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ABSTRACT Large-scale industrial equipment monitoring requires a large number of measurement points.
To achieve fully automated measurement using photogrammetry, a large number of coded targets are
required. In order to improve the coding capacity and decoding accuracy of coded targets in large-scale
industrial photogrammetry, this paper designs a new coded target for digital industrial photogrammetry,
which combines the characteristics of the circular coded target and the dot-distribution coded target. The
max coded capacity can be 1,048,576. Experiments were carried out from different shooting angles and
different distances in simple and complex scenes and the results show that the coded target is easy to be
extracted and identified, with large coding capacity and high positioning accuracy. The coded target can
be used for point matching and image orientation in large-scale photogrammetry, or even can be used as
measuring point so as to realize the automatic management of a large number of measuring points.

INDEX TERMS Coded target, decoding, image processing, photogrammetry.

I. INTRODUCTION
Industrial close-range photogrammetry, due to its high pre-
cision and efficiency, is an ideal technical means for the
installation and inspection measurement of large indus-
trial equipment airplanes, electronic colliders, long straight
rails, etc., [1]–[3]. A coded target is essential for industrial
close-range photogrammetry or close-range photogrammetry
in other scenes where the measured object has no obvious
features [4]. A coded target can not only effectively solve
the problem of the determination of corresponding points in
the image matching process but improve the accuracy and
precision of feature recognition as well [5].

At present, there are two mainstream kinds of coded tar-
gets, one kind is an individual target with additional, con-
centric patterns of material or retroreflective sheeting and
the other is that of a unique and identifiable pattern of a
small number of standard circular or square targets [6]–[11],
as shown in Figure 1. And the mainly used two coded targets
are the two in Figure 1(d) and Figure 1(h), the circular coded
target and the dot-distribution coded target, respectively. The
circular coded target is easy to be extracted because the
recognition algorithm is relatively simple but its disadvan-
tages are also obvious, for example, it is more susceptible
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FIGURE 1. Two mainstream kinds of coded targets, (a) Y. Shi et al. (2020);
(b) Wong et al. (1988); (c) NiederÖst and Maas (1997); (d) Schneider and
Sinnreich(1992); (e) Sung Joon Ahn et al. (1999); (f) Brown and Dold
(1995); (g) Cronk et al. (2006); (h) Hattori et al. (2002).

to the shooting angle than the dot-distribution coded target,
which may cause misrecognition. The coding capacity of the
circular coded target is small because the size of the coded
bands is limited and there is no start target of the coded bands.
The capacity of the circular coded target in Figure 1(d) is only
256. The dot-distribution coded target is composed of a group
of regularly arranged dots, the structure of which is simple
because there is only one feature. The coding capacity of the
dot-distribution coded target is larger and the recognition is
more stable than the circular coded target because there is
a coordinate system established by some of the dots on the
dot-distribution coded target, for example, the capacity of
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FIGURE 2. The proposed coded targets, (a) Layout of the coded target;
(b) An example of the coded target.

the dot-distribution coded target in Figure 1(h) is 496. But
the recognition algorithm for dot-distribution coded target is
more complicated and the positioning precision of the coded
target is low because the size of the location point is the same
as other points and the contour center determination will be
affected when the contour size is small. Due to the limitation
of the coding capacity and positioning accuracy, both of
the two kinds of coded targets cannot be used directly as
monitoring points of large-scale industrial equipment so that
automatic management of a large number of measurement
points cannot be realized at present.

In order to obtain a coded target that is not only convenient
to be extracted but also less affected by the shooting angle,
with large coding capacity and high positioning accuracy,
this paper designs a new kind of coded target composed
of the circular coded target and the dot-distribution coded
target. There are 4 template points, which can not only
provide the start position for circular coded target to increase
the coding capacity, but also can be used to calculate the
projective transformation matrix to eliminate the effect of the
perspective deformation, accordingly improving the accuracy
of the coded target recognition. Moreover, the positioning
accuracy of this code point is high and it can be directly
used as the monitoring point for large industrial equipment
to realize the automatic management of a large number of
measurement points.

II. CODED TARGET DESIGN AND ENCODING RULES
A. CODED TARGET DESIGN
There are some principles that must be complied with when
designing the coded target used in industrial close-range
photogrammetry. First, the coded target must be easy to be
identified because it is designed for automatic measurement.
Second, the coded target should be with a sufficient coding
capacity to meet the measuring needs of objects with different
sizes. Third, the size of itself should not be too large, so as
not to block the measuring objects. Forth, the coded target
should be always different from others after translation, scal-
ing, rotation and shear deformation so that it can help image
orientation and image point matching. Fifth, it should be low
production costs [12], [13].

A new kind of coded target is designed following the
5 principles above, as shown in Figure 2. Combining the

circular coded target and the dot-distribution coded target,
there is a 8-bit circular coded target in the middle of the coded
target and the largest dot in the middle is the location dot
of the circular coded target and the location dot of the new
coded target as well. The dots around the circular coded target
compose the dot-distribution coded target. There are four
template points in the four corners. One with two concentric
circles is the template point N0 and the other three with three
concentric circles each are template points called N1, N3 and
N2 respectively in clockwise order as shown in Figure 2(a).
There are three code dots between two adjacent template
points and twelve code dots in total. The coding capacity
of dot-distribution coded target is 212 and the total coding
capacity of the new coded target is 220, which is 1,048,576
including the 8-bit circular coded target. If the circular coded
target in the middle is 10-bit, the total coding capacity will
be 222 and the capacity will be larger when the circular coded
target is with more coded bits. The calculation method of the
coding capacity is shown in formula (1).

Capacity =2n_band+n_codedot (1)

where Capacity is the coding capacity, n_band is the bit
number of the circular coded target and n_codedot is the
number of the code dots.

B. ENCODING RULES
As described above, the new coded target is composed of
the dot-distribution coded target including 12 code dots and
the 8-bit circular coded target. Correspondingly, the code is
also composed of two parts, one is the dot-distribution code
and the other is the circular code. For example, if the dot-
distribution code is 110 and the circular code is 212, the code
of the new coded target will be 110-212.

As shown in Figure 2(a), the code dots of the dot-
distribution coded target are numbered clockwise from
0 to 11. When the dot color is white, the identifier will be
1 and when the dot color is black, the identifier will be 0. The
dot-distribution code can be calculated using formula (2).

Cdot =
11∑
i=0

(Flagi · 2
i) (2)

where Cdot is the dot-distribution code, Flagi is the identifier
of the code dot numbered i, which equals 0 or 1. In a similar
way, as shown in Figure 2(a), the bit positions of the circular
coded target are numbered clockwise from 0 to 7. When the
bit position color is white, the identifier will be 1 and when
the bit position color is black, the identifier will be 0. The
circular code can be calculated using formula (3).

Ccircular =
7∑
j=0

(Flagj · 2
j) (3)

where Ccircular is the circular code, Flagj is the identifier of the
bit position numbered j, which equals 0 or 1.Since the largest
number of the circular code is 255, the code of the new coded
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target can be calculated using formula (4) for convenience.

Cnew = Cdot · 1000+ Ccircular (4)

where Cnew is the code of the new coded target.
Taking Figure 2(b) as an example, the code dots numbered

4, 5, 8 and 9 are white and according to formula (2) the dot-
distribution code is 816. The bit positions on the code band
numbered 1, 4, 6 and 7 are white and according to formula
(3) the circular code is 210. The code of the new coded target
is 816210 according to formula (4).

III. CODED TARGET RECOGNITION
Coded target recognition is the reverse process of coding the
target. In this chapter, the coded target recognition algorithms
and process will be described.

A. RECOGNITION ALGORITHMS
Many classical algorithms, such as binarization, contour
detection, circle contour recognition and projection transfor-
mation, are used during recognition. The algorithms will be
introduced in this section.

1) BINARIZATION
Image binarization is to set the gray value of pixels on the
image to 0 or 255 and the purpose is to preserve the interesting
part of the image maximally, which is a necessary image
preprocessing process [14]. To recognize the coded target,
binarization is necessary for the following code calculation
and other operations. The key to binarization is the selection
of the threshold. The traditional threshold selection method
is to binarize the entire image with a fixed threshold, taking
127 for example, the gray value of pixels less than 127 is
set to 0, and the gray value of pixels greater than or equal to
127 is set to 255. The binarization method used in this article
is the maximum between-class variance method, which was
proposed by Japanese scholar Otsu in 1979. It is an adaptive
threshold determination method. The basic principle of the
Otsu method is to find a threshold which can maximize
the variance between the foreground and the background,
because the variance can reflect the uniformity of the gray
distribution. When the classification of the current and back-
ground is correct, the difference between the current and
background parts of the image should be the biggest [15]. The
binarization result of the maximum between-class variance
method is shown in Figure 3 and the details are retained well.
It should be noted that, in actual applications, if the illumi-
nation of the object to be measured is uneven, for example,
there are shadows and variably lit areas, it is necessary to use a
combination of local adaptive threshold and the Otsu method
during the binarization process.

2) CONTOUR DETECTION
Contour detection is one of the fundamental techniques in
the processing of images. The contour detection method
used in this article is proposed by Suzuki in 1985, which
derives a sequence of the coordinates or the chain codes of
the contours. In the Suzuki’s method, the uppermost row,

FIGURE 3. The binarization results of the maximum between-class
variance method, all elements are well distinguished.

FIGURE 4. (a)The contour detection result of the Suzuki’s method, (b) The
circle contour recognition result, the contour detection result of the
Suzuki’s method the red lines are the contours detected.

the lowermost row, the leftmost column, and the rightmost
column of a picture compose its frame. Pixels with gray value
0 and 1 are called the 0-pixel and the 1-pixel, respectively.
A picture having the gray value fij at a the position (i, j) is
expressed as F = {fij}. A 1-component and a 0-component
are the connected components of 1-pixels and of 0-pixels,
respectively. If a 0-component contains the frame of the
picture, we call it the background; otherwise, a hole. The
basic principle of the method is that if a 1-pixel having a
0-pixel in its neighborhood, it must be a contour point and
the method can provide the topological relationships of the
counters detected [16]. The contour detection result of the
Suzuki’s method is shown in Figure 4(a).

3) CIRCLE CONTOUR RECOGNITION
The template points, code dots and the location dot on the
coded target are circles, so the circle contour recognition is
necessary for coded target recognition. The circle contour
recognition method used in this article takes advantage of
a characteristic of circles that the area of the smallest cir-
cumscribed circle of a cirle should approximately equals to
the area of the circle [17]. The method to find the smallest
circumscribed circle is to find a circle that the points of
the contour are all within the circle range and there is no
cirle meeting the above condition smaller than it. The circle
contour recognition result is shown in Figure 4(b).

4) PROJECTION TRANSFORMATION
The camera shooting process is the center projection pro-
cess. The points on the coded target will undergo a per-
spective transformation. The cross ratio and the intersecting
relationship of the lines will not change after a perspective
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FIGURE 5. The Coded target recognition flow, binarization, contour
detection and circle contour recognition have been introduced in the
previous section.

transformation [18]. The relationship of the points before and
after a perspective transformation is shown in formula (5).

[
x ′ y′ w′

]
=
[
u v w

] a11 a12 a13
a21 a22 a23
a31 a32 a33

 (5)

where u, v are the coordinates of the points before the
perspective transformation and x, y are the points after
the perspective transformation, where x = x

′

/w′, y =

y
′

/w′.

 a11 a12 a13
a21 a22 a23
a31 a32 a33

 is the transformation matrix, a11,a12,

a21, a22 are the linear transformation parameters, a31, a32
are the translation parameter and a13,a23 are the perspective
transformation parameters. The transformation matrix can be
calculated using 4 or more pairs of points with known corre-
sponding coordinates according to formula (5). The coordi-
nates of the other points after the perspective transformation
can be calculated according to formula (6).

x =
x ′

w′
=
a11u+ a21v+ a31
a13u+ a23v+ a33

y =
y′

w′
=
a12u+ a22v+ a32
a13u+ a23v+ a33

(6)

B. CODED TARGET RECOGNITION PROCESS
The main process of recognizing the coded target proposed in
this article includes Gaussian filtering, binarization, contour
detection, circular contour detection, finding template points
and location dot, calculating the dot-distribution code, cal-
culating the circular code, and locating the coded target and
showing the code and location on image. The overall process
is shown in Figure 5. The specific process will be introduced
in this section in detail.

1) FINDING THE TEMPLATE POINTS AND LOCATION DOT
There are template points, location dot and code dots on the
new coded target and the template points and location dot

FIGURE 6. The flow of finding and matching the template points and
location dot.

are the main features of the new coded target. Therefore,
the template points and location dot must be first recognized
from the circle counters. The recognition process is shown
in Figure 6. First, traverse all the circle contours and calculate
the gray value of the center of each circle contour one by
one. If the gray value equals 255, the circle maybe a template
point of N1, N2 and N3 or a non-template point. If all the gray
values of the circle range equal 255, the circle is considered
as a non-template point, and if the gray values change from
255, 0 to 255 from the circle center to edge, the circle is
considered as a template point of N1, N2 and N3 and saved
to Group 1. If the gray value of the circle center equals
0 and the gray values change from 0 to 255 from the circle
center to edge, the circle is considered as the template point
N0 and saved to Group 2. The location dots are found from
the non-template points according to the radius relationship
between the location dot and the template point.

After the template points and location dots are recognized,
we need to match them. Starting with the first point N0 in
Group 2, the distances from all the location dots to N0 are
calculated and we can find the nearest location point from
N0 named LP, which is considered as the location point
corresponding to N0. The distances from all the members of
Group 1 to LP are calculated and we can find the nearest
3 considered as N1, N2 and N3 corresponding to N0. The
one nearest to line N0LP of N1,N2,N3 is N3 and N1,N2
are distinguished according to the angle relationships of the
vectors from LP to each template point. The angle of the
vector from LP to each template point is the angle rotating
clockwise from the positive x axis to the vector and the
angle value changes from 0◦ to 360◦. When the angle of
the vector in the counterclockwise direction is bigger than
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FIGURE 7. The flow of calculating the dot-distribution code.

that in the clockwise direction, the angle of the vector in the
counterclockwise direction should be smaller by 360◦ or the
angle of the vector in the clockwise direction should be bigger
by 360◦. The corresponding template points and location dots
will be matched after the members in Group 2 are traversed.

2) CALCULATING THE DOT-DISTRIBUTION CODE
As introduced in subsection 3.1.4, during the shooting pro-
cess the coded target will undergo a projection distortion.
In order to eliminate the impact of the distortion on the code
target recognition, the transformation matrix of each coded
target should be calculated using the template points and the
coordinates of the code dots after perspective transformation
can be calculated using the transformation matrix and the
design coordinates of the code dots according to formula (6).
Then calculating the gray values of the pixels at the position
of the each code dot after perspective transformation one by
one to determine the Flag value and the dot-distribution code
can be calculated using formula (2). The process is shown
in Figure 7.

3) CALCULATING THE CIRCULAR CODE
The calculating of the circular codes is similar to dot-
distribution codes. First the positions of the code bands after
perspective transformation should be calculated and then the
flag value of the each band bit can be determined. The process
is shown in Figure 8. The perspective transformation of the
code bands mainly causes the start and end angles’ changing
of each band bit. The start and end angles of each band bit
are calculated using the corresponding template points and
location dots, as shown in formula (7).

Start0 = (AngleLP−N1
+ AngleLP−N3

)/2

End0 = AngleLP−N3

Start1 = AngleLP−N3

End1 = (AngleLP−N3
+ AngleLP−N2

)/2

FIGURE 8. The flow of calculating the circular code.

Start2 = (AngleLP−N3
+ AngleLP−N2

)/2

End2 = AngleLP−N2

Start3 = AngleLP−N2

End3 = (AngleLP−N2
+ AngleLP−N0

)/2

Start4 = (AngleLP−N2
+ AngleLP−N0

)/2

End4 = AngleLP−N0

Start5 = AngleLP−N0

End5 = (AngleLP−N0
+ AngleLP−N1

)/2

Start6 = (AngleLP−N0
+ AngleLP−N1

)/2

End6 = AngleLP−N1

Start7 = AngleLP−N1

End7 = (AngleLP−N1
+ AngleLP−N3

)/2 (7)

where Starti and Endi are the start and end angles of band bit
i, Anglep−q is the angle rotating clockwise from the positive
x axis to the vector from point p to q and the angle value
changes from 0◦ to 360◦. When calculating the average of
two angles, if one is smaller than 90◦ and the other is bigger
than 270◦, the smaller one should be bigger by 360◦ before
the average is calculated, and when Starti is bigger than Endi,
the Endi also should be bigger by 360◦. The average radius
of the code band bit is the average radius of the code band at
the start and end angles.

After getting the start and end angles and the average radius
of each band bit, the gray values of the points in the band
bit and at a distance of the average radius from the location
dot can be calculated. If the gray values are 255, the flag of
the band bit is 1, otherwise it is 0. The circular code can be
calculated after getting all the 8 flags of the code band bits
using formula (3).
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FIGURE 9. The recognition result with the ground as the background,
the centers of the coded targets are targeted using red circles and the
center coordinates and the codes are written on the image using blue and
red respectively.

4) LOCATING THE CODED TARGET
The center of the coded target is the center of the location
dot and also the middle of the four template points before
perspective transformation. After perspective transformation
relative position relationship among the points changes but
the intersecting relationship of the lines will not change,
that is, the intersection of the line N0N3 and line N1N2 is
still the center of the location dot. In order to improve the
positioning accuracy of the coded target, the intersection of
the lineN0N3 and lineN1N2 is used to calculate another target
center besides the center of the location dot, and the center
of the coded target is determined by the average coordinates
of the two centers. The center of the location dot and the
four template points are determined by ellipse fitting of the
contours. Because the template points are composed of two
or three concentric circles, the center of each template point is
determined by the average position of the centers of ellipses
fitted by contours, which further improves the positioning
accuracy.

IV. EXPERIMENTS AND DISCUSSION
Several experiments are designed to verify the accuracy and
stability of the coded target proposed and the recognition
algorithm, which are coded target recognition in different
scenes, the influence of the shooting distance and angle on
recognition and the effect of locating the coded target using
the location pot as well as template points.

A. CODED TARGET RECOGNITION
The coded targets are shot with the ground and wall as the
background, respectively. The size of the coded target used
is 50mm × 50mm and the targets are placed on the ground
at any rotation angle. The image resolution is 3648 × 2736.
The recognition results are shown in Figure 9 and Figure 10,
respectively. In the experiment all the coded targets are rec-
ognized, which shows that the coded targets and recognition
algorithm proposed are available.

B. THE INFLUENCE OF THE SHOOTING DISTANCE ON
RECOGNITION
The shooting distance will affect the recognition of the coded
target, because it will affect the size of the coded target on

FIGURE 10. The recognition result with the wall as the background, there
are other measuring dots on the image and the result is not influenced by
them.

the image. If the coded target on the image is too small,
it cannot be recognized. The relationship of the target size
and the shooting distance is shown in formula (8).

d =
f
S
· D (8)

where d is the side length in pixels of the coded target on the
image and D is the side length of the coded target the physical
world, f is the principal distance in in pixels of the camera, S
is the shooting distance. According to the design parameters,
when the side length of the coded target is less than 50 pixels,
the radius of the template point will be less than 10 pixels,
which will cause the template point to be unrecognized.
In the experiment, the principal distance of the camera is
2740 pixels and the image resolution is 3648 × 2736. The
coded target size is 5cm × 5cm. According to formula (8),
when the shooting distance is less than 2.7m, the coded target
should be recognized in theory.

In the experiments, a coded target is shot at distances
of 1m, 1.5m, 2m and 2.5m, respectively and the recognition
results of experiments at distances of 1m, 1.5m, 2m and
2.5m are shown in Figure 11(a), (b), (c) and (d). When the
shooting distances are longer, the coded target is failed to be
recognized, themain reason of which is that affected by noise,
the binarization result of the template point is not ideal. It may
be improved if the retro-reflective targets commonly used
in industrial photogrammetry are used. Therefore, before
using the proposed coded target, the longest shooting distance
should be calculated using formula (8) according to the
principal distance of the camera used. If a longer shooting
distance is needed, the bigger size of the code target can be
chosen.

C. THE INFLUENCE OF THE SHOOTING ANGLE ON
RECOGNITION
The shooting angle will affect the recognition of the coded
target. In order to verify the anti-photographic transformation
ability of the proposed coded target, the target is shot from
different angles, which are approximately 15, 30◦, 45◦ and
60◦, respectively. The recognition results are shown in Fig-
ure 12. Experiments of the shooting angles greater than 60◦

are also done, but the recognitions are failed because the
circles distort too large to be recognized. Therefore, when
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FIGURE 11. The recognition result from different shooting distances, (a),
(b), (c), (d) The results of 1m, 1.5m, 2m and 2.5m, respectively, the centers
of the coded targets are targeted using red circles and the center
coordinates and the codes are written on the image using blue and red
respectively.

FIGURE 12. The recognition result from different shooting angles, (a), (b),
(c), (d) The results of 15◦, 30◦, 45◦ and 60◦, respectively.

using the proposed target, it should be noted that the shooting
angle should be between 0◦ and 60◦. In order to make sure
that all coded targets on the image can be identified, it is best
to be between 0◦ and 45◦.

D. THE EFFECT FOR LOCATING THE CODED TARGET
USING TEMPLATE POINTS
One of the characteristics of the coded target proposed is on
each coded target there are four template points, which can
participate in the code target’s location. In order to verify the
effect for locating the coded target using template points,
the image of an array of coded targets are recognized and
the position of each target is determined in two methods,
one is using both of location dot and template points and the
other is using location dot only. To eliminate the influence of
distortion, the image is corrected using Zhang’s calibration
method before recognition. The recognized image is shown

FIGURE 13. The recognition image of the coded target array. The black
numbers on the left of the coded targets are the point numbers of the
centers recognized, whose coordinates are shown in Table 1.

TABLE 1. Coordinates of the recognized centers of the coded targets.

in Figure 13 and the black numbers on the left of the coded
targets are the point numbers of the centers recognized. The
coordinates of the recognized centers of the coded targets
are listed in Table 1. The second and third columns are the
coordinates using both of location dot and template points,
and the forth and the fifth columns are the coordinates using
location dot only. The last two columns are the differences of
the two kinds of coordinates.

Although there is a perspective transformation, the points
in a line are still in a line after the perspective transformation.
The positioning accuracy of the twomethods can be evaluated
using the property by contrasting the straight line deviation
of the points which are designed in a line. The process of
calculating the straight line deviation is first calculating the
equation of the line from the start point to the end point,
which is named baseline, and then calculating the average
distance from the other points designed to be in a line with
the start and end points to the baseline. In this experiment,
there are seven lines formed from the coded target centers
and the straight line deviations are shown in Table 2. The
start and end point of the lines are shown in the second and
third columns corresponding to Figure 13. The forth and
the fifth columns are the straight line deviations using both
of location dot and template points and using location dot
only, respectively. The last column is the differences of the
straight line deviations in two coded target location methods.
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TABLE 2. Straight line deviation comparing using template points or not.

As can be seen from the Table 2, six of the seven straight line
deviations’ accuracy increases after adding template points
in calculating the center coordinates and the Line 5 improves
most by 0.22 pixels, which illustrates that the positioning
accuracy of the coded targets can be improved to a certain
extent using the template points.

V. CONCLUSION
A new coded target for digital industrial photogrammetry is
designed, which combines the characteristics of the circular
coded target and the dot-distribution coded target and there
are template points on the coded target. The recognition algo-
rithms are studied on, such as binarization, contour detection,
circle contour recognition and projection transformation, and
the recognition of the new coded target is realized. Exper-
iments show that the new coded target can be recognized
at shooting angles between 0◦ and 60◦ and the positioning
accuracy of the coded targets can be improved using the
template points.

The new coded target increases the coding capacity of the
existing coded targets and improves the positioning accu-
racy of the coded targets, providing a new choice of the
coded target in the industrial chose-range photogrammetry.
But it can be improved in some aspects, for example, a bet-
ter ellipse detection algorithm can be used to improve the
recognition success rate from a larger angle and other posi-
tioning algorithms, like gray-weighted centroid method can
be used to improve the positioning accuracy further. In the
future, combining with the database management technology,
the automatic management of a large number of measuring
points in large-scale photogrammetry will be realized using
the proposed coded target.
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