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ABSTRACT

Flexible ropes have wide-ranging applications in aerospace engineering, yet
accurately measuring their motion state without disrupting dynamic
characteristics remains a challenge. This study introduces a visual
measurement method aimed at precisely assessing flexible rope motion to
support the development and validation of an accurate cable dynamics model.
Addressing non-uniform movement speeds attributed to the rope's large length-
diameter ratio, a novel tether edge segmentation operator is proposed to
delineate motion blur regions into exposure beginning and ending time tethers.
This operator enhances accuracy over existing centerline extraction methods,
particularly in asymmetric motion blur regions. The proposed approach not
only resolves accuracy issues during high-speed motion but also leverages the
camera's inherent image acquisition frame rate, reducing system complexity
and cost. Validation of the material point tracking algorithm through
mathematical and physical simulations underscores its effectiveness in
monitoring any point on the tether. Furthermore, verifying the tether dynamics
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Introduction

In recent years, the rapid development of space
technology has catalyzed the diversification and
heightened complexity of space missions, ushering
in a new era of innovation and exploration. This
evolution has sparked the emergence of a diverse
array of flexible spacecraft, characterized by
utilizing space rope systems as primary structural
elements. These spacecraft are multifaceted,
engaging in tasks ranging from rope satellite
formation [1,2], and electrodynamic rope
deorbiting [3,4], to the intricate maneuvering
involved in capturing space nets [5,6]. The
incorporation of space ropes holds immense
promise, owing to their intrinsic qualities of
lightweight construction, low damping properties,
exceptionally  high  tensile strength, and

model through the absolute nodal coordinate method highlights the novelty and
significance of this research in advancing aerospace engineering applications

remarkable flexibility, rendering them uniquely
suited for a myriad of spaceborne endeavors.

In the unigue microgravity environment, cable
structures manifest complex dynamic behaviors,
exhibiting transverse and longitudinal vibrations,
along with the phenomenon of rope-skipping
movements. Such intricate dynamics come into
play during crucial phases of space missions,
including expansion, state maintenance, and
recovery [7]. Therefore, validating the accuracy of
cable dynamic models through physical
experimentation becomes paramount.
Conventional modeling methodologies, which
hinge upon assumptions of small deformation and
rotation, confront inherent limitations when
applied to the analysis of flexible ropes
characterized by their substantial scale, low
stiffness, and pronounced deformations. Enter the
absolute node coordinate method [8,9], heralded as
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a breakthrough in the realm of large deformation
flexible precision dynamics modeling.

The central aim of this paper is to undertake
comprehensive dynamic modeling of cable-beam
elements, leveraging the absolute node coordinate
method as the cornerstone, with a deliberate
emphasis on conducting numerical simulations
[10-17] to underscore the validity and efficacy of
the ANCF method, juxtaposed against real-world
experiments. To achieve precise dynamics
measurements, an arsenal of techniques, including
force sensors and resistance strain gauges, has
been enlisted [18-20]. For instance, Sauter [19]
employed strain gauge sensors to gauge torque at
the fixed terminus of the rope meticulously.
While traditional contact measurement techniques
afford reliability in capturing data pertaining to
minor deformations, they prove inadequate in the
face of the considerable deformations and
expansive motion ranges characteristic of cables.
Vision-based  measurement  methodologies,
conversely, offer a panoply of advantages,
including non-contact operation, expansive
measurement fields, and minimal environmental
requisites. Pioneering endeavors, such as Irvine's
[21] monocular vision measurements of vibratory
ropes, albeit commendable, fell short in accurately
guantifying  rope  motion  velocity and
displacement. Subsequent studies by Anguilla
[22], Yoo [23-25], Jung [26], and Kawaguti [27]
have pushed the envelope, employing vision-based
techniques to measure the motion of flexible
structures with increasing precision.

Nevertheless, challenges persist, particularly in
mitigating the influence of external markers on
rope motion. Domae [31] proposed the innovative
use of lasers for rope marking, while Liu [32,33]
devised a centerline match method predicated on
binocular vision, obviating the need for physical
markers. Additionally, E [34] introduced a
versatile material point tracking algorithm adept at
accommodating cable bending and longitudinal
elastic deformation, thereby enabling the tracking
of cable points sans supplementary features.

Despite notable advancements, the specter of
motion blur looms large, casting a shadow on the
accuracy of image-based rope tracking
methodologies. To surmount this challenge, a
novel rope edge segmentation operator has been
conceived, designed to delineate motion blur
regions, thereby enhancing accuracy under high-
speed motion scenarios, elevating image
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acquisition frame rates, and concurrently
streamlining system complexity and cost.

Expanding on the significance of this research, it
is crucial to underscore the pivotal role that
accurate dynamic modeling and measurement
techniques play in advancing the field of space
technology. With the increasing complexity and
diversity of space missions, the demand for robust
methodologies capable of accurately capturing and
analyzing the dynamics of flexible structures like
space ropes has never been greater. By addressing
the limitations of traditional modeling approaches
and measurement methods, this research not only
contributes to the theoretical understanding of
cable dynamics but also has practical implications
for the design, operation, and maintenance of
flexible spacecraft.

Furthermore, the findings of this study have
broader implications beyond the realm of space
exploration. The methodologies and techniques
developed herein can be applied to a wide range of
engineering disciplines, including robotics,
structural engineering, and aerospace engineering.
The ability to accurately model and measure the
dynamics of flexible structures is invaluable in
fields where lightweight, high-strength materials
are employed, such as in the design of unmanned
aerial vehicles, offshore structures, and medical
devices.

In addition to its practical applications, this
research contributes to the theoretical foundations
of dynamics and control theory. The development
of novel modeling methodologies, such as the
absolute node coordinate method, expands the
toolkit available to researchers and engineers,
enabling them to tackle increasingly complex
problems in the realm of flexible structures and
dynamics. By pushing the boundaries of current
knowledge and exploring new avenues of research,
this study paves the way for future advancements
in the field of dynamics and control.

In conclusion, the rapid development of space
technology has opened up new frontiers of
exploration and innovation, ushering in an era of
unprecedented complexity and diversity in space
missions. Flexible structures, such as space ropes,
play a pivotal role in enabling these missions,
offering lightweight, high-strength solutions to the
challenges of space exploration. By developing
novel modeling and measurement techniques, this
research contributes to our understanding of the
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dynamics of flexible structures and lays the
groundwork for future advancements in space
technology and beyond.
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Figure 1. Rope image of free-falling from the
horizontal.

Image extraction based on rope motion blur

Definition of pixel points at the rope edge of the
motion blur region

Edge detection is performed on the rope image.
The Canny edge detection operator is used to
obtain the edge image of the rope, as shown in
Figure 1. The edge image of the rope is a closed
single-pixel area, which includes the movement
state of the rope at the beginning and end of the
exposure, As can be seen in the figure, the
movement track of the rope is fixed at the
endpoint. When the rope moves around the axis or
straight line, the edge pixel of the rope will be
mutated at the start and endpoints of the rope. With
the correct segmentation point on the edge of the
rope, the edge image of the fuzzy region can be
divided into two parts; therefore, the image
coordinates of the rope at the initial and end of
exposure can be obtained .

The edge of the rope discussed in this paper is a
close area with a single pixel. There are three types
of pixels, defined as smooth point, knot, and
segment point .

1. Smooth Point: If the point is in line with its
adjacent points (for any point on edge), this point
would be called a smooth point, and an extension
in the pixel direction of such a point does not
change.

2. Knot Point: If the point is not aligned with its

adjacent points (for any point on edge), this point
would be called knot point and an extension in the
pixel direction of such a point can be changed.

3. Segment Point: The point on edge can be divided
into three parts, part one is rope configuration at
the initial of exposure time and part two is rope
configuration at the end of exposure time as well
as the track of the end tip point Is part three.
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Figure 2. Motion blur image and edge detection result
image of rope:(a) Motion blur image;(b) Edge
detection result.

In this paper, a rope motion-blurred segmentation
operator is designed that marks the pixel points
whose slope changes on the edge of the rope. This
operator is a 3x3 anti-centrosymmetric matrix,

which denoted as

011 012 013
Oces = [ 021 0 _OZIl (1)
—013 —012 011

When the operator center point moves along the
rope edge line in the order of the Freeman chain
code, the pixel point after the convolution
operation with the surrounding pixel can be written
as a vector:

p=uvr )

Where u,v is the image coordinate of the edge of
the rope, 7 is the operation result of the pixel and
edge segmentation operator.

When the edge of the rope is a smooth point the
slope of the smooth point does not change and T =
0 and when the edge of the rope is a node, the slope
of the node changes and T # 0. Moreover, the
value of 7 is unique for different connections. As
features of each pixel, smooth points and knots can
be quickly identified as these values. At the same
time, the connection mode with dual values has the
characteristic that the rope is locally bent but still
extends in the previous direction. With this
characteristic, the segmentation points can be
screened out from the knots. The elements O,
can be determined as follows:

—011—013=Tq
011 — 021 = T2

—043 — 021 =13 (3)
012 — 013 = Ty

—017 + 013 =T5

=041+ 012 =7T¢



4 / Journal of Aerospace Science and Technology
Vol.17/ No. 2/ Summer - Fall 2024

Where 1y # 1, # T3 # T4 # Ts # T6,T; € N7,
written in the matrix:

Bo=A 4
Where o0 =1[011 012 013 02]T;

A=[t1 T T3 T4 Ts Tg]T,

-1 0 -1 0
1 -1 0 0
g_|0 0 -1 -1 (5)
0 1 -1 0
-1 0 1 0
-1 1 0 0

Solving the equation using the least squares
method, we can get
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o= (B"B)"'BA, (6)

Taking a set of mutually different positive integers
as elements of A, we can obtain a set of o as the
elements of the edge segmentation operator, so the
edge segmentation operator is not unique. In this
paper, the value of one set of such matrices is
given:

-3 6 2
Oces = [_5 0 5]; (7)
-2 —6 3

The values of T with different connection modes
are shown after calculating the segmentation
operator and the edge line of the rope according to
the above values :

1 4 2 2
3 3 4 4
5 5 3 9

Figure 3. The result of the segment operator operating on the image edge pixel

Segmentation feature description

With the segmentation operation, the set of pixel
points {p;},j = 1,2,---,m can be denoted as
{p;},i =1,2,---,n after removing the smooth
points 7; = 0. The point set {p;} is composed of

knots, and the slope of the edge line of the rope
changes at the knot. However, the edge is the pixel
width, and the image coordinates are integer
discrete values, so the angle of the direction can
take only two degrees, 90° and 120°. In addition,
at the segmentation point, angle changes may
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occur due to factors such as the curvature of the
rope or noise. Therefore, it is necessary to analyze
the difference between the segmentation point and
other knots in order to accurately select the
segmentation point from among the knots.
Feature 1: Select the segmentation point according
to the central symmetry of the motion blur
segmentation operator
The rope undergoes changes in the tangential
direction when its curvature changes. Due to the
relatively large diameter of the rope, there is no
significant change in the radial direction.
Therefore, we can identify candidate segments by
utilizing the central symmetry of the motion blur
edge segmentation operator. The rules are as
follows:
(11) When T; + Tiv1 F+ O&Ti + Ti_1 F 0 ﬁi is the
segmentation point;
(12) When T; + Tiv1 = O&Ti + 7.1 = 0 ﬁi is the
knot;
(13)When T; + Tiv1 * O&Ti + Ti—1 *0
extending the range of detection:
(131) When Ti—1 + Tiy2 = 0||Ti+1 + Ti—p = 0
p; is the knot;
(1.3.2). Otherwise p; is the segmentation point.
Where,

iy = {‘L’i_l i=2,-,n

Tn i=1
_(Tip1 [=1,-,n+1

Tiv1 = T i=n

1 =

Tip 1=3,,n (8)
Ty =1 Tn i=2

Tn—l I,:1

Tit2 i=1,---,n—2
Tizg =13 T1 i=n-1

Ty i=n

Feature 2: Select a knot with an angle of 90° as the
segmentation point Tables

When the knot is on the edge line of the rope t; €
{£1,+5}, the angle of the point is 90°. With
respect to the angle of 120°, the direction of the
edge line of the rope at the knot changes
drastically, and the knot should be regarded as a
candidate segmentation point. With the influence
of noise, a burr is generated on the edge line, which
is usually 7; € {1, £5}. Thus, in this case, it is
necessary to further detectt;_;andt;,;, and
calculate whether the angle between the two knots
is less than 120°. In addition, two adjacent knots
can also form an angle of 90°. The rules are as
follows:

Journal of Aerospace Science and Technology / 5
Vol.17/ No. 2/ Summer-Fall 2024

(2.1). Whent; € {#1,+5} the detection range

should be extended from the point p;_,t0 P;,,.

Besides, r; = [Ui — Uiz Vi —Vi2]|Tr, =

[Wi — Uiy, Vi—Vi,]T and the angle between
2

the two vectors is 8 = arccos (m)should be
1 2

calculated.
(2.1.1). When 6 > 120°,p; is the knot generated by
noise;

(2.1.2). When 6<120°,p; is the segmentation point;

@ |
-]K] 0
Figure 4. Extending the detection range to calculate 0
in the condition of (2.1)
(2.2).When(‘l’i, Ti+1) €
{(SF _4)I (_3I 4)' (_ZI _9)1 (21 9)}11’51 iS the
segmentation point

Feature 3: Select the knot in the end regions of the
rope as the segmentation point

Although the centerline extraction algorithm has
lower accuracy for extracting motion-blurred
images, the position of the endpoints at the
centerline can be used to constrain the range of the
segmentation points. Set the endpoints of the
centerline are p,,andp,,, the segmentation point
should be located near the point p., and p;.
"The distances from each knot to the two endpoints
are defined as follows:

Top = [Ui —Uer Vi — Ver]T

Top = [Ui —Uez Vi — Ver]T
In this formulation, u; and wv; represent the
coordinates of the knot, u,.,; and v,;represent the
coordinates of endpoint 1, and u,,
and v,,, represent the coordinates of endpoint 2.
The points within the threshold range are the
candidate segments.
(3.1). When||ro1ll <K TU||lrexll < T, p;is the
segmentation point;
(3.2). When||ro1 |l = T N ||r., |l = T, p;is the knot.

True segmentation point screening rules

On the basis of the feature description in the above
section, all knots are computed with the feature
and a scoring mechanism is established for each
feature. Finally, the point with the highest score is
the segmentation point.

According to the scoring rules defined in Table 1,
the final score of each knot on the edge of the rope
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can be divided into five levels, 2.5, 2, 1.5, 1, 0.5,
and 0, in which the first two grades serve as the
candidate points for segmentation and the last
three grades only serve as common knots. Knots
with different score levels are marked with
different colors, as shown in Fig. 4. The red marker
points are knots with a score of 2.5, the green
points are knots with a score of 2, and the yellow
points are knots with a score of 1.5. The red and
green knots are located near the segmentation
point of the rope edge, the yellow knots are far
from the true segmentation point, and the other
knots with lower scores are not located near the
segmentation point of the rope edge.

Table 1. Score table of segment point candidates

Feature Score
Feature (1.1) 1
one (1.2) 0
(1.3) (1.3.2) 0
(1.3.2) 0.5
Feature (2.1) (21.1) 0
Two (2.1.2) 0.5
(2.2) 0.5
Feature (3.1) 1
three (3.2) 0
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As can be seen from Figure 4, multiple candidate
segmentation points are near the same
segmentation point, and it is necessary to cluster
the candidate points belonging to the same
segmentation point to retain one. In this study, the
real rope edge segmentation point can be selected
according to the candidate segmentation screening

process, as shown in Figure 5.

L
:J__ﬁ

Figure 5. Segment point candidate on the flexible rope
with a different score

This study compares this method, as shown in
Figure 6, with the Harris corner extraction method.

dizgacs
Choosz not with Choosz knot with
sorzof 2.5 scor2 of 2

["Equivalent point zat |
and r=move adjacant

_points

Equivalent point satand
rzmove adjacant points

Salact the two nodes with
the lazestdistance as

s2 gmentation points

Selact the two nodaz with
tha larza st distance a3
s2zmantation points

Szlact the node with xcor2 of 2.5,
and the node with score of 2
which is he forthest Fomits

location

r

Cuput s2 smentation
points

Unable to identify the

cornars

Figure 6. Flow chart of segment point candidate selection

In Figure 7, Parts a and b are the edges of the rope
images at the same time. Part a is the segmentation

point detected by the algorithm used in this
research, and Part b is the segmentation point
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detected by Harris. Parts ¢ d are the rope edge
images at another time and are similar.

It can be seen that numerous knots have been
detected by the Harris corner, while the algorithm
in this paper can correctly detect segmentation
points and screen out knots at the same time. The
effectiveness of the motion blur segmentation
algorithm proposed in this study is verified by
comparing the detection results with the Harris
corner extraction method.

o —

>

2 ax -~
ass]

——————

| x
' I
f

| b /| /
\ l \‘\ ) [ {
\ \ | | }J
11 '] |

L L L f
(a) (b) (c) (d)

Figure 7. Comparison between edge segment operator
detection results and the Harris corner method

Measuring rope motion state based on material
point tracking

The material point tracking algorithm in reference
[34] is used to track any point on the flexible rope.
The length of the cable is constant regardless of the
effects of force, and without considering plastic
deformation, the distance between each point on
the cable and its starting point is constant.
According to this principle, the motion state of any
point on the rope can be tracked by judging its
length. When elastic deformation is considered,
the length of the cable is elongated or shortened
during motion. Assuming that the variation of this
length is uniform on the cable unit, when the entire
cable is stretched from LcO to Lc, the distance from
the cable end will change from I to I(Lc/Lc0), as
shown in Figure 8.

The algorithm flow of rope material point tracking
is as follows:

1. The knots on the cable sequence at each moment
were extracted by the motion blur segmentation
operator, and these knots were arranged in order
from the beginning to the endpoint of the cable.
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The cable point plane coordinates are represented
asapointset {p.;},i=1,2, .., n,and set the length
of the tracking point from the cable end as I;

2. Using equation (9), all the distances among
points in the setpoint {p.;} is accumulated to solve
the length of the cable L., and the length of the
cable without elastic deformation is L.
Therefore, the distance between the tracked point

and the end of the cableis ' = [ (LL—C) .
c0

I |

’. |
e

Figure 8. Cable element corresponding to elastic
deformation

L.= Z?:_f”Pc(in) - P2 (9)
3. The set of points { pci } accumulates from the first point to point
j, so that

j-1
|J_:Z pc(i+l)_pci 2S|’1j<n (10)
i=1
For point j+1,
i
Lt = 20| ey = P , >l j+1<n (11)
=

The point tracked is between p;and pej+1y;
4. Calculate the plane coordinate position of the
tracked point p; by equation (12).

’
-1,

P = pcj + (pc(j+1) - pcj) (12)

c(j+) ~ M|,

The above algorithm can obtain the motion state,
and it is possible to track the point at any time
when the cable length is | at the initial state

5. An experiment of motion state measurement for
cable structure

5.1. Mathematical simulation experiment

In this test, the simulation image generated by the
dynamic model of the cable, based on absolute
nodal coordinates, is processed through
mathematical simulation. The object being
measured is a rope with the following general
specifications:
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Table 2. The properties of the rope.

specific value
Length 1m
Diameter 1 mm
Elastic modulus 1.24x10% py
Passion’s ratio 0.3
Aerodynamic Drag Factor 1.122

The parameter of the camera model is

1200 0 400
M,,=| 0 1200 256 (13)
0 0 1

The image size is 800 x 512 pixels, and the frame
frequency is 30 FPS. For the plane coordinate
system for rope movement, the x-axis is along the
horizontal direction and the y-axis is along the
direction of gravity. In this experiment, one end of
the rope is fixed at the origin of the plane
coordinate system and is released from the
horizontal direction. The simulation image was
generated to analyze the accuracy of rope image
extraction and the material point tracking
algorithm.

First, the centerline extraction algorithm is used to
extract the image during the process of rope
motion. Because the point performs non-uniform
motion on the whole rope, the extraction accuracy
of the rope center line will decrease with
increasing exposure time. The image extraction
error at the endpoint of the rope at different
exposure times was analyzed, as shown in Error!
Reference source not found.. The extraction error
at the endpoint of the rope increases as the
exposure time increases; however, when the rope
moves at a higher speed, the image extraction error
at the endpoint increases sharply with the increase
in exposure time. The two peaks in the figure
correspond to the two moments with the maximum
speed.
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Extraction emror of endpomt(pixel)

Ime (s)

Figure 9. Image extraction accuracy of the rope
endpoints at different exposure time.

Error! Reference source not found. shows the
extraction results of the centerline at different peak
times in Error! Reference source not found.. It
can be seen that with an increase in exposure time,
the end of the rope will generate a motion blur
region, which is not symmetrical along the
centerline direction. Therefore, the end region in
the centerline extraction will be biased toward the
direction with a larger gradient. This effect is more
focused in parts d and h from Figure 10; it has
fitted centerline extraction in short exposures
because the rope is symmetrical along the
centerline, as shown in parts a and e.

n 2

Figure 10. Extraction results of rope centerline at a
different exposure time: (a) 1 ms exposure time;(b) 5
ms exposure time;(c) 9 ms exposure time;(d) 15 ms
exposure time;(e) 1 ms exposure time;(f) 5 ms
exposure time;(g) 9 ms exposure time;(h) 15 ms
exposure time.
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—a— Centerline extraction method
—e— Motion blurred segmegtation method

Extraction error of endpoint (pixel)

Time (s)
Figure 11.(d)

Figure 1. Image extraction accuracy of two methods at
different exposure times: (a) 1 ms exposure time; (b) 5
ms exposure time; (c) 9 ms exposure time; (d) 15 ms
exposure time; (e).

To improve the accuracy of image extraction, the
motion blur segmentation algorithm proposed in
this paper is used to extract the rope image. Figure
11 compares and analyzes the extraction accuracy
of the centerline extraction method and the motion
blur segmentation algorithm at the endpoint of the
rope. It can be seen that the centerline extraction
method is superior to the motion-blurred image
segmentation algorithm when the exposure time is
short, but when the exposure time increases; the
extraction accuracy of the motion-blurred image
segmentation algorithm is better than that of the
centerline extraction method. However, the
accuracy of the motion-blurred image
segmentation algorithm in some time periods is
low. These periods correspond to the phase with a
lower rope motion speed. In the phase with higher
rope motion speed, the motion blur segmentation
algorithm has more significant accuracy than the

centerline extraction algorithm
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e) (H () (h)

Figure 12. Extraction results of rope at different
exposure times by motion blur segmentation: (a) 1 ms
exposure time;(b) 5 ms exposure time;(c) 9 ms
exposure time;(d) 15 ms exposure time;(e) 1 ms
exposure time;(f) 5 ms exposure time;(g) 9 ms
exposure time;(h) 15 ms exposure time.

Physical simulation experiment
Experimental platform and vision
measurement system errors

In this experiment, the rope is measured using a
visual measurement method, and the errors of the
visual measurement system and image extraction
are analyzed, The measurement results are
compared with the cable dynamic model based on
the absolute node coordinate method to analyze the
accuracy of the cable dynamic model. Since the
rope movement has a higher speed, the image
acquisition frequency is set as 119FPS, the image
size is 544x1024 pixels, and the exposure time is
4 ms. For those tests, the camera needs to be
recalibrated because the focal length and image
size are adjusted.

The calibrated camera’s internal parameter matrix
is:

1495.2341 0 508.0598
0 1483.2726 275.6076| (14)
0 0 1

The second-order radial distortion parameter is -
0.1793, and the fourth-order radial distortion is
0.3891. The measuring object was a kevlar fiber
rope with a length of 411 mm and a diameter of 1
mm. One end of the rope is fixed at a position 17
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mm away from the background plane, and the
other end is free and released by the horizontal
position. The rope moves within the range of the
black background plate, and the distance between
the camera and the measuring plane is 1.5 m, as
shown in Figure 13.

The extrinsic parameter matrix of the camera and
the rope-moving plane [R|t] is calculated using the
checkerboard characteristic corners with known
spatial coordinates on the measuring plane, and the
coordinate system is established on the measuring
plane, as shown in Error! Reference source not
found.. The X-axis in the measurement plane
coordinate system is along the horizontal direction,
and the Y-axis is along the gravity direction. The
origin of the coordinate system established by the
checkerboard feature points is located at the upper
left of the checkerboard. To facilitate the
description of the movement of the rope, the
checkpoint origin of the checkerboard feature
points is translated to the fixed end of the rope.

LED light

Flexible rope

Figure 13. The experiment with the equipment for
flexible rope visual measurement.

Figure 14. Coordination system of the measurement
plane
The error of visual measurement is divided into

two parts, one part is the extrinsic parameter
matrix [R|t] calculated by checkerboard feature
corner points, and the other part is the rope image
extraction algorithm. The error generated by the
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extrinsic parameter matrix [R|t] will be analyzed
in this section, and the error generated by the
image extraction algorithm will be analyzed in the
following section. In the experiment, the spatial
position of the feature corners in the checkerboard
is known, and the image coordinates of the feature
corners can be extracted from the image so that the
extrinsic parameter matrix can be calculated by
visual measurement.

In this test, the checkerboard provided 56
characteristic corners, and the image extraction
coordinates of the feature corners caused errors.
Meanwhile, the optimal solution is obtained in the
process of solving the nonlinear equation, so there
will be errors in the calculated extrinsic parameter
matrix. To calculate the error caused by
calculating the extrinsic parameter matrix, the
spatial coordinates of the feature points are re-
projected onto the image plane according to the
calculated outer parameter matrix, and the image
error of each feature point after re-projection is
calculated. The star marks the image extraction
coordinates of the feature corners, and the circle
marks the re-projection image position of the
feature corners, as shown in Error! Reference
source not found..

Figure 15. Image extraction and reproduction position
of the corners
Figure 16 shows the error distribution between the

image extraction and reprojection coordinates. The
maximum error along the u-axis is 0.1736 pixels,
and the maximum error along the v-axis is 0.9960
pixels. The average error along the u-axis was
0.0595 pixels, and the average error along the v-

axis was 0.4634 pixels. Using the principle of
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visual measurement, the maximum transformation

range of the spatial position of the pixel is

calculated.
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Figure 16. Reprojection error distribution of the
corners.
The arbitrary point of the image has the above

image coordinate error, which is the spatial
position error caused by the image error after re-
projection, as shown in Table 3.

Error in the rope image extraction

In the initial stage, when the flexible rope falls
from the horizontal state, the rope has a low
movement speed and the overall speed is uniform.
The centerline extraction algorithm can be applied
to extract the image of the flexible rope. The
extraction effect is shown in Figure 17, and the
centerline is superimposed on the original image.
As the speed of the rope increases, the motion blur
region generated by the image gradually increases
in the fixed exposure period. Because of the
uneven speed of the rope, it is not recommended to

extract the results by the centerline algorithm in
regions with a large speed at the end of the flexible rope, as shown
in sectionsd and e

Table 3. Visual measurement error caused by the extrinsic
matrix calculated using corners

Error along x-axis Error along y-axis
(mm) (mm)

Average | Maximum | Aerage | Maximum
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00807 | 02186 | 04557 | 0.9808

(2)

(e)

Figure 17. Image extraction result of the flexible rope
using the centerline extraction method: (a) 1st frame
image;(b) 5th frame image;(c) 9th frame image;(d)
13th frame image;(e) 15th frame image.

As shown in Figure 18, in order to avoid incorrect
extraction of the centerline of the end region, the
motion blur image segmentation algorithm is used
to extract the rope image in the stage of fast speed,
Because the movement speed of the rope and the
grayscale of the motion-blurred area are not
uniform, there will be interference in the motion-
blurred region of the actual image after edge
detection, as shown in part b.

.\.

Figure 18. Flexible rope image extraction by
motion blur segmentation algorithm: (a) Original

MohammadHassan Pachenari

image;(b) Edge detection image;(c) Edge image
without noise;(d) Motion blur segmentation result.

The length of the interference fringe in the motion
blur region is short and disconnected; therefore,
the interference can be removed by retaining the
largest connected domain in the edge image. The
rope edge image refreshed the interference (shown
in part ¢). The closed single-pixel rope edge can be
divided into two moments of rope shape using the
motion blur segmentation algorithm (shown in part
d). The rope at the initial exposure and the final
exposure can be extracted from the image, and the
circle marked in Fig. 18 is the endpoint of the
image of the two ropes. This method can avoid
incorrect positioning of the centerline extraction
algorithm in the motion blur area.

To verify the accuracy of the motion blur
segmentation algorithm for the segmentation
point, 200 frames of rope motion images were
selected, and the edge image set of the rope was
obtained by image preprocessing. The correct
segmentation points are selected as the reference
standard in the edge image set by artificial marking
and then compared with the segmentation points
extracted by the proposed algorithm to verify the
accuracy. Figure 19 shows the position error of the
endpoints at the initial and final exposures. Table
3 shows the error of the segmentation points
between those extracted by the algorithm and the
reference standard. It can be seen that at the end of
the exposure, the detection error of the endpoint is
great, but the average error of the four
segmentation points extracted by the algorithm can
be controlled within 2 pixels.
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Figure 19.(a)
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Figure 19. Segment point error distribution in the
motion blur area: (a) Position error of the start point at
the beginning of exposure;(b) Position error of the
endpoint at the beginning of exposure;(c) Position
error of the start point at the end of the exposure;(d)
Position error of the endpoint at the end of the
exposure
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Table 4. Error statistics of segment points in the
motion blur area.

Average
Segmentation point error

(pixel)

Maximum
error (pixel)

start point at the

beginning of the 0.8708 4.9825
exposure

start point at the end

of the exposure 1.3870 5.5254
endpoint ~ at =~ the 4 4159 17032
beginning of exposure

the endpoint at the 19651 6.4363

end of the exposure
The maximum transformation range of the spatial
pixel, when the image has the above image
extraction error, is calculated as the spatial
position error caused by the image extraction error,
as shown in Table 4. The average error of the
algorithm can be controlled within 2.5 mm under
a measurement distance of 1.5 m.

Table 5. Space position errors of segment points
caused by image extraction errors.

Segmentation Average Maximum
point error(pixel)  error(pixel)

start point at the

beginning of the 1.1034 6.3153
exposure

start point at the

end of the 1.7576 7.0036
exposure

endpoint at the

beginning of 1.7879 2.1796
exposure

the endpoint at

the end of the 2.4903 8.1586
exposure

Conclusions

In this study, we address the challenges posed by
the non-uniform motion characteristics of ropes in
aerospace applications. We propose an innovative
edge segmentation operator designed specifically
for the motion-blurred regions of ropes. Flexible
ropes often present uniform grayscale and
inconspicuous image characteristics, making them
challenging to analyze visually. To overcome this,
we introduce a novel visual material point-tracking
algorithm tailored to accommodate rope bending
and longitudinal elastic deformation.
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Research limitations:

Simulation experiments validate the effectiveness
of our motion blur segmentation algorithm. It
successfully extracts the rope's configuration at the
initial and end of an exposure, leading to improved
accuracy with longer exposure times. This
capability is crucial in aerospace scenarios where
precise motion tracking of flexible elements like
ropes is essential.

Recommendations for future research:

In the context of visual rope measurement
experiments, we conduct a comprehensive
analysis of various sources of error. These include
errors originating from the visual measurement
system, inaccuracies in image extraction, and
spatial positioning errors resulting from image
extraction failures.

Our research culminates in the verification of both
the motion blur segmentation algorithm and the
cable dynamics model based on the absolute node
coordinate method. We carry out these
verifications using a visual measurement system,
acknowledging the presence of certain inherent
errors. This work contributes to advancing the
state-of-the-art in aerospace applications, where
accurate measurement and modeling of flexible
ropes play a critical role.

To comprehensively evaluate the advantages of
novelties, additional work should be done
regarding the comparison analysis with existing
technologies. This involves integrating findings
from the literature to provide a broader context for
assessing the efficacy and practical implications of
the proposed methodologies in aerospace
applications.
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