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ABSTRACT

A fast Hough transform |FHT) is presented in this paper for in-
specting the accuracy of needle-type meter gauges with up to 0.2%
relative accuracy. The number of computations to impiement this
algorithm is less than one thousandth of the number for the com-
mon HT. The proposed fast HT is based on a shape anaiysis of
the HT surface Z(p,a) for the needle of instruments and the na-
ture of the inspection. Experiments show that the surface around
peaks is a quasi-singly peaked smooth surface. Considering that
property of the surfaces, and that the needie is staying around a
set of predetermined angles, ay, therefore, we can perform the HT
only for parameter a within ax * §a instead of whole range of a,
0-180". The former is only about one hundredth of the latter.
The shape analysis of the surface Z{p,a) around peak positions
i useful in other applications as well. Theerstical analysis and
experimentai resuits show thac by properly choosing the spatial
resolution of the digitizaticn, M, and the HT parameter angu-
iar resolution, A, meter gauges of different accuracy grades can
he automatically inspected. For example, in order to inspect in-
struments with 0.2% accuracy, a 512x512 image and Aa = 0.2
"should be used.

1. Introduction

In massive productions of various needle-type meter gauges, tra-
ditional manual procedures to inspect gauges hardly meet the
speed and accuracy requirements. In 1082, Baird suggested an
automatic inspection system, GAGESIGHT, which can be used
ta verify if the rest podition of needles i corract with respect to
the markings on the face of the gauges|1]. In 1983, Dyer proposed
another system for verifying accuracy of the needle positions on
a gauge for a set of anaiog inputs [2]. In this paper, based on
a2 shape analysis of the Hough surface, 2 fast Hough transform
{FHT) is presented for inspecting needle-type gauges. In Section
2, 1 brief raview of inspection principles is presented and factors
limiting the inspection accuracy are analyzed. In Section 3, we
will examine inherent noise in the Hough domain and study shapes
of the Hough surface and projection areas of Hough surfaces on
the (p.«) plane. Section 4 describes the FHT algorithm and some

experimental results. Conclusions are presented in Section 5.
2. Principles of inspections

The basic procedures for inspecting needle-type gauges are as fol-
low: (1) applying a set of specified analog inputs to a meter, digi-
tize images of the meter gauge while the needle is in corresponding
rotated positions; {2) compute difference images between pairs of
digitized images, properly binarizing the images; (3) perform the
HT and determine if the relative angular displacements of the nee-
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dle are within the accuracy specification of the instrument. The
advantages of nsing the HT to measure the angular displacements
of needles is that the HT is not sensitive to noises of digitized
images and hreakpoints on lines to he detected,

For simplicity and easy observation, we will use the modified nor-
mal parameters (p, ) instead of the parameters (p, 8),

p = Sign(a - 90)(XSina - YCosa) (1)

where x is the slope angle of the needle asindicated in Fig. 1. Now,
we will investigate the factors which affect inspection accuracy &g,
spatial resolution of images, M, the sampling rate of the parameter
a, Aa. Becauseimages of needle-type meter are spatially digitized
with a limited dimension, M, and the parameter a of the HT is
sampled with a certain resolution Aa as well, there is a minimum
angle, &g, of the needle displacements, which the inspection system
can measure. Suppose that in a digitized image a needle is of L
pixels, and it is rotated by a small angle ¢, if the end point has
been moved away from the original position by 1 pixel, then it is
possible to use the HT to detect this rotation. Values of § depend
on the initial slope of the needle, but it can be easily shown that,
at an extreme, ¢ > arctgy. As indicated in Fig. 1, if the needle
has a maximum pixel length L, the spatial resolution is MxM and
the maximum rotation angle of the needle from the rest position

to the full scale potion is denoted by dmaz, then, at least, MxM
digitized images will provide a minimum detectable angle

1808
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Moreover, in order to detect the angle difference ¢, the sampling
resolution of the HT parameter o, Aa has to be chosen properly.
If Aa is too small, this high resolution is wasted since at the
first place digitized images does not provide a compatible high
resolution, on the other hand, if it is chosen too large, the high
spatial resolution of images is wasted. Thus, in general, we will
choose Aa ~ 1.0 ~ 2.0¢ since in image digitization, we may not
take the full resolution of images, meter needles may only takes
part of images. Thus, in general, we will have

2s.'n*ja_x

g0 2 Ao 2 p=arcly ]

(2)

For examples, for meters with mez =100, using different sam-
pling rate, M=256, 512, 1024, from Eq. (2), 4 can be calculated as
0.35°,0.2%,0.065", then Aa can be chosenas 05,02, 0.1°,
respectively, corresponding inspection accuracy gg are 0.5°,0.2°,
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0.1° accordingly.

Moreover, for different meters widths of needles are different. In
our experiments we have tested our algorithm for needles with
different widths, 1-5 pixels, results show that variations of the
needle width does not affect inspection accuracy of the needle
angle, It is because a wider needle can be considered as a set of
parallel lines with the same slope angle, after the HT they have
the same a, and different p. Therefore, in a certain extent, the
inspection accuracy is not affected by the width of needles.

3. Analysis of the Hough surfaces

In this Section, we will study the natures of the Hough surface
and show that great savings in computations can be achieved by
using the proposed FHT.

In general, an accumulator array Z(p, a) for the HT defines a sur-
face in the three dimensional space (Z, p,a). Procedures of per-
forming a HT can be divided into two steps: calculating Z(p, a)
over a range of the parameters (p, a) for a given image and finding
some peak values of the surface Z(p, a), which correspond to some
straight lines in the given image. Theoretically, a straight line in
the image domain corresponds to a point (pg, o) in the Hough
domain, But, in the digital implementation of the HT, lines are
digitized with a limited resolution, therefore, a line corresponds to
a Hough surface Z(p, a], which has a peak at the point {po, o),
and it decreases quickly while (p, a) is away from the peak posi-
tion (po, o). Studying approximate locations and shape of the
Hough surface, we can save computations in two ways: first, if
the approximate locations of peaks can be estimated with certain
tolerance, then we can perform HT only for these limited regions
instead of the whole range of the p and a; second, if we know more
about the surface shape locating peak positions can be performed
more efficiently by using heuristic search procedures, instead of
using blind exhausted search.

Now, we will show that by using exhausted searching it is not
easy to locate correct peak positions of Z(p,a). We have digitally
created a binary image with a dimension 256256, there are two
straight lines, @) = 40", ay = 90°. For the HT parameter we
choose A = 0.5",Ap =1 pixel. After performing HT, the first
eight largest values of Z(p, a) are listed in Table 1. It can be seen
that the first three values came from line 2; the fourth and the fifth
values from line 1. Because line 1 is in a diagonal direction so that
its maximum value, 120, is smaller than the maximum value, 167,
of line 2. In this Table only the first and fourth entries correspond
¢ the lines in the given image, others are caused by digitization,
we will call them inherent noises for the HT. As illustrated above,
exhausted search hardly locates local peaks of Z(p,a). Because
of the existence of the inherent noises, finer quantization of the
Hough parameter a makes the situation worse, If a is sampled too
coarse, i.e., Aa increases, then the minimum angle, £ , which the
inspection system can detect, is increased. In our experiments, a
Z(p, ) is calculated for a difference image with a needle in two po-
sitions: @y =60°and @, =120°, and it is printed in Fig. 2 where
lower values are represented by coarser black dots, higher values
by denser black dots, there are total eight grey levels. Because we
have chosen the origin of the image coordinates (x,y) near the ro-
tation axle of the needle so that peaks are located on areas where
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p ~ 0. Analysis shows that when a needle is at different angles,
the peak of Z(p,a) changes its location along the a-axis, but the
shape of the Z(p,a) around a small neighborhood centered at a
peak (po, o) does not change. Given a threshold value Cy, all
points around (pg,ao) which satisfy Z(p,a) > CiZ(po,a0) con-
stitute a set S, S has a shape of two identical right triangles as
illustrated in Fig. 3. A three dimensional Z(p, ) surface is plot-
ted in Fig. 4, in a logarithm Z scale to show the peak's shape more
clear. The plotting indicates that the surface around the peak is
a quasi-singly peaked smooth surface. The position of the peak
corresponds to the needle slope, its height represents the length
of the needle in pixels.

In [4], we have shown that if a needle has a length L pixels, and
given the threshold value Cy, then the set S defined above can be
determined as follow:

57.3
fttmaz = C:_L (3}
| 5=C [
b Pmaz = i G : (4)

These Equations have been verified with an experiment where an
image with a straight line, o = 120", L = 146 pixels, which goes
through the (x,y) origin, was Hough-transformed using parame-
ters Ap=1,Aa =0.5", the resulted Z(p, o) is represented in Fig.
3. From Eq. (3) and (4), 8pmas = 27 pixels and dapmqs = 7.857,
these results are coincident with the experimental results well. As
stated early, for the difference image of needles, its Hough surface
consists of two similar quasi-singly peaked surfaces, they are apart
from each other by an angle ¢ along the a-axis. If we choose a
proper plane, Z = Cy, to intercept the surface Z(p, a), as long as a
§0maz, calculated from Eq. (3), is smaller than a half of the angle
between the needle’s two positions, then the intercepted surfaces
are two separated quasi-singly peaked surfaces, their projections
onto the plane (p, a) are two separated twin right triangle areas.
Thus, we can perform the HT only over these two small areas,
and search for two local peaks, respectively.

Now, let's estimate by using this method, in terms of compu-
tations how much savings can be achieved. Because the HT is
performed over two smaller areas, Dy and Ds, instead of whole
plane (p, a) it requires much less computations than the common
HT. For an example, a given image with a resolution 256x256
has K pixels of nonzero values, to perform the common HT over
the whale plane (p,a), =128 < p < 128 and 0" < o <1807, us-
ing sampling rates Aa =0.5", Ap = 1 pixel, needs Kx360x256
= 92160K point operations (each point operation requires one
addition and two multiplications). On the other end, using the
proposed algorithm, for L = 167 pixels, ¢y = 0.2, from Eq. (3),
Samaz =2°, 6pmas = 4.5. As we will explain in the next Section,
by properly choosing the origin of the digitized images, the search
region for p can be limilted in a region || < 3 pixels, then to per-
form the HT over these regions only needs £232asz x £ = 48K
point operations, it is less than one thousandth of the original com-
putation, 92160K. Similarly, searching over the whole (p, o) plane
requires 92160 comparisons, but, based on the quasi-singly peaked
property of the HT surface, using heuristic search algorithms, such
as hill-climbing, in an average, only needs § x 48 comparisons. In
comparison with the common HT, in terms of computations and
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memory storages, the proposed fast Hough transform provides
savings in computations more than several hundreds times.

{. The Fast Hough transform

Now, we are going to formalize the Fast Hough transform for the
inspection of needle-type meters, Based on the above analyses, it
is obvious that if we can choose a proper threshold Cy for the given
set of analog inputs of meters to ensure that the angle between
two needle positions, J, is larger than 20amez, Where famez i8
determined by Eq. (3), then, the corresponding Hough surface is
intercepted into two separated quasi-singly peaked surfaces by the
plane Z = Ct. Thus, according to the ranges of given inputs and
the Samez value the two small regions in the H domain can be
determined. Therefore, the two peaks of the HT corresponding to
the two needle's positions are located in these two separated re-
gions. The accurate positions of the two peaks can be determined
by searching through these two regions, respectively. In addition,
there is no need to calculate the HT over the full range of param-
eter space, instead, it is only necessary to perform HT over the
two small regions, The FHT can be summarized as follow:

(1). According to the accuracy specification, and dpmgeq of the
meter, choose £o = 0.5 and then from Eq. (2) determine a proper
spatial resolution M to digitize meter images, and a sampling rate,
Aa, of the Hough parameter a.

(2). For each type of meters, construct a table which consists of
three columns; input analog values, corresponding angular toler-
ance values of the angles for each input according to the accuracy
specification, and test results,

(3). Applying a set of N+1 predetermined analog inputs to the
meter, inclusive of zero input, digitize N+1 frame images of the
meter face; Iy to Iy, for the needle at different angles from the rest
position to the full scale position. During digitizing illumination
and camera geometric position should not be changed.

(4). Initially, i = 1, Calculating a difference image AL = |I; - Ly,
we choose 90%1, as a threshold value to binarize the difference
image Al; where [y is the peak intensity of the histogram of the
image Al;.

(5). Properly choose the origin of the (x,y) coordinate so that the
rotation axle of the needle is near the (x,y) origin, then the HT
can be performed only for |p| < R, R is in a range of 3 to 8 pixels
depending on the image sampling rate. Determine the region D,
which corresponds to the needle in the rest position: -3< p<3
pixels, ag —6amaez < a < ag+8amaz, where g is the angle of the
needle in the rest position and Sapmg; is calculated from Eq. (3);
perform the HT over Dy region using Ap = 1 pixel and Aa =gq,
and search the local peak over D; region to find the angle ¢¢ of
the needle in the rest position.

(6). Determine the region D, corresponding to the needle for
a nonzero input Vi: =3 < p < 3 pixels and a; — famez < a €
o +0maz, where a; = ag+8(V;). Perform the HT and searching
to obtain the angle ¢;.

(7). Verify if the angle §; = |¢; — @o| is within the tolerance
range of the meter: [5(V;) —&,8(V;) +e|. If it is inside this range
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this meter satisfies the given accuracy specification for this input:
otherwise, it is out of accuracy tolerance range, the meter fails.

(8). Increasing i by 1, repeat the procedures 4 through 7. If the
all N difference images all pass the inspection, it means that the
meter succeeds the accuracy testing. Otherwise, it fails. Now,
whole procedures are finished.

In order to verify the performances of the proposed algorithm, we
have perform two types of experiments; one uses digitally gener-
ated lines with known parameters a and another uses a needle-
type voltage meter. In the first case, pair of two straight lines are
generated digitally with predefined slop angles, then sampled with
different spatial resolutions and used as target images to measure
the angles between two lines using the proposed FHT. For each
M, two cases are experimentally verified; a needle rotation angle
i1 is within the range of the accuracy specification or out of the
range. In this way it can be shown that the proposed algorithm
can inspect meters correctly.

As illustrated in Table 2, for M = 256, two images are digitally
generated, each of them has two straight lines, angles between
these two lines are 45.2° and 45.8° , respectively; they are denoted
a8 &;~& in the third column of Table 2; the tolerance range of the
angleis 45° £ 0.5°. f; is obtained using the FHT. From Table 2
we can see that when & — 8o - §(v() > & =0.5", i.e., the needle is
out of accuracy range, this case has been successfully detected by
using images with a resolution M = 256. Similarly, using larger M
values, higher accuracies have been achieved as indicated in the
Table; for M = 512 and M = 1024, 0.2" and 0.1° can be detected.

For a voltage meter of an relative accuracy 4%, dmes =80", the
€=80"x4%=3.2". It M = 32, from Eq. (2) &0 = 3", It means
that using digital images with M = 32, this meter can be verified
correctly. In our experiment we have used 32x32 images to inspect
this meter successfully.

5. Conclusions

A fast Hough transform has been presented for inspecting the
accuracy of needle-type meter gauges with up to 0.2% relative ac-
curacy. This FHT is based on a shape analysis of the HT surfaces
of the difference images for the needle of the instruments to be
tested. Analysis indicates that when a needle is at different angles,
although the peak positions (po, @) change, the shape of the sur-
face Z(p, a) around a small neighborhood centered at (po, ) does
not change. Given a threshold ratio Ct, all points around (po, ao)
which satisfy Z(p,a) > Z(po,a0)Ct constitute a set which has a
shape of two identical right triangles, touching at the same acute
angle vertex, each triangle rotated 180 * from the other about that
vertex. [f a needle has a length of L pixels, the lengths of the
two base and height of the right triangle are §ppmqes = §]0_-E£|_l‘
Sttmas = 5’;} Experiments show that the surface around peaks
is a quasi-singly peaked smooth surface. Considering that prop-
erty of the surfaces, and that the needle is staying around a set of
predetermined angles, ay, therefore, we can perform the HT only
for parameter  within o + Aay,, instead of whole range of a,
0-180°. Furthermore, by properly choosing the origin of image
coordinates (x,y) the ratation axle of the needle can be made near
the origin of image coordinates, then the HT can be performed
only for [ < R, R is in a range of 3-8 pixels, depending on the
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only for [p| < R, R is in a range of 3-8 pixels, depending on rhe
image sampling rate. Because the parameter range vver which
to perform HT is greatly reduced, the number of computations
to perform HT is less than one thousandth of that required for
the common HT. The shape analysis of the surface Z{p, o) around
prak positions is useful in other applications as well. For example,
it can be used to locate positions of local peaks more efficiently,

By properly choasing the spatial resolution of the digitization, M.
and the HT parameter angular resolution, Ao, meter gauges of
different accuracy grades can be automatically inspected. For an
example, in order tu inspect instruments with 0.2% accuracy, a
512X512 image and Ao = 0.2" should he used. If M decreases ar
Auw increases, the computation load is reduced, but the accuracy
which can be verified is decreased accordinglv.
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Fig. 4. A 3-D drawing of a peak of the Heugh surface,

Table 1.

K 1 2 3 4 5 6 7T 8
Hip,a) 167 145 146 120 86 84 83 64
a’ 900 ¥9.5 905 400 405 910 380 4L0
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Fig. 1. A meter face is digitized with a MxM resoluticn,
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Fig. 3. The printout of the Hough transform amplitude for
a Al with one line, o= 120°
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