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ABSTRACT

Irradiated Cross-linked Polyethylene Foam (IXPE) has been one of
the most commonly used materials in industry. During the produc-
tion process of IXPE sheets, their edges need keep aligned strictly,
otherwise, they could quickly get out of the border of the rolling
plate and cause the huge economic loss. In this paper, we propose
a camera-enabled approach, called Edge-Eye, to rectify the edge
deviation automatically for IXPE production with millimeter-level
accuracy. We deploy a commercial camera with mobile edge node
in front of the IXPE sheet to continuously detect and rectify the
edge deviation. Particularly, to handle the complex production en-
vironment when extracting the edge of IXPE sheet, we deploy a
pair of reference bars with high-contrast colors to efficiently differ-
entiate the sheet edge from the background. Then, we propose a
Bi-direction Edge Tracking method to perform the edge detection
from both vertical and horizontal aspects. To realize the rectifica-
tion using mobile edge nodes with limited computing resources, we
reduce the cost of computation by extracting the Minimized Region
of Interest, i.e., the edge area overlapped with the higher contrast
reference bar on both sides. We further design a negative feedback
control system with multi-stage feedback regulation mechanism,
keeping the edge deviation within millimeter-level. We implemented
Edge-Eye on the ARM64 platform and performed evaluation in the
practical IXPE production process. The experimental results show
that Edge-Eye achieves the average accuracy of 5mm for the edge
deviation rectification, with the average latency of 200ms for edge
deviation detection. During the process of 20-month real deploy-
ment for 36 production lines, 66 manpower per day (90% of the
overall manpower) has been saved, and the utilization rate of IXPE
material increases from 87% to 94%.
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1 INTRODUCTION

1.1 Motivation

Irradiated Cross-linked Polyethylene Foam (IXPE) is one of the
fundamental industrial materials, widely used for the automotive
trim, upholstery, and industrial packaging. During the production
process, raw IXPE sheets will first go through a high temperature
furnace via the conveyor belt to be heated, softened and foamed.
When coming out from the furnace, they will be stretched and
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widened by a pair of spreader rolls, and rolled up into a roll. The
roll will be finally trimmed from both sides to end the production.
In this process, it is crucial to align both edges of IXPE sheets on
the conveyor belt continuously. Since the conveyor belt moves at a
speed of over 1m/s, any misalignment could be quickly accumulated
in the rolling up stage, causing more edges trimmed away and hence
more materials wasted. However, it is difficult to stretch and widen
IXPE sheets in a uniform manner due to the non-uniformity of
thickness in raw IXPE sheets. Thus, the real edge deviation in the
production line is ranged from 1cm to 3cm per second on average.

The existing edge deviation rectification relies on the human
supervision, i.e., an operator monitors the IXPE sheet in real time
and adjusts the edge when necessary. This requires a high level
of concentration from the operator, which is very labor-intensive.
For a long time, the rectification precision of IXPE production
cannot be guaranteed, resulting in a high level of material waste.
As the Industrial Internet of Things (IIoT) is increasingly deployed
in manufacturing, fully automatic edge deviation rectification can
be made possible for IXPE production, greatly reducing the labor
cost and effectively improving the long-term production efficiency.

1.2 Limitations of Prior Art

Several solutions have been proposed to detect the edge position,
including laser ranging, millimeter wave, and camera-based solu-
tions. The laser ranging solution can accurately detect the depth
difference between IXPE sheet and background, hence detect edges.
However, as the laser unit detects the distance of one position at a
time, it is inconvenient to deploy the laser ranging array for moni-
toring the whole furnace, or incurs delay if moving a single unit.
Millimeter wave (mmWave) radar can achieve high accuracy for
distance estimation, but not for angular estimation [1] [18]. Thus,
it is also unsuitable for detecting the material edge. Although the
moving scanning of mmWave radar can improve the angular ac-
curacy, the movement increases the detection delay [8] as well.
Compared with laser and mmWave, computer vision can detect
the contour edge, hence appropriate for edge detection. Especially,
3D cameras measure the depth for each pixel using Time-of-Flight
(ToF) or structured light. However, 3D cameras can be costly for
mass deployment, and the accuracy may degrade in the complex
production environment.

Therefore, the design of efficient edge detection and deviation
rectification for IXPE production requires: 1) Accurate: the average
error should be below 5mm, 2) Time-efficient: the average response
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Figure 1: Illustration of Edge-Eye in practical production line

time should be below 200ms, and 3) Robust: being able to perform
the edge detection for different colors of IXPE sheets.

1.3 Proposed Approach

In this paper, we propose Edge-Eye, a camera-enabled IoT edge de-
vice to automatically rectify the edge deviation for IXPE production
with millimeter-level accuracy. Specifically, we use an ordinary
camera running on the ARM64 platform as the Mobile Edge Node
(MEN), as shown in Figure 1. To detect the edge deviation, we adap-
tively extract the Minimized Region of Interest (mROI) to reduce
the computing cost. Further, we propose a Super-Resolution-based
Upsampling method to construct a higher resolution image with
edge points in finer granularity. Then, we use a Bi-direction Edge
Tracking method to achieve the highly accurate and reliable edge
detection. To rectify the edge deviation, we propose a negative
feedback control scheme with multi-stage feedback regulation to
minimize the edge deviation to millimeter-level.

1.4 Challenges

There are two technical challenges in this paper. The first challenge
is to accurately extract the edges of IXPE sheets from the image
captured by the camera in a robust manner. Since the color of IXPE
sheets may vary over time, it could be very close to the background
color of furnace. The color similarity between the sheet and the
background would cause the significant accuracy degradation for
edge detection. To address this challenge, we deploy a pair of refer-
ence bars with high-contrast colors, i.e., white and black, under the
conveyor belt, as shown in Figure 1. In this way, the white bar and
black bar will be used as auxiliary references to reduce the complex
interference from background. Depending on the IXPE sheet color,
Edge-Eye selects either the white bar or black bar to produce the
best color contrast. Then, we propose a Bi-Direction-based Edge
Tracking method to perform the edge detection vertically and hori-
zontally. In the vertical direction, we detect the boundary between
the IXPE sheet and selected bar; in the horizontal direction, we
detect the leftmost or rightmost point for the uncovered part of se-
lected bar. We fuse the two orthogonal results into a complimentary
filter to figure out a more accurate edge position. In this way, we
can guarantee the high accuracy and robustness by performing the
bi-direction edge tracking with the high-contrast reference bars.
The second challenge is to monitor and rectify the edge devia-
tion by only using the mobile edge device with limited computing
resources in a time-efficient manner. The time delay includes the

sensing delay and the control delay. The sensing delay comes from
detecting and tracking the edge, while the control delay comes
from rectifying the edge deviation. To address this challenge, for
the sensing delay, we propose to extract the mRO], i.e., the edge
area overlapped with the higher contrast reference bar on both
sides. Moreover, the continuous edge detection usually consumes
more computing resources, so we use the cache-pool-based method
to reduce the repetitive computation. When the difference between
the current frame and the cache frame is below a threshold, we
directly reuse the previous results, otherwise, the current frame
is set as the new cache frame, and the edge detection results are
updated accordingly. In this way, the computing resources can be
greatly reduced by shrinking the ROI in the space domain and
reusing the edge detection results in the time domain. While for the
control delay, the edge deviation rectification is done by changing
the rolling speed of the left or right spreader rolls. However, it is
quite difficult to figure out the uncertain relationship between the
edge deviation and the rolling speed. Thus, we propose a negative
feedback control scheme, to formulate this relationship as a linear
model on a small scale. When an edge deviation is detected, we
use this model to calculate the speed change of spreader rolls and
rectify this deviation until the edge goes back to the standard posi-
tion. Moreover, the linear model is dynamically updated with the
multi-stage feedback regulation mechanism.

1.5 Contributions

This paper makes the following contributions. First, we propose
Edge-Eye, a millimeter-level edge deviation rectification system. To
the best of our knowledge, Edge-Eye is the first system which uses
computer vision and negative feedback control to rectify the edge
deviation for IXPE production. Second, we propose an efficient edge
deviation detection method, by incorporating a pair of high-contrast
reference bars, mROI extraction and bi-direction edge tracking, to
achieve the high accuracy, real-time response and robustness in
the industrial production. Moreover, we design a negative feedback
control system, and propose the multi-stage feedback regulation
mechanism to rapidly and accurately make control decisions. Third,
we implemented Edge-Eye and evaluated its performance in real
IXPE production lines. Experimental results show that we achieve
an average accuracy of 5mm for edge deviation rectification, and
an average latency of 200ms for edge deviation detection. During
the process of 20-month real deployment for 36 production lines, 66
manpower per day (90% of the overall manpower) has been saved,
and the utilization rate of the IXPE material increases from 87% to
94%, indicating Edge-Eye can effectively reduce the material waste.

2 RELATED WORK
2.1 Distance-based Edge Detection

Since the target and other objects are in different planes, calculating
the distance of all objects can accurately find the contour edge of
target. Laser ranging accurately calculates the object distance by
RTT method [20] but suffers the single point measurement and
accuracy decrease through glass. Millimeter wave radar measures
the FM continuous wave difference between TX and RX for dis-
tance calculation [19]. However, the angular resolution limitation
makes it not suitable for the material edge detection. Moreover, the
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Figure 2: IXPE production process and unsatis ed performance of traditional edge operators Figure 3: Example of Canny operator

complex environment with serious multipath e ect leads to low ac-
curacy and high time latency{] for the mmWave-based solutions.

e.g., Canny operator and Marr-Hildreth operator, achieve high per-
formance on edge points calculation. The former is a multi-stage

State-of-the-art technology, e.g., the 3D camera, can detect the edge algorithm [3], which uses image smoothing, intensity gradients

position of an object by calculating the depth information for each
pixel. Time-of-Flight (ToF) camera calculates the object depth by
measuring the round trip time of an arti cial light signal provided
by a laser [L§, but it su ers the same problem with laser ranging,

calculation, double threshold and hysteresis to nd the optimal
edges in image. The latter uses second derivative and zero crossing
to nd edge points, but it is noise sensitive due to the second deriva-
tive process 13. Both operators extract all possible edge points by

e.g., accuracy decreases through glass and the edge blurs due tarelying on the original contrast of edge itself, however, they su er
large scan intervals. Structured light camera uses the deformation from low material sheet edge extraction performance when similar
principle to calculate the depth information, by analyzing the pro- color appears between the sheet and background.
jection shift when the light hits the uneven surface of objee[ CNN-based Edge Detection Methddth the popularity of Con-
This method su ers huge interference in strong light environment,  volution Neural Networks (CNN), edge detection has been revisited
the projected structured light can be easily submerged by strong and new solutions are proposed with neural network 12 21].
light. Moreover, the accuracy decreases greatly when the object is Deepedged] designs a multi-scale deep network to achieve con-
1m away from the camera. Stereo camera uses the disparity to cal- tour detection by using the object-related features as high-level
culate object depth information by a pair of 2D cameras. However, cues. Maire et al.]Z use the generic deep sparse code to recognize
it requires high computing resource and produces large error when speci c targets, thus achieving target edge detection. Holistically-
environment is monotonous and lack of textur&]]. Therefore, in nested edge detection (HED}]] uses the image-to-image training
addition to the high hardware cost, di erent kinds of 3D cameras method to construct the representation network of original images
have their own limitation, making it unsuitable to use 3D cameras and predicts edges. Casen@t] uses ResNet and skip-layer archi-
for the sheet edge detection in IXPE production. tecture to realize category-aware semantic edge detection. Poma et
al. [19 propose thin edge-maps extraction by adding an upsample
block in Dense Extreme Inception Network. Although CNN-based

2.2 2D Camera-based Edge Detection solutions can be more accurate than traditional methods, they con-

The edge is an inherent property of object, which usually has a
sharp change of color around in a digital image. There has been
a wide range of approaches to extract edges in images capture
by 2D cameras. Edge detection aims to nd the discontinuities of
digital images, by nding the image points with great gradient§.
Traditional Edge Detection MethoBasic edge detection Iters

sume more computing resources and additional expenditure on
neural network training and storage. In addition, when the color of

d the material sheet is similar to the background, their edge extraction

performance is still not high.

3 PRELIMINARY

such as Sobel, Prewitt and Roberts calculate edge points by directly 1o foaming technology has been used in modern manufacturing

evaluating the pixel value di erence of adjacent points in grayscale
images B, 10, 17], but such methods have fatal limitations of noise
pollution and rough edges. Advanced edge detection operators

to heat raw materials and form the required shape or size for end
products. As shown in Figure 2(a), the raw material sheet is rst

' sent into the horizontal furnace (with a temperature of 709@b



Figure 4: System deployment

for preheating, then goes into in the vertical furnace (with a tem-
perature of 200-308) for softening, widening and stretching into
the required size. Finally, the sheet is rolled up and packed as the
nished sheet ready for shipment. The color of sheet can be various
(in Figure 2(b)), leading to a more complicated background for edge
detection. Moreover, due to the uneven thickness of the raw ma-
terial sheet, the width of nished sheet may be di erent from the
required size, i.e., edge deviation. Without the proper recti cation,
such deviation may accumulate rapidly, resulting that more edges
have to be trimmed away and hence more materials will be wasted.
Traditional solutions rely on the human supervision, as shown in

Figure 5: System overview

detection, when the frame size reduces from 192080 to 640480,

the time delay reduces from 1400ms to 360ms. Other edge operators
even require larger processing time. Moreover, the low resolution
image is not conducive to manual re-examination.

The above observations motivate several ideas in designing an
accurate and time-e cient edge detection, which are summarized
as follows: 1) To enhance accuracy, we should fuse the results from
multiple views; 2) To improve robustness, we should enhance the
contrast between the sheet and background; 3) To achieve time-
e ciency, we should focus on the mROI instead of the full frame.

Figure 2(c). An operator monitors sheet edges and adjusts the rota- 4 SYSTEM DESIGN

tion speed of spreader rolls to align the edge. This solution typically

System Deploymeritigure 4 illustrates the deployment &dge-Eye

has low accuracy in edge detection (5cm) and large response time We deploy a camera in front of the vertical heating furnace at a

(1000ms). Besides, it is di cult to train operators and assure quality
for long-term production. Therefore, the challenge of automatic
recti cation is how to detect edge position accurately and timely
with limited computing resources in a complicated background.

As one of the best operators for edge detection, Canny opera-
tor extracts optimal edge points by double thresholddg * ->F)
method [B]. Speci cally, after calculating the gradient value of each
edge pixel, the value higher than gg is marked as a strong edge
pixel, and the value lower than .. gets suppressed. If the value is
between .. and gg ,itismarked as aweak edge pixel and turns
to a strong edge pixel if connected with an original strong edge
pixel, otherwise the weak edge pixel gets suppressed. Finally, all the
strong edge pixels get output as edge points. However, Canny oper-
ator with ne-tuned parameters does not achieve the satisfactory
performance on sheet edge extraction in following aspects.

1) Accuracy and Robustnekss unable to achieve the accurate
and robust edge detection performance just by adjusting parameters
in Canny operator, not to say other less accurate edge detection
methods. Speci cally, Figure 3(a) shows the ground truth of sheet
edge position with a similar color in the background. With a high
value for double threshold, Canny operator suppresses target edge
points (the black dashed lines), resulting in the inaccurate edge
position calculation in Figure 3(b). While with a low value for
double threshold, the result in Figure 3(c) gives more interfered

distance of 1.2m from the target material sheet. Without loss of
generality, the camera has a wide-angle lensl@0 with video
quality of 1080p/30fps, thus each pixel of the image frame repre-
sents a width of 1.87mm on the sheet plane. The images obtained
from the camera contain much noise due to the color similarity
between the sheet and the background. To minimize background
noise, we use a pair akference bate generate high edge contrast
between the material sheet and the background, while narrowing
the observation range to a relatively clean and controllable area.
Since the edge calculation relies on the di erence of colors in the
image, which can be transformed to the distance of gray-scale im-
age. Here, we use the max/min gray value (0 and 255), which are
exactly the white and black color. As a result, either of the two
bars (W Bar and B Bar) can always have a color di erence no less
than 255/2. To reduce the interference of light re ection in the
recognition area, we set shading platen front of the camera to
maintain a stable ambient light. We combine the camera with the
ARM®64 computing platform as ounobile edge node detect sheet
edge with fast response and low transmission delay.

Software Frameworkigure 5 shows the modules &dge-Eye
Speci cally, 1)Availability Detectiormodule checks whether any
sheet is in production. This is done by comparing the di erence
between the current frame and the empty frame. P@rspective
Transformatiomodule corrects image distortion of captured frame

edges, e.g., interfered edges around target edge lines and blackand obtains the straight sheet edge. If the system is rst running,

dashed lines have similar property with target edge lines,leading
to poor accuracy and failure.
2) Time-e ciency:The edge deviation recti cation for material

i.e., no mROI is extracted, we run tipeeprocessingodule to nish
the initialization. 3)Preprocessingodule selects the reference bar
and extracts the mROI. It selects the highest contrast reference bar

sheet production requires real-time response, i.e., less than 200ms.from W Bar and B Bar according to sheet color, and extracts the

Traditional edge detection methods fail to meet this requirement
as shown in Figure 2(d). For Canny operator with Houghlines (HL)

area near the edge of material sheet as mROI to reduce the com-
putational overhead. Besides, it sets cached mROI to further speed
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