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Abstract: The paper presents an efficient real time quality inspection system addressing the demands for precision
and speed on the production lines and capable of securing a machine-to-machine comprehensible result. It is to
be implemented on FPGA, and all the computational approaches are orientated towards the functionalities of this
programmable logic. The calculations encompass two consecutive stages: applying Canny edge detection to the
digitized image of the inspected item to plausibly determine the contours, and employing the appropriate geometric
formulas to confirm/reject compliance with the technological specifications. Accuracy is opposed to approximation
in terms of impact on veracity of detected contours. The algorithms are focused particularly on the mathematical
precision of computations as a guarantee for the targeted feasibility of industrial utilization.
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1. Introduction

On the production line, to accomplish the goal
of higher performance, fast and precise quality
inspection can be conducted by using a specialized
piece of hardware executing a set of appropriate
computational algorithms.

The objective of the paper is to present a ef-
ficient computational system capable of exactly
calculating the area and circumference of a cir-
cular object and securing a machine-to-machine
comprehensible result. It is the Field Program-
mable Gate Array (FPGA) that the system is to
be implemented on, and consequently, all the
computational approaches are orientated towards
the functionalities and peculiarities of this widely
used programmable logic. The entire bulk of cal-
culations encompasses two consecutive stages: 1)
applying a mathematically precise realization of
Canny edge detection to the digitized image of the
inspected item to correctly determine the contours
of the targeted geometric figure; 2) utilizing the
formulas for calculating the area and circumference
of a circle to confirm/reject compliance with the
technological standards.

The task is to scrutinize the characteristics of
the computational modules in the presented Canny
realization addressing the demand for maximum
computational accuracy. The algorithms imple-
menting the circle formulas, apart from being
fast, are focused particularly on the mathematical
precision of calculations as a guarantee for a plau-
sible quality assessment. The targeted hardware
is Altera FPGAs. Relevant to the analyses and
conclusions arrived at are only gray scale images.

2. Literature Survey

Described in the literature are several approach-
es addressing the use of Canny for quality inspec-
tion and fast execution on FPGA. In [10], welding
image processing results using Canny are project-
ed to 2-d histogram. The histograms of projection
results are compared with the qualified image
histogram. If similarity is higher than a threshold,
welding is fine. Otherwise, it is defective. In [8],
split Canny uses input image fragmentation for
fast Gaussian smoothing and pipelining efficiency.
In [6][3][9], distributed Canny attemps to spare
the on-chip memory at the expense of a constant
throughput through performing the computations at
block level. In [5], area optimized Canny is mainly
focued on a new architecture of the non-maximum
suppression and hysteresis thresholding modules.
In modified Canny [4][7], the image is partitioned
into q sub-images and each sub-image is further
divided into p m xm blocks.

3. Canny mathematics for FPGA
implementation

In the discrete domain of FPGA orientated low
level digital image processing, Canny encompasses
the following computational modules:

3.1. Gaussian smoothing
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u(m,n) is the input image,
v(m,n) is the filtered image,
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g(kl) 1isthe Gaussian filter (k=2 [==z),
s 1s the sum of all coefficients in the mask.

3.2. Orthogonal gradients

The equations used to accurately calculate the
x gradient G, and the y gradient G|, are:

Gy 4 )
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Gy= 7 6 5 4 1 2 3 (3)
where

N,..Ng are the neighboring pixels in a 3x3
neighborhood.

3.3. Gradient magnitude and gradient
direction

Gradient magnitude G,, is

Gradient direction G, is

Gp = tan™? (g—i) (5)

3.4. Non-maximum suppression

The technology of non-maximum suppression is
M(x,y) = M(x,y) only for

[M(x,y)>M(x.y;) & M(x,y)>M(x3.9,)];

M(x,y) = 0 in all the other cases, (6)
where
M(x,y) is a pixel possibly belonging to the edge,
M(xyp)
and

M (x,y,) are the magnitudes of the two adja-
cent pixels along the gradient direction.

3.5. Hysteresis thresholding

Utilizing high and low thresholds for comparing
the values calculartesd in 3.4. , the module provides
the exact contours of the inspected object, and is
the most computationally expensive thus far.

4. Canny computations with respect
to precision

For the circle’s area and circumference algo-
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rithms to secure reliable results in terms of accu-
racy, the mapped contours of the circular object
should be optimally exact, particularly with respect
to shape and localization. These essential charac-
teristics generally depend on two main factors in
the FPGA implemented Canny — noise filtering and
mathematical precision of calculations.

4.1. Filtering

The appropriate selection of Gaussian fiter’s
size is of significant importance as a tool to com-
pensate for the omission of not to be underesti-
mated subtleties imposed by the discrete domain
of digital image processing. Thus, taking into
account the numerical characteristics of the bell
shaped curve, the most suitable variants prove to
be sizes 5x5 and 7x7. With respect to the fact that
the larger the size the worse the localization, the
optimal option is filter of size 5x5.

The orthogonal gradients G, and G, should be
computed employing exact mathematics in terms
of dividing by the sum of the positive coefficients
in the two Sobel filters for the purpose of additional
averaging, thus applying certain extra noise sup-
pression to the image.

4.2. Mathematical exactness vs. approximation

Even though all Canny modules demand mathe-
matically accurate calculations, precision of results
in two of them - gradient magnitude and gradient
direction, and non-maximum suppression, proves
to be of crucial importance. In FPGA orientated
Canny, deviation from the mathematical exactness
of computations is referred to as approximation.
Taking into account the impact on the reliability of
results secured by the quality inspection system,
this computational approach demands an in-depth
analysis for the purpose of its being peremptorily
avoided.

4.2.1. Speed enhancing approximation

Accomplishing the goal of a fast FPGA based
Canny is favoured by the following approximation
patterns.

1) Exploiting only the fastest integer arithmetic
needed to fulfil a particular computational task.
With respect to both the highest frequency and
clock cycles taken for execution, the most speed
advanced on FPGA are multiplication, addition
and subtraction [1][2].

Gradient magnitude calculation is modified to
rely on a single addition



|Gyl = 1Gx| + |Gy|. (7)

Gradient direction value is the result of utiliz-
ing only the signs of the vertical and horizontal
gradients

Gy>0 & Gx>0
Gy<0 & Gx<0
Gy>0 & Gx<0
Gy<0 & Gx>0. (8)

2) Replacing a slow computational procedure
with values determined in advance. To this point,
fixed values for the high and low thresholds tend
to be used instead of assessing the entire image
statistics in the non-maximum suppression module.

4.2.2. Evaluation of approximation

On FPGA, speed enhancing approximation
influences the computational results substantially.

The gradient magnitude and direction module
is of capital importance for the quality of detected
contours. In computing the gradient magnitude,
using only a single addition leads to calculated
numbers which differ from the exact mathematical
results in the range of 0.2-30 per cent. In terms
of quantity, this lack of precision is irregularly
distributed across the calculated gradient magni-
tudes, and any computational mechanism aimed at
offsetting the inaccuracy is practically irrelevant.
The largest differences are calculated for pixel
values that are among the most frequent to be met
in a gray scale image. In view of the fact that it is
the gradient magnitude results that are compared in
the non-maximum suppression module to perform
edge thinning, the overall effect is poor localiza-
tion and lack of veracity, thus resulting in detected
contour’s getting unreliable for production line
applications wherein taking correct measurements
is of crucial importance.

Depending only the signs of the vertical and
horizontal gradients to compute gradient direction
halves down the accuracy by reducing the required
intervals from 8 to 4. The consequence is compro-
mised exactness of the local maximum values, with
eroded precision and gaps in the mapped contours.

Convenient as it is, utilizing two static values
instead of an algorithm using the entire image
statistics to compute the high and low thresholds
results in both omitting real edges and defining
noise as contours, the latter being capable of con-
siderably compromising the output of Canny in
terms of veracity, particuarly with respect to uses
orientated towards machine-to-machine interface.

Consequently, computationally expensive and
slow as Canny is, addressing the accomplishment
of accurate measurement goal should peremptorily
focus the proposed approaches on the framework
of detected contours’ being optimally plausible.
Achieving reliability of the edge detected image
especially for measurements in demanding pro-
duction line applications is feasible on the basis of
using mathematically accurate algorithms to realize
the calculations in the Canny modules. This being
taken into account, approximation can only be a
tangible technique as long as it does not violate the
pattern of exactness and veracity at each successive
stage in the flow of computations. Approximation
for speed enhancement purposes which functions
as a hurdle to the accuracy of results is totally
unacceptable.

Even though being hard to implement on FPGA,
Canny can afford avoiding approximation that
compromises accuracy through resorting to ad-
vanced algorithms capable of efficiently utilizing
the programmable logic’s typical characteristic -
executing computations in parallel. Whatever the
complexity of an algorithm in a Canny’s module,
the simultaneity of calculations is quite an efficient
tool to accelerate calculations without having to
rely on accuracy decreasing techniques. The ad-
ditional requirement to be satisfied here is for the
parallel computations to utilize the fastest integer
arithmetic on FPGA.

5. The proposed algorithms for
computing circle’s area and
circumference

The contours of surveyed circular object having
been precisely mapped, the FPGA implementation
of the algorithms for computing circle’s area and
circumference encompass the following sequence
of essential steps.

1) Defining a square in the image taking into
account image rows and columns crossing one
another at a right angle. Each of its 4 sides is a
tangent line to the circle.

2) Computing the number of pixels contained
in a square’s side.

3) The result from 2) divided by 2 is the circle’s
radius in pixels.

4) Implementing the formula for circle

T¥r*y 9)
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3R*R + R*R*C, (10)

where
R s the circle’s raduis measured in pixels
C is a constant equal to 9/64;

and the formula for circle circumference

2%y (11)
As

6R+2R*C, (12)
where

R is the circle’s raduis measured in pixels
C is a constant equal to 9/64.

5) Utilizing a reference table containing calcu-
lated in advance values for the purpose of translat-
ing the results of (4) and (6), which are in pixels,
into millimeters.

6) Employing a predefnd reference table to
assess the technological specifcation compliance.

7) Setting the proper voltage level at the desig-
nated FPGA output pin on the basis of the inspect-
ed item satisfying/failing to satisfy the standard
requirements.

The operations employed to implement the for-
mulas for area and circumference are executed si-
multaneously on FPGA, utilizing one of the most sig-
nifcant capabilities of hardware implementation —
parallel computations. They guarantee a hundred
per cent mathematical accuracy of gradient mag-
nitude computation. They also utilize the fastest
integer arithmetic on Altera FPGAs which ensures
execution at optimal clock rate. The presented
algorithms are not susceptible to any input data
width driven delays.

6. Conclusions

The paper focuses on presenting an effcient
FPGA based Canny edge detection application
focused on accurately calculatng circle’s area and
circumference for the purpose of conducting plau-
sible quality inspection on the production lines. The
proposed system is capable of exactly calculating
the area and circumference of a circular object and
securing a machine-to-machine comprehensible
result. Analytical approach to exact Canny calcu-
lations with respect to FPGA orientated realization
is set forth. Scrutinized is the deviation from the
mathematical exactness of computations in terms
of speed enhancing approximation and its impact
on the reliability of results secured by the quality
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inspection system. The system encompasses two
consecutive stages: 1) applying a mathematically
precise realization of Canny edge detection to the
digitized image of the inspected item to correctly
determine the contours of the targeted geometric
Tgure; 2) utilizing the formulas for calculating the
area and circumference of a circle to confrm/reject
compliance with the technological standards. The
proposed algorithms implementing the circle for-
mulas, apart from being fast, are focused particu-
larly on the mathematical precision of calculations
as a guarantee for a plausible quality assessment.
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