requires real-time processing of data from equipment in the production
line, which poses a certain security risk to the actual production line. To this end, Sangmi Park and Changhee
Hong proposed a real-digital synchronization method for inspecting underground integrated pipe racks based
on a single camera implementation?. In this reference, by introducing deep learning technology, the coordinate
system can be transformed and projected, enabling the mapping of real-world pipe racks onto the visualized
production line. However, in the real production process, the reliability of cameras often cannot meet the
requirements of all scenarios. To solve this problem, Adrian Kampa imported real-time production data to
a database and synchronized the visualized production line with the actual production line by maintaining
synchronization between the Work-in-Process states and the database?'. However, there remains considerable
potential to enhance the synchronization effect attained via the Work-in-Process status.

In this article, the Controlled Logistics Terminals (hereinafter referred to as CLT) in a simulated production
line of an unmanned factory are used as an example for the experiment with the ASTAK method. Through the
three steps of animation simplification, timing alignment, and keyframe synchronization, the consistency in the
movements of the CLT between these two production lines has been achieved?*-28,

The contributions to this paper are listed as follows:

« Instead of real-time calculation of 3D modeling, the utilization of animation is proposed to present equipment
on the visualized production line. For equipping with adjustable motion paths, the simplification of animated
resources for the visualized production line is introduced into the synchronization method. These approaches
significantly enhance the computational efficiency and synchronization effect, which provides a novel per-
spective on the synchronization issue between the visualized production line and the actual production line.

« The production process of equipment is divided into multiple stages, and introducing timing alignment is
proposed as a crucial component of the synchronization algorithm for both production lines. This approach
ensures that the visualized production line precisely mirrors the actual production flow.

« The alignment of key actions of equipment with keyframes of the animated resources for the visualized pro-
duction line is proposed to achieve consistency in the movements of equipment across both production lines.
This significantly enhances the visual experience on front-end devices for the visualized production line, of-
fering an optimized solution for precise synchronization between the visualized and actual production lines.

The structure of this article is as follows: Sect. 1 introduces the background of this study, the equipment and
process flow involved in the research. Section 2 presents the methods involved in the research. Section 3 conducts
experiments based on the proposed method and obtains experimental results. Section 4 discusses potential
issues that may still exist in the research. Section 5 presents the final conclusion of the proposed method.

Main components of the production line

In this section, the main components of the production line are described. This paper takes a simulated
production line from a specific unmanned factory and its accompanying visualized production line as the
subjects of research. Furthermore, the CLT is applied to research the synchronization of the two production
lines.

Controlled logistics terminals

CLT is a key component in the simulated production line for transporting materials. During the process of the
simulated production line, CLT transports materials C and D to the lifting platform. The lifting platform and
the six-axis manipulator transport the materials to the reaction kettle?. CLT then returns to the charging pile to
wait. Its operation flowchart is shown in Fig. 1.

The operating speed of CLT can be adjusted based on production needs. When production tasks are urgent,
CLT will increase its operating speed, and vice versa.

Figure 2illustrates the controlled process of CLT within the system. The system manager can choose the
manual mode to directly send orders to manage the movements of the CLT*’. Alternatively, they can select the
automatic mode that allows the pre-programmed PLC to fully handle the instruction transmission for CLT?!-%,
The PLC communicates with CLT through a gateway, enabling CLT to complete the designated actions. CLT
then sends feedback to the PLC via the gateway again.

Simulated production line and visvalized production line

The simulated production line refers to a physical production line designed to replicate the actual manufacturing
processes of a factory. It allows for the assessment of the effectiveness and reliability of various equipment,
systems, and programs. The visualized production line is a software system that visually processes the simulated
production line and displays the production process. The visualized production line can dynamically simulate
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Fig. 1. CLT operation flowchart.
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Fig. 2. CLT control flowchart.

Fig. 3. Simulated production line (left) and visualized production line (right). Note that all the equipment
inside the metal railing in the left picture is simulated production line equipment. The tables and computers
outside the railing are used by operators to manage the production line.

the entire production line based on the requirements of the production process and the actual status of the on-
site equipment. It displays status information regarding logistics, information flow, and control flow within the
system>®. The simulated production line and the visualized production line are shown in Fig. 3.

Process flow
The simulated production line is designed to mix and separate liquid components A and B, as well as solid
materials C and D. As shown in Fig. 4, liquid phases A and B are dosed into the reactor by metering pumps.
Solid materials C and D are picked up by the CLT once discharged through the hopper. These materials are
then transported to the lifting platform. After ascending to the second level of the dosage position, the six-
axis manipulator adds them to the reactor. Once the reactor mixes A, B, C, and D evenly, the mixed materials
are discharged through the discharge valve into the water sifter. The liquid-phase components, after the solid
materials are sieved out, flow into the curvature. A and B are separated and directed into the recycling tank
by adjusting the setting. The solid material screened out by the water sifter travels along the conveyor belt at
a uniform speed. Finally, material D is detected by an intelligent camera and then picked up by the spider
manipulator for placement into the raw material D hopper®. The solid material C enters the raw material C
hopper with the conveyor belt.

When encountering a special scenario, the visualized production line does not rely on calculating the motion
paths of 3D models for display but instead creates a large number of corresponding animations for fixed equipment
movements. Playing fixed animations only involves retrieving animation resources and does not involve the
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Fig. 4. The processing flowchart. Note that the blue pipeline represents the delivery of aqueous liquid
component A, the yellow pipeline represents the delivery of oily liquid B, and the black pipeline represents the
delivery of the mixed liquid. The other colors in the figure represent the actual appearance of the equipment in
reality.
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Fig. 5. The role of database.

calculation of 3D modeling motion paths or rendering of images. By combining modeling with animation, the
workload on the computer is reduced to a certain extent, improving the efficiency of synchronization.

Methodologies

To coordinate the simulated production and the visualized production line, a line synchronization has been
developed. In this section, the ASTAK production line synchronization method has been described. The ASTAK
method includes three main steps: animation simplification, timing alignment, and keyframe synchronization,
which are described in the following three sections, respectively.

In the production process, the three steps of the ASTAK method act on different objects. The animation
simplification step acts on the animations played by the visualized production line itself, which are completed
before the production line starts running. During the production process, it is the back-end system of the
visualized production line that determines which animation resource should be played at each moment after
loading the data from the database. The timing alignment step affects the back-end of the visualized production
line. The algorithm described in this step then determines the duration of the playback of this animation resource.
Keyframe synchronization primarily acts on the front-end system of the visualized production line. During the
playback of a certain animation, the method described in this step adjusts the frame rate of the animation
locally to achieve synchronization between the visualized production line and the simulated production line.
The notations used in this paper are shown in Table 1.

Animation simplification

Within the framework of visualized production lines, the plethora of embedded animation resources often
translates into extended retrieval and loading durations. In this case, animation simplification is a way to
improve efficiency. The animation assets utilized in visualized production lines are tailored according to the
motion paths of the equipment being simulated. For devices with variable paths, if there is overlap in their
movement trajectories, using the same animation resources for the sections of shared paths will not compromise
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the visual effect of the animation. Therefore, by optimizing the paths, simplification of animation resources is
effectively attained.

The path optimization approach discussed in this paper is applicable to equipment that performs both
horizontal and vertical movements, such as devices guided by horizontally or vertically arranged magnetic strips
(CLT). The animation simplification method is specifically discussed as follows:

The process of moving a device from one point to another is considered a task. In a production cycle, the
device has a total of n tasks, resulting in a task sequence of {t plyeeo tn}. Each task corresponds to a path, namely
{pp Py - p,}- The starting and ending points of p; are determined by ¢, and the task sequence determines the
order of movement of each device between various points. In actual production, the coordinates of the points
passed by the device are fixed. A path p; composed of y points {(x; ;, y;,), (x,» ¥,,) --» (xl.’y, yi)y)} is randomly
generated between the starting and ending points of a task. p; satisfies Eq. (1):

dp )= 15 max(zigi — i, [yisen — vig

) (1)

where y is determined by the required precision under specific production tasks, and d(p;,) represents the
Manhattan distance between the starting and ending nodes of path p,. After generating multiple paths,
a comparison of overlap degrees needs to be conducted among the paths to select the one that requires the
fewest animation resources. To compare the overlap degrees, each path needs to be divided into a series of line
segments { Si;1, Si,2, ... } and corners {01, 04,2, ..., 04p,}. Path p; has a total of a, line segments
and b, turning angles, with the ‘absolute value of all corners being 90° or 180°. Let D, , represent the direction of
the k-th line segment in p,, as shown in (2):

_ [ cosl i —sinb _
Diy = { sinf ;,  cosf ;g Di k-1 )

Let the starting point of the line segment s, be (z7 ;, ;i ;) and the ending point be (7 ;, ¥i ;). If the path
p;.; of the previous task has a turn after traversmg all the line segments in the path, then let D, ; equal to D
otherwise, let D, ; equal to 1. The path p; can then be expressed as in Eq. (5):

pP;= {($f17 yf,1) , d(si,1) Dijo,d(si2) Diny .oy d(Sija;) Dia;_1 } (3)

11h1

s __ e __ s __ e
T(ig) = (i) = Lmm) = T(mm)|
min(Y(i gy Yim,my) > MAL(Y(s 595 Yim,m))
O (sij:8mm) = in(a¢ ) (s . Yiirs) = Y(irs) = Yimun) = Yim,n) (4)
min\x Ny L — max(T;: \,T
(.97 mom) GO T lmin @Gy, T ny) > Maz (T 5y, Tomn))
0 otherwise

MY )s Yim,my) = 1AZ(Y(s, 35 Yim )

Using this function, one can define a function S(p,, p; ) to calculate the overlap degree between two paths p, and

Py as shown in (5):
S(pi,p Z Z n= 10 Si,55 Sm, n) (5)

During the process of generating the path with the highest overlap degree, multiple sets of solutions need to be
generated for the complete path p = {p, p,, ..., p,}, and their overlap degrees are calculated accordingly. The
path with the highest overlap degree p*is finally chosen as the final solution. This process is illustrated in (6):

px=argmax y 1> Z18(pip ;) ©6)
p

The main steps of the animation simplification method are given in Algorithm 1. Note that n represents
the minimum number of iterations required to generate the path with the highest overlap degree under the
constraints of a specific production environment, and other notations are defined in Table 1.

The operation of CLT applied in this paper involves four nodes and five tasks, as shown in Fig. 6. These four
nodes, respectively, represent the charging station, material C hopper, material D hopper, and lifting platform.

A coordinate system is established on the plane where CLT operates. By continuously selecting suitable paths
p, for task ¢, and equations corresponding to overall paths p, different path scenarios are obtained, as shown in
Fig. 8. By calculating the path overlap, the performance of different scenarios can be compared. The above two
examples are shown in Fig. 7. The overlap score of scenario 2 is higher than that of scenario 1. In scenario 2, only
two animation resources, from node p, to p, and from node p, to node o, are needed to visualize the five tasks.
An animation resource presents different scenes of CLT for different tasks by playing partial clips and reversing
them. By simplifying the animation resources and streamlining the animation resources, we have achieved a
noticeable enhancement in the synchronization effect between the visual and simulated production lines. This
improvement will be substantiated through the experiments outlined in this paper. Note that scenario 2 is also
selected as the path for CLT operation in the follow-up case study.

Timing alignment
Figure 8 is a schematic diagram of various phases of the CLT task. Using the algorithm provided in the
Animation Simplification section, the path optimization for tasks ¢, to ¢, in the figure is completed, achieving
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Fig. 8. Schematic diagram of each phase of CLT task.

the simplification of animation resources. This article develops a time alignment method to further enhance the
synchronization effect of the visual production line in response to changes in the production situation of the
simulated production line. During the synchronization process between the visual production line and the actual
production line, the desynchronization of equipment operation screens often occurs with changes in production
conditions. By introducing time alignment, the working cycle of the equipment in the entire production line is
divided into multiple stages. The back-end system of the visual production line continuously loads the time data
of the start and end of each task stage and the equipment operating speed data from the database. The back-end
system also determines the playback duration of the animation and adjusts the animation playback speed. This
ensures the synchronization of the screen when changes in production situations occur.
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The time ¢, required for each task ¢, includes both the moving and stationary parts of the equipment, as shown
in Eq. (7):

Since the visualized production line directly loads the equipment’s movement speed information from the
database, ¢; is accurately calculated on the back-end system of the visualized production line, as shown in Eq. (8).
Note that d(si) j) represents the length of the line segment Si

a;
€; = E )

b;
d(sij) vij + Z 0 irw ik (8)
j=1 k=1
Since y, is affected by real-time, actual production conditions are hard to determine. However, the time when the
equipment remains stationary during a task phase can be estimated based on the equipment’s movement time
A ¢ and stationary time ¢ ; in the same phase during the previous operation cycle. In usual actual production,
these two times often show a positive correlation. The estimation method is shown in Eq. (9):

pi=10i 9

By using Egs. (7), (8), and (9), an estimated ¢, value can be obtained, which allows us to determine the playback
speed multiplier for the animation corresponding to the i-th task phase, as shown in Eq. (10). The front-end
system of the visualized production line adjusts the frame rate to play the animation of a specific task phase at a
speed multiplier of «.

Riqi= (10)

i
€i

Obtaining the playback speed multiplier for each task phase animation is only part of achieving time alignment,
and determining the start and stop times for each phase is also necessary. When the back-end system of the
visualized production line loads r; from the database, it begins to play the animation of the i-th task phase.
However, since the calculated €;is not an exact value, the time point at which a certain phase animation finishes
playing may be earlier or later than ¢ ;. Note that ¢ ; can only be loaded by the visualized production line back-
end system at the actual end of the i-th task phase and is unknown during animation playback.

Therefore, different scenarios need to be further discussed. The actual ¢, is obtained by subtracting « ; and
r;. If the animation has not finished playing yet but ¢ ; has already been Joaded, the back-end system of the
visualized production line will directly stop playing the animation for phase i, and «; is set to 2. If ¢ ; has not
been loaded by the time the animation is played, the animation for phase i on the visualized production line will
keep playing the last frame after playback until ¢ ; is loaded, and «; is set to 0. If the animation has just finished
playing when « ; is loaded, no further processing is required, and « is set to 1. Since the stationary state of
the equipment is generally selected as the second half of a task phase during phase division, it will not cause a
noticeable lack of fluidity in the animation. Figure 9 shows that the solution for the ¢ ; has not been loaded by
the time the animation is played.

Figure 9. The solution for the ¢ ; has not been read by the time the animation is played.

The main steps in the timing alignment method are given in Algorithm 2. Note that the notions are defined
in Table 1.

Keyframe synchronization

The playback duration of the animation for each stage of the task is synchronized with the actual situation by
using the time alignment method, but there may still be individual actions that are not synchronized. By treating
some actions as keyframes in the animation, visual synchronization between the simulated production line and
the visual production line is achieved.

During the operation process, the PLC records and stores data at operating nodes in the database. The
animation frames correspond to the equipment actions at these operating nodes, which are regarded as
keyframes. When the playback moment of a keyframe deviates from the recorded moment of an operating
node by more than 0.2 s, the human eye will perceive a significant desynchronization. When the #-th operating
node is reached, the database records this moment as 7,, and the back-end system of the visual production line
will compare it with y,. The f8, is used to indicate whether the animation is accelerated or decelerated at the
n-th keyframe. If the difference between 7, and y, is within 0.2 s, it means that the visualized production line
is synchronized, and 8, is set to 0. If 7, is more than 0.2 s ahead of y, it means that the animation lags behind

Calculated ¢, Keep playing the last frame

)

Moving part — | I J
(

|
Actual ¢;

Stationary part

Fig. 9. The solution for the ¢_i has not been read by the time the animation is played.
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Input: The time when the equipment is running or stationary during the previous cycle {A;,
Ags s A}, {61, 6oy s O}

The inherent duration of the animation {a;, 2,, ... , 24}

The start or the end time of each phase {ry, 1y, ..., %}, {d1, P2, ) Pu}

The number of line segments or turning angles {a;, a, ... , an}, {b1, b2, ... , bn}

The line segments and turning angles that make up the motion path: {s;,..,514, },
{011, ) 91,b1}, {S2,1, ---'Sz,az}, {021, ) 92,b2}> cees IS0 "-'Sn,an}a {On1s e en,bn}

The linear velocity of CLT on each line segment and the angular velocity at each turning
angle load from the database {vy q, ..., V1,q, }> {W1,1) e @1,p, }5 (V2,15 0es V20, )5
{(1)2‘1, ey wz’bz }, ey {vn'l, ey Un’an}, {(l)n’l, ey (J)n’bn}
Output: {x;, k2, ... ,Ki}
{o, az, ... ,0n}

1. fori<— 1tondo

2. calculate ¢; as in (8)

3. calculate €; as in (7) and (9)
4. calculate x; as in (10)

5. if €; <¢; —r; then

6. Qj < 0

7. else if ¢; = ¢; —1; then

8. Qi < 1

9. else then

10. ;2

11. end if

12. end for

13. return {x;, k2, ... i}, {ou, 0, ... 00}

Algorithm 2. Timing alignment method.

Input: {71, 72, ... T}, {W1, Y2, ... JYn}
Output: {81, B2, ... ,Bu}

1. fori— 1tondo

2 if 7, — y; <- 0.2 then

3 fi—1

4 if - 0.2 <7,—y; <0.2 then
5. Bi—0

6. if 7, — ;> 0.2 then

7 pi—2

8 end if

9 end for

1

6. return {$,, B2, ... , B}

Algorithm 3. Keyframe Synchronization Method.

the actions of the equipment in the simulated production line at the n-th keyframe. So 3, is set to 1, and the
animation will double the play speed within one second. Conversely, if 7, lags behind y, by more than 0.2 s, it
means that the animation is ahead of the actions of the equipment in the simulated production line at the n-th
keyframe. So 8, is set to 2, and the animation will reduce the play speed by a half within one second. The main
steps in the keyframe synchronization method are given in algorithm 3.

As seen from Table 2, the time difference between CLT and the two production lines in scenario 2 is
generally lower than that in scenario 1, indicating a better synchronization effect. Without employing the
animation simplification method in scenario 1, the time difference even reaches 0.74 s in some cases. The
average time difference in scenario 2 has been reduced to 0.05 s by using the animation simplification, which
is rarely noticeable by management personnel given that the entire task process lasts approximately 300 s. The
simplification of animation resources allows the visualized production line in scenario 2 to retrieve animation
resources with less time, resulting in significantly lower time differences in the experimental results compared
to scenario 1. The experimental results are presented in this way because scenario 2 has a higher degree of path
overlap; the CLT needs to turn around when it needs to travel in different directions on the same route. This
result in CLT demonstrates that more time is required to change directions in scenario 2 compared to scenario
1. From this experiment, it is concluded that simplifying animation resources for equipment can enhance the
synchronization effect between the two production lines.
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Symbol | Description

p; The i-th node involved in the production process.
X The x-axis of the i-th node

Vi The y-axis of the i-th node

t, The n-th task.

P, The moving path of the i-th task.

p The hole moving path including {p1, p2, ..., pn}.

d(p) The Manhattan distance between the starting and ending nodes of path pi.

The length of j-th segment in path pi.

[ The time spent by the equipment in the i-th task phase (phase i).
g The time when the equipment is moving in i.
18 The time the equipment is stationary in i.

The linear velocity at which the device runs on the j-th segment of path pi.

0, The turning angle of the k-th turn in path pi.

. The angular velocity of the device when turning at the k-th turn of path pi.The number of line segments in pi.
a, The number of turns in pi.

b, The time when the equipment is moving in i during the previous cycle.

The time when the equipment is stationary in i during the previous cycle.

EX The inherent duration of the animation corresponding to task phase i.

K; The speed multiplier of the animation during the playback task phase i.

N The start time of phase i written to the database.

/A The end time of phase i written to the database.

T The moment corresponding to the n-th keyframe in the animation.

a, The moment when the action corresponding to the n-th keyframe is recorded in the database.Way to handle playing animations at the end of the n-th task stage.

The decision result on whether to temporarily accelerate or decelerate the animation when the n-th keyframe arrives.

Table 1. Notations used in this paper.

Input: Nodes: p < [py, p2, ..., pnl, Wherein p; < (Xp,1, ¥p.1), P2 < (Xp.2, Vp.2)s -+ Pm < Xp.ms> Yp,m)
Task sequences {t,, &, ..., t,} that specify orders of movements run between nodes
Output: The motion path with the highest degree of overlap p*, wherein the line segments and
turning angles that make up each task path: {s1q,..,514, }» {610 010, }>
{52,002, 1> {02,000, 020, 35 s {Sn10 o) Snan b {On1s s Oy }
The number of line segments and turning angles: {a;, az, ..., an}, {b1, b, ..., by}

for i< 1tondo
randomly generate p < {p1, p2, ..., pn} as in (1)
forj < 1tondo
divide pj into line segments {s; ¢, ..., sj,a].} and turning angles {6 , ..., Hj'bj}
that satisfy (2) and (3)
end for
6. calculate and compare the overlap degrees of the paths, retaining the path
scheme with the highest overlap degree as (4), (5), (6)
7. end for
8. returnp*

PO

Algorithm 1. Animation Simplification.

To verify the synchronization effect of CLT between the two production lines at each stage
This section describes the corresponding experiments conducted to verify the synchronization effect of CLT at
each stage of the task in the two production lines. To facilitate the timing of each stage of CLT, the task stages are
divided, as shown in Fig. 10.

Based on the stages divided in Fig. 10, the operation time of CLT in the simulated production line and the
visualized production line was measured separately, and six experiments were conducted, respectively. The same
speed has been set for the CLT for the experiments. The differences in settlement time (errors) are shown in
Table 3.
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Simulated/Visualized production line time/s
Sets | 1%ttime 2™time 3"time 4™htime 5thtime 6time Average
Set1 Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err.
297.31296.62 0.69 | 296.79 296.43 0.36 | 297.51 296.97 0.54 | 296.88 297.53 0.65 | 297.41 296.98 0.43 | 297.63 296.89 0.74 | 297.26 296.90 0.35
Set 2. | 300.13 300.02 0.11 | 299.81 300.11 0.30 | 300.23 300.04 0.19 | 300.31 300.13 0.18 | 299.91 300.19 0.28 | 300.31 299.91 0.40 | 300.12 300.07 0.05
Table 2. Measurement of CLT’s operating time in the simulated production line and the visualized production
line with or without animation simplification. Note that the table has abbreviated"Simulated production
line“as”Sim.""Visualized production line“as”Vis.“and”Error“as”Err.".
Phase of receiving Phase of loading Phase of receiving Phase of Ioading Phase of relurning
material C (t1) material C (t2) material D (t3) material D (t4)  charging station (t5)
A A A | |
| |
|( Seg. 1 | Y Seg.2 ] Seg.3 | [ Seg.4] [ Seg.5 ] >
Material C Material C Material D Material D
retrieval loading retrieval loading
process process
Fig. 10. The task stages named based on Fig. 8. Note that “Segment” has been abbreviated as “Seg.”, and
segment 1-5 describes the process of CLT moving on path 1-5.
Simulated/Visualized production line time/s
Stage | 1 sttime 2nd time 3rd time 4 th time 5 th time 6 th time Average
Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err.
Seg.1 30.3130.590.28 30.79 30.81 0.02 30.51 30.59 0.08 30.69 30.78 0.09 30.93 30.84 0.09 30.71 30.52 0.19 30.70 30.69 0.02
Ret.C |16.1216.020.10 |16.3116.190.12 |162116.080.13 |162116.070.14 |16.4216.310.11 | 16.0315.940.09 | 16.20 16.100.10
Seg.2 26.33 26.31 0.02 26.62 26.51 0.11 26.61 26.63 0.02 26.38 26.58 0.20 26.61 26.42 0.19 26.41 26.52 0.11 26.49 26.50 0.01
Loa.C | 71.01 71.11 0.10 71.3371.310.02 71.2871.490.21 71.09 71.11 0.02 71.08 71.12 0.04 71.4971.610.12 71.2371.29 0.06
Seg.3 26.8927.020.13 27.1927.120.07 27.3127.09 0.22 27.0926.920.17 27.1127.230.12 26.8927.110.22 27.10 27.08 0.02
Ret. C | 6.426.190.23 6.196.18 0.01 6.01 5.820.19 5.925.730.19 5.945.920.02 6.125.890.23 6.06 5.96 0.11
Seg.4 23.3123.210.10 23.0123.220.21 23.02 23.04 0.02 23.2123.080.13 23.09 23.03 0.06 23.08 23.200.12 23.1023.13 0.03
Loa. D | 59.1159.18 0.07 59.5159.410.10 59.41 59.58 0.17 59.50 59.41 0.09 59.21 59.29 0.08 59.43 59.52 0.09 59.37 59.40 0.02
Seg.5 40.08 40.32 0.24 40.11 40.09 0.02 39.81 39.79 0.02 40.01 40.09 0.08 40.11 40.22 0.11 39.94 40.03 0.09 40.05 40.09 0.04
Total | 299.58299.950.37 | 301.06 300.84 0.22 | 300.17 300.11 0.06 | 300.10 299.77 0.33 | 300.50 300.38 0.12 | 300.10 300.34 0.24 | 300.31 300.23 0.08

Table 3. Measurement of the time difference (error) between the simulated production line and the visualized
production line in each stage of CLT’s operation. Note that the table has abbreviated “segment” as “seg.,
“material C/D retrieval” as “ret. C/D”, and “material C/D loading process” as “loa. C/D”.

As can be seen from Table 3, in six identical experiments, the time gap between the two production lines for
CLT in each stage is generally less than 0.2 s, and the average time difference in the entire process is even lower

at 0.08 s.

At the same time, during the testing process, there were no cases where the time difference between the two

production lines was extremely large or extremely small. This indicates that through the ASTAK method, not
only did the simulated production line and the visualized production line achieve a very high synchronization
rate, but their synchronization was also very stable. The data in the table also shows that the time difference
between the two production lines for CLT in each stage did not accumulate over time. Attributed to the time
alignment method, the animation playback speed of the visualized production line is dynamically adjusted at
each stage. This ensures that even if there is a deviation in synchronization between the two production lines in
a certain stage, it will not lead to a larger deviation in subsequent stages.

As seen from Table 4, even though the CLT operated at different speeds, the time difference during each stage
was still generally below 0.2 s. At the same time, from the time difference for CLT throughout the entire process,
it is observed that even when operating at different speeds, the synchronization between the two production
lines remains stable. Due to the inclusion of the speeds at various stages as input in the time alignment method,
the back-end system is able to consider the changes in the CLT’s operational speed when adjusting the animation
playback speed. This adjustment approach allows the animation to match the actual operational status of the
CLT more closely, thus achieving a better synchronization effect.
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Simulated/Visualized production line time/s

1%time 2™time 3"time 4™time 5thtime 6time Average

Stage | Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err. Sim. Vis. Err.
Seg.1 30.81 30.78 0.03 26.71 26.53 0.18 23.67 23.48 0.19 21.0220.910.11 18.5218.320.20 16.0315.850.18 22.79 22.650.14
Ret.C | 16.3316.190.14 16.21 16.13 0.08 16.03 16.04 0.01 16.3316.22 0.11 16.01 16.03 0.02 16.22 16.23 0.01 16.17 16.14 0.03
Seg.2 26.62 26.69 0.07 23.3323.480.15 20.78 20.89 0.11 18.3318.51 0.18 15.8215.850.03 13.4313.320.11 19.7319.79 0.06
Loa.C | 71.2971.320.03 70.89 71.02 0.13 71.5271.61 0.09 71.2271.440.22 70.7370.95 0.22 71.18 71.21 0.03 71.1471.26 0.11
Seg.3 27.2327.310.08 23.48 23.590.11 20.9220.93 0.01 18.4218.51 0.09 15.96 16.04 0.08 13.5113.520.01 19.9319.98 0.05
Ret. C | 6.226.08 0.14 6.08 5.99 0.09 6.115.930.18 6.336.150.18 5.825.650.17 6.236.040.19 6.115.97 0.14
Seg.4 23.0323.190.16 20.6220.73 0.11 18.10 18.02 0.08 15.7215.550.17 13.3313.140.19 10.9210.93 0.01 16.98 16.93 0.05
Loa.D | 59.5159.410.10 59.2159.11 0.10 59.3359.40.08 59.3259.23 0.09 58.9359.150.22 59.04 59.18 0.14 59.21 59.25 0.04
Seg.5 40.19 40.13 0.06 34.83 34.92 0.09 30.32 30.39 0.07 26.9127.030.12 23.5423.550.01 20.1220.28 0.16 29.3129.38 0.08
Total 301.23 301.10 0.13 | 281.36 281.50 0.14 | 266.78 266.70 0.08 | 253.60 253.55 0.05 | 238.66 238.68 0.02 | 226.68 226.56 0.12 | 261.36 261.35 0.02

Table 4. Measurement of the time difference (error) between the simulated production line and the visualized
production line in each stage of CLT’s operation when its running speed varies.

Fig. 11. CLT action in the visualized production line and the simulated production line.

CLT maintains consistent instantaneous actions at all stages

Through the keyframe synchronization method introduced in the Keyframe Synchronization section,
instantaneous action synchronization of CLT between the simulated productionline and the visualized production
line during the production process has been achieved. Examples of instantaneous action synchronization in
CLT are provided in Fig. 11. As shown in Fig. 11, at the same system time, the actions of CLT in the visualized
production line and the simulated production line are completely consistent, which is reflected not only in its
consistent position on the production line but also in its consistent posture.

Note that the images of CLT in the simulated production line and the visualized production line were
captured from different camera positions. The image of CLT in the simulated production line was captured by
a handheld camera with a relatively low height, while the image of CLT in the visualized production line was
captured by a camera built into the system with a relatively high height. Therefore, there is a certain difference in
the observational turning angle of CLT in the images. However, in actual operation, CLT has achieved the best
instantaneous synchronization effect between the two production lines.

The experiments conducted on the operation of CLT in the simulated production line and the visualized
production line have demonstrated that the ASTAK method enhances the visual experience of the equipment
running on the visualized production line. It aids managers on actual industrial production lines in better
understanding the operational status of the equipment.

Discussion

This article introduced the ASTAK method and conducted extensive experiments to verify its effectiveness
in achieving synchronization between equipment in simulated (or actual) production lines and visualized
production lines. There are several points remaining for future investigation regarding the synchronization of
equipment between actual production lines and visualized production lines:

o Providing animation resources for equipment malfunctions that enable managers to interpret the production
line’s status. This animation resource will address the difficulty of understanding the current situation during
equipment malfunctions.
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« Improving the communication efficiency between PLC, database, and visualized production line back-end
systems further reduces synchronization errors. The existence of a database increases the burden of commu-
nication between production lines, while improving communication efficiency will reduce this impact.

Conclusion

To improve the synchronization effect between the simulated (or actual) production line and the visualized
production lines in industrial production, this article proposes an ASTAK method. The ASTAK method integrates
three main innovations, including animation simplification, time alignment, and key frame synchronization, to
address the synchronization challenges between simulated and visualized production lines. Through extensive
experiments, the ASTAK method has been verified to reduce the time difference (error) between the simulated
production line and the visualized production line to 0.08 s. To the best of our knowledge, the state-of-the-art
methods only achieve a synchronization rate of 94.75%. However, our method achieves a synchronization rate
0f 99.97%, indicating a significant increase of 5.22%. The ASTAK method not only improves the synchronization
rate of equipment between simulated and visualized production lines, but also reduces the impact of deviations
on synchronization. Additionally, this ASTAK method enables managers to better understand the operating
status of equipment in the production line, facilitating the improvement of management efficiency for staff in
unmanned factories.
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