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An optical attitude (scanning angle and spin rate) measurement method for terminal
sensitive projectile in vertical wind tunnel test is proposed. The principles of measuring
scanning angle and spin rate simultaneously depend only on one fixed camera are
presented in detail. The measurement processes, which mainly includes preparation,
image acquisition, segmentation of projectile, contour extraction, and estimation of
attitude, are described accordingly, and the key techniques involved in each step are
expanded exactly. Moreover, the measurement errors are analyzed thoroughly. The
advantages of the novel method is analyzed as follow: first, the mathematical model
for calculating scanning angle of a steady-state terminal sensitive projectile is derived for
the first time in literature, which makes it possible to measure scanning angle from images
recorded by only a fixed camera; second, the algorithms of estimating scanning angle and
spin rate depend only on the line-segments of the perspective cylinders in images are
designed, which significantly improve the attitude measurement accuracy. Experiment
was also conducted in laboratory to verify the novel method.
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INTRODUCTION

Terminal-sensitive projectile, also called sensor-detonated projectile, is a kind of cluster bomb which

contains many smaller bombs and is very disruptive. It can be launched by cannons, long-range

*Correspondence: ~ Tockets or aircraft. When flying to the target over a certain height, the smaller bombs are thrown and
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operations are performed during the steady-scanning stage, the steady-scanning attitude such as
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Yuan X, Gao G, Zhang Z, Wang H, There are already many sensors [2] developed to measuring the steady-scanning attitude of the

Wang Y and LY (2023) An Optical 1, ojectile. According to the installation position, existing sensors can be classified into two categories:

Attitude Measurement Method for . I S
) " o . projectile-borne sensors and non-projectile-borne sensors. Projectile-borne sensors [3-17] such as
Terminal Sensitive Projectile in Vertical
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Wind Tunnel Test. accelerometers, gyroscopes, geomagnetic sensors, and solar sensors are generally installed inside the
Aerosp. Res. Commun, 1:12261. body of the projectile. Schuler et al [3] proposed to use linear accelerometers to measure the spin rate
doi: 10.3389/arc.2023.12261 of rotating objects. Without loss of generality, three or more linear accelerometers were placed at
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different axis of the projectile coordinate system, the linear
acceleration along each axis were measured during high-speed
flight, and the spin rate was thereby calculated based on the
collected acceleration information. This type of sensors has the
advantages of low cost, low-power consumption, and high
reliability, etc. [4]. However, as the number of the linear
accelerometers increases, the installation error increases, and
more space is needed to place them which is not very
practical because the body space of the projectile is limited.
Moreover, the error of the calculated spin rate increases
dramatically over time.

Gyroscopes, which often employed in inertial navigation
systems, are another type of projectile-borne sensors. The
traditional gyroscopes can be used to measure the scanning
angle and spin rate of the projectile. They have the features of
working all the time, and high accuracy and high stability in short
term. Whereas, their volumes are usually large and their overload
capacity are weak [5]. Recently, MEMS (Microelectromechanical
system) is applied to the gyroscopes, and new MEMS gyroscopes,
which have no moving parts, are developed to measure the
attitude of the projectiles. The new MEMS gyroscopes usually
have small volume and low cost. But their measuring ranges are
often small and their long-term stability is low, the measuring
error of the attitude increases over time as the linear
accelerometers [6, 7].

Geomagnetic sensor, which obtain the attitude information
through measuring the magnetic field vector information, is one
of the most concerned research focuses among all attitude
measuring sensors for spin missiles. Zhou et al. [8] presented
an attitude calculation method based on geomagnetic sensor by
establishing the geomagnetic model and considering the
characteristics of steady scanning motion of terminal sensitive
projectile. Deng et al. [9] studied a real-time roll angle estimation
method based on phase-locked loop on signals from single-axis
magnetometer for spinning projectile. The novel method is less
dependent on the amplitude and able to reduce effect from
geomagnetic blind area. Geomagnetic sensor owns the
advantages of passive sensing, high sensitivity, as well as low
power and cost [10]. Whereas, its accuracy depended on accurate
geomagnetic model which usually difficult to obtain and
vulnerable to environmental interference.

Solar sensor measures the spin rate, nutation angle and
precession angle through recorded solar azimuth which is
defined as the angle between missile rotational axis and the
sunlight pass through the missile center. Gui and Yang [11]
presented a scheme of practicable digital telemetering system for
measuring the attitude of projectile in flight based on the
principle of solar aspect angle. The system had been used in
practice for the test of projectiles which survive as high as
18 thousand g. Although the principle of solar sensor is
simple, it is severely limited by the sunlight and weather
conditions, and its measuring accuracy is not high.

Owing to the limitations of each type of projectile-borne
sensors, the multi-sensor systems which combine the
accelerometers, gyroscopes, geomagnetic sensors and solar
sensors are thereby designed [12-17]. Change et al. [12]
estimated the attitude of projectiles using magnetometers and
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accelerometers. Harkins et al. [13] combined the solar sensors
and magnetic sensor to measure the spin rate and scanning angle
of spinning projectiles. Cao et al. [14] put forward a low-cost
attitude detect system which consists of geomagnetic sensor and
micro silicon gyro. Huang et al. [15] employed magnetometer,
MEMS accelerometer and gyroscope to estimate attitude
information. Since the multi-sensor systems can overcome the
shortage of each type of sensors, either the robustness or the
accuracy of the measuring system is improved significantly.

Non-projectile-borne sensors [1, 18-23], such as the optical
measurement system (also known as high-speed video measuring
technology or image-based method), Radar and global navigation
satellite system (GNSS) etc., are usually placed outside of the body
of the terminal sensitive projectile. The GNSS includes American
GPS, Russian GLONASS, European Galileo, and Chinese BDS.
Among them, the American GPS system is most widely used.
Deng et al. [18] adopted a GPS (Global Positioning System)
receiver with a single side-mounted antenna to detect the roll
angle and rotational speed of a spinning vehicle A Frequency-
Locked Loop (FLL) assisted Phase-Locked Loop (PLL) is designed
to obtain the attitude information from GPS signals. Cao et al.
[19] studied the roll angle calculation method based on
Geomagnetic sensor and GNSS to meet the needs of high-
frequency and high-accuracy roll angle measurement for the
high-spin projectile. Because of limited body space of the
projectile, either he layout of the baseline or the installation of
the receiver is restricted, the measuring accuracy of the GNSS is
not high.

Radar can also be used to measure the spin rate of high-spin
projectile. Ferguson et al. [20] employed Doppler radar to
measure the steady-state spin rates of the kinetic energy
projectiles. Li et al. [21] presented a new method to measuring
the rotation velocity of small arms projectiles by transforming
Doppler radar data to the time domain on the premise of
eliminating corresponding noise and clutter signals in the
frequency domain. The disadvantage of Radar applied to
measure the steady-state spin rates of terminal-sensitive
projectile is that slot need to be carved at the bottom of the
projectile.

Optical measurement instruments/systems are widely used in
modern weapon test. Due to high-speed video technique, it is
possible to smoothly view the steady-state rotation of a projectile
spinning at 300 revolutions per second (HZ) with a camera
recording at a rate of 10,000 frames per second. Gao et al.
[22] used two cameras to measure the scanning angle and
spin rate of two different types of terminal-sensitive projectiles
in vertical wind tunnel test, and compared the measuring results
with field test. Yakimenko et al. [1] presented a scheme of
measuring spin rate of marked projectiles using computer
vision analysis method. Black and white longitudinal stripes
along the direction of the projectile axis should be painted on
the surface of the projectile in advance. By counting the stripe
pixel column of the recorded images, the spin rate of the projectile
can be obtained exactly. Zhao et al. [23] proposed a model-based
optimization algorithm to estimate the motion parameters of
projectile from the recorded images from stereo linear array
image. The optimal motion parameters are achieved by
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FIGURE 1 | Schematic diagram of vertical wind tunnel test.

matching the stereo projection of the projectile and that of the
same size 3D model. The optical measurement instruments/
systems usually have higher accuracy than other sensors in
spin rate measurement, and are especially suitable for wind
tunnel test. Whereas, they are often lack of precision in
scanning angle measurement.

In this paper, an optical attitude measurement method for
terminal sensitive projectile in vertical wind tunnel test is
proposed. The optical measurement method is extremely
simple since only one high-speed camera is employed.
However, both scanning angle and spin rate can be measured
accurately by using the novel method. The measurement
principle, measurement process, and measurement errors are
presented in detail. Compared with existing optical attitude
measurement methods, the contribution of the novel method
can be analyzed in two aspects: first, the mathematical model for
calculating scanning angle of a steady-state terminal sensitive
projectile is derived, which makes it possible to measure scanning
angle from images recorded by only a fixed camera; second, the
algorithms of estimating scanning angle and spin rate depend
only on the line-segments of the perspective cylinders in images
are designed, which significantly improve the measurement
accuracy.

MEASUREMENT PRINCIPLE
Steady-Scanning Model

The experiment setup is shown in Figure 1. The length of the
experimental section of the vertical wind tunnel is about 6.5 m,
the diameter of the contraction section of the vertical wind tunnel
is ©4.5 m, the maximum wind speed for the experimental section
is about 50 m/s (meter per second), and the minimum wind speed
is about 5m/s. During experiment, the terminal-sensitive
projectile is hung in the air through a flexible rope over a
pulley and rotate around a plumb axis, the steady spin rate
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ranges from 4 to 6 /s (revolutions per second) to about 30 1/s
(for different types of terminal-sensitive projectiles). It is widely
recognized that the steady-state trajectory of a terminal-sensitive
projectile follows an Archimedean spiral. However, at any given
moment, the trajectory can also be visualized as a virtual cone.
The generator line of this cone corresponds to the axis of the
projectile, while the axis of the cone aligns with the plumb axis.
The vertex of the cone represents the point of intersection
between the plumb axis and the projectile’s axis. Therefore,
the scanning angle at each moment can be understood as the
half-cone-angle of the corresponding virtual cone. Consequently,
measuring the real-time scanning angle is equivalent to
determining the cone-angle of the corresponding virtual cone.

Layout of Optical Measurement System

The configuration of the optical measurement system is
particularly simple, as shown in Figure 1, only one high-speed
camera is employed to record images of the terminal-sensitive
projectile in flight. The camera can be installed on the wall, or on a
tripod, but should be in a horizontal orientation and the optical
axis of which should be orthogonal to the plumb axis. Moreover,
the distance of the camera to the plumb axis should be far greater
than the radius of the virtual cones, and some high-lumen LED
lamps should be placed around the vertical wind tunnel to
provide adequate lighting for the optical system.

Principle of Measuring Scanning Angle
As described in Steady-Scanning Model section, the steady-state
trajectory of the terminal-sensitive projectile can be visualized as
a virtual cone at each moment. Consequently, capturing the
steady-scanning trajectory of the projectile on an image plane
is essentially projecting the virtual cone onto that plane. In
Figures 2A, B, the virtual cone at a specific moment is
represented by a blue dashed line, with the generator line
depicted as a blue solid line. The vertex of the cone is denoted
as point S. To establish a coordinate system for the virtual cone,
we introduce the coordinate system O, — X,,Y,,Z,, the origin
O,, is located at the base center of the virtual cone, the axis Z,, is
coincides with the axis of the virtual cone, and the axis X, is
parallel to the axis Z. of the camera coordinate system. The
intersection of the base border of the virtual cone and the axis Y,
is marked by points C and D. Furthermore, the camera coordinate
system O, — X.Y.Z, is defined, with the origin O, representing
the optical center of the camera, the axis Y. is parallel to the axis
Z,, and the axis Z., which aligns with the optical axis of the
camera, is orthogonal to the axis Z,, and intersects at point K.
According to the principles of Descriptive Geometry, the
projection of a cone is an isosceles triangle, the two congruent
legs of which are projection of the limit elements on the
projection view. As shown in Figure 2C, The coordinate
system o —xy is the image coordinate system, the origin o is
projection of the optical center O, the axis x is parallel to the axis
X, and the axis y is parallel to the axis Y.. The isosceles triangle
Asab on the image plane is projection of the virtual cone, and the
two congruent legs sa and sb are projections of the limit elements
SA and SB which are tangent to the rays O.A and OB (it should
be noted that the projection of the base of the virtual cone may be
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FIGURE 2 | Imaging principal of the steady-scanning trajectory of the terminal-sensitive projectile in vertical wind tunnel test. (A) Top-down view of the ray of the
imaging system. (B) Isometric view of the ray from the optical center of the camera to the scene. (C) Isometric view of the ray from the optical center of the camera to the

not a line since the base would not be coincident with the plane of
O, — X Z,, thereby the projection of the virtual cone may be not a
triangle, to simply the analysis, the triangle is still used as instead
here because the simplification does not cause any loss of the
accuracy). Since the angle between any element on the conical
surface and the axis of the cone is the half-cone-angle, if any one
of the four angles 2£ASO,, £BSO,, +CSO,, and 2.DSO, is
calculated, the scanning angle is obtained accordingly. As a
matter of fact, the projections of the two angles 2CSO,, and
¢£DSO,, on the image plane are equivalent to the themselves.
Unfortunately, the projections of point C and point D cannot
be identified on the image plane, so these two angles cannot be
solved. The projections of the two angles 2ASO,, and 2BSO,,
are the two angles saso and ¢sbso on the image plane,
respectively.

Because there is perspective transformation between the
angles and their projections, and the perspective
transformation is difficult to obtain, the true values of the
angles cannot be derived directly. In this section, both ray
trace method and geometric analysis are employed to compute
the true values (the values of the two angles LASO,, and 2BSO,,
are equal, only the angle 2ASO,, is computed here). As shown in
Figure 2B, create an auxiliary plane through point A that is
perpendicular to the axis X,, and intersects with the ray O.S and
the axis X, and Z, at the points E, G and N, respectively. Then
connect those intersection points and draw five auxiliary lines
AE, AG, EG, GN and O.G with red dotted line. Since the plane
where the triangle AAGE is located is perpendicular to the axis
Z., it is parallel to the image plane, hence the angle ZAEG is equal
to its projection, i.e., ZAEG = saeg. Furthermore, according to
the ray trace theory, the projections of point S and point E are
coincident, and the projection of point G is located at the
midpoint of the line ab on the image plane, if the angles zaso

is marked as 6, thus LAEG = zaeg = Laso = 6. Obviously, the
angle 2ASO,, is not equal to the angel LAEG, i.e., LASO,#2AEG,
hence 2£ASO,,# 0. That is the value of the angle 2ASO,, cannot be
simply replaced with the value of its projection zaso.

Draw an auxiliary line AM through point A that is
perpendicular to the plane O. — X.Z, and intersects at point
M with red dotted line (Figure 2B). Meanwhile, draw an auxiliary
line am through point a that is perpendicular to the axis x and
intersects at point m with red dotted line (Figure 2B) According
to the ray trace theory, the point m is projection of point M and
there is a virtual ray between point m and point M (connected
with a red dotted line). Moreover, connect the point A and point
O,, with a black dotted line (Figure 2B). And mark the angle
LAO:M as ¢, the angle £AO.S as 3, the angle £O.SK as y , the
angle £ASO,, as #, and the length of the ray O. A as L. As shown in
Figure 2B, according to the Pythagorean theorem,

cosn = SO, [SA

tanff = SA/L
cosf=L[SO. . (1)
cosy = SK/SO,

sing = AM/L

In addition, according to the geometric relationship,

SK = SO, + O,K
{ )

O,K =GN =AM~

By combing Formulas 1, 2, the angle # can be computed

cos™' (SO, /SA)
=cos™' ((SK - AM)/ (L x tan B))
cos™ ((L x cosy/cos B~ L x sing)/(L x tanf))

= cos™' ((cos y/cos B - sin ¢) /tan )

n
©)
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Image plane P's

FIGURE 3 | Imaging of the steady-state motion of the terminal-sensitive
projectile.

According to Formula 3, if the three angles f3, y and ¢ are
solved, the angle # can be calculated exactly.

Assume the focal length of the camera is f, the pixel sizes are
dx and dy along the x and y directions respectively, and the
two-dimensional (2D) pixel coordinate of point a is (x4, ¥a).
As shown in Figure 2C, according to the Pythagorean
theorem,

sin @ = |dx x x,|/sa

cotf = sg/|dx x x,]

cosy = s0/sO,

sing =dy x y,/a0, ’ ()
[sO)* = so* + f*

[aO.* = |dx x x,|* +|dy x ya|2 + f?

where the operator || means taking absolute value. According to
the Cosine theory,

cos B = (|aO.|” +[sO* - sa”) [ (2 x [aO¢| x [sO]).  (5)

In addition, so = sg + dy X y,, by combining Formulas 4, 5, it
can be inferred that

y:cos"<(\dx><xa| ><cot6+dy><yu)/\/(|dxxxa| ><cot9+dy><yu)z+f2)

9= sin’l<dy X yn/\/ldx X xql* +|dy x ya|z +f2>

B cos” |dy><y,1|2er|zzlx><xa|><aly><y,z><cot(9+f2
\/Idxx xal” +]|dy x ya| + £ x \/(Idx X X X cot@+dy x y, )’ + f2
(6)

According to Formula 6, the three angles 5, y and ¢ are
functions of the six variables f, dx, dy, x,, y, and 6. The 2D
pixel coordinate (x,, y,) of point a and the angle 6 can be
achieved through image analysis exactly. The focal length fand
the pixel sizes dx and d y can be obtained from the handbook of
the high-speed camera. Thus, the three angles 3, y and ¢ can be
computed exactly, and the value of half-cone-angle # can be
obtained.

Note that the half-cone-angle # can be achieved only when the
terminal-sensitive projectile rotates to position A and B as shown
in Figure 2A, if rotates to other position, Formulas 1, 3 are not
valid any more, thus, the half-cone-angle # cannot be solved. That
is in one complete revolution, the real time scanning angle of the
terminal-sensitive projectile at two points can be measured in
vertical wind tunnel test.

[}
)
/N
s 1\
// /0
/1
S
Vi |
/ / |
/’ ! !
Vi / |
’ / |
./ ) I
B et L L =
X i =S
AN Yy - -
[}
[}
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FIGURE 4 | View of the pattern “x” drawn on the surface of the terminal-
sensitive projectile during rotation.

Principle of Measuring Spin Rate
Like the moon whose rotation rate is the same as the time it takes

to make one revolution, the terminal-sensitive projectile rotates
on its own axis in the same period of time that revolves around
the plumb axis (Figure 1) during the steady-scanning stage in the
vertical tunnel test, thus, the steady-state spin rate can be achieved
by measuring either the rotation rate or the revolution speed of
the terminal-sensitive projectile [1, 22].

The revolution speed can be solved by recording the time
taken to make one revolution, or by counting the number of
revolutions within a given time. The former can be seen as
computing the real-time velocity while the former can be seen
as computing the average velocity. Different from previous
method that employs two cameras to track the revolution
speed of the terminal-sensitive projectile, in this paper, only
one camera is employed. As shown in Figure 3, the steady-
state motion of the terminal-sensitive projectile on the image
plane is similar to the pendulum motion which is a typical
oscillating motion. Thus, the projection of the axis of the
projectile must be coincident with the y-axis periodically.
Mark the time of the ith coincidence as T; where
i=1,2,...,N, thereupon the real-time velocity at time T; can
be expressed as

Vi = 1/(Ti = Tis), (7)

and the average velocity can be expressed as
v=0.5x(N-1)/(T, - T)). (8)

The rotation rate can be achieved by tracking features such as
the natural texture on the surface of the terminal-sensitive
projectile, pattern painted or drawn manually, corners, or
specialized targets that widely used in optical measurement [I,
23]. Since the terminal-sensitive projectile rotates on its own axis,
the shapes and coordinates of the features at different position are
different when view from the optical axis as shown in Figure 4.
Furthermore, the rotation rate is equal to the revolution speed,
hence the shapes and coordinates of the features at the same
position in different circles of rotation are almost identical.
Therefore, the rotation rate can be obtained by tracking the
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FIGURE 5 | Flowchart of measurement process.

shapes and coordinates of the features at some positions where
they can be seen clearly using feature tracking algorithms or deep
learning algorithms.

MEASUREMENT PROCESS

The measurement process mainly includes five steps: preparation,
image acquisition, segmentation of projectile, contour extraction,
and estimation of attitude, as shown in Figure 5. The key
techniques involved in each step will be presented in detail.

Preparation and Image Acquisition

Before image acquisition, the camera should be adjusted to a
ready state: adjust the camera to be horizontal by means of a spirit
level, and align the vertical axis of the crosshair of the camera to
be coincident with the stationary flexible rope which hanging the
terminal-sensitive projectile in the air (the flexible rope is
coincident with the plumb axis when it is in stationary state).
Then record an image of the static scene as background image for
segmentation step. Finally, begin to record images when the
motion of the terminal-sensitive projectile is in a steady state.

Segmentation of Projectile

Segmentation of the projectile is essentially detecting moving
object from complex scenes which is an important topic in the
field of computer vision. Many methods, such as the frame
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difference [24], background subtraction [25], optical flow [26],
or deep learning-based method [27], etc., have been proposed for
moving object detection with either a stationary camera or a
moving camera. Since the camera is fixed during the
measurement, background subtraction is adopted here.

The background subtraction is the most effective method for
detecting moving objects in video or a series of images [24]. The
core of background subtraction is building the background
model/image. In this paper, the background image is recorded
in advance as mentioned in Preparation and Image Acquisition
section. Suppose the gray value of the background image is given
by I (x, y,0), and the gray value of the frame at time tis I (x, y, 1),
where x and y are values of the 2D coordinate of pixel. The binary
image operation results of background subtraction can be
defined as

1 (I(x,y,t)=1(x,9,0)|>T
f(x,y,t)z{o ‘ng,itg—lgx,iog <T ©)

where the operator || means taking absolute value, and T is the
threshold. According to Formula 9, for each point in the image, if
the difference value is greater than the threshold, then put the
point as a foreground pixel, otherwise, regarding the point as a
background pixel.

Because the flexible rope and parachute that linked with the
terminal-sensitive projectile also rotate synchronously, they are
also extracted during the segmentation. To separate the terminal-
sensitive projectile from the flexible rope and parachute, after
threshold, the morphological open operator is applied to the
binary image several times until the projectile is separated
completely. Finally, cluster the remain pixels in the binary
image base on 4-neighbors and pick out the largest cluster
which is the pure projectile.

Contour Extraction

The main body of the terminal-sensitive projectile is a cylinder
and its projection on the image plane is a perspective 2D cylinder.
To determine its orbit in the recorded images, the contour of the
perspective 2D cylinder, which generally consists of two line-
segments and two elliptic arcs, should be extracted to fit the axis
of the cylinder. As accuracy is required for fitting, subpixel edge
extraction operators [28] are used to extract subpixel contour
points.

Because some of the contour points belong to the line-
segments, some belong to the elliptic arcs, and a few belong to
noise, it is necessary to separate them. Due to incompleteness, the
previous works [29] have proven that the ellipse fitting may be
inaccurate only rely on the contour points belong to the elliptic
arcs. Therefore, the contour points belong to the elliptic arcs are
not used here, only the contour points belong to the line-
segments are adopted. To distinguish the contour points that
belong to the line-segments, the random sample consensus
(RANSAC) algorithm [30] is employed. The basic procedure is
as follow:

Step 1. Randomly selecting two contour points from the extracted
N contour points above;
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FIGURE 6 | Extraction of line-segments when the ray is orthogonal to the
axis of the rotating cylinder.

Step 2. Calculating a line with the two points selected in Step 1;

Step 3. Calculating distance of the other N-2 contour points to
the line obtained in Step 2, if the distance of a contour point is
smaller than the threshold 7, it is labeled as an inlier, otherwise
labeled as an outlier;

Step 4. Repeating Step 1~Step 3 until the number of repetitions
exceeds N/2.

Step 5. Selecting the two lines with the most inliers.
To ensure accuracy, the threshold 7 in the above procedure is
set to one pixel, i.e., 7= 1.

Estimation of Attitude

As analyzed in Principle of Measuring Scanning Angle section, the
scanning angle can be solved only when the terminal-sensitive
projectile rotates to position where the ray is orthogonal to the
axis of the projectile. Figure 6 shows an image of a cylinder
rotated to that position. It can be seen that the two line-segments
are parallel to each other, and the ellipse arcs almost become lines
too. Mark the two line-segments as e; and e, the axis of the
cylinder as e, thene; || e; || e. Assume the angles between the line-
segments ey, e; and the y-axis of the image coordinate system is 6,
and 6, respectively, thus the angle 6 between the axis e and the
y-axis can be calculated as

9= (01 +62)/2 (10)

Once the two line-segments e; and e, are fitted, the angles 6,
and 6, can be computed exactly, the angle 0 thereby can be solved.
That is the axis e does not need to be fitted any more.

The position of point a is determined as follow: project the
center points of line-segments e; and e; to the axis e, then take the
midpoint of the two projected points on the axis e as point a.
Because the length of line-segments e; and e, are almost equal to
each other, the projections of the center points on the axis e are
almost coincident as shown in Figure 6. Once the position of

FIGURE 7 | A frame of a rotating cylinder whose surface is marked with
an artificial pattern.

FIGURE 8 | A frame of a rotating cylinder whose axis is coincident with
the y-axis of the image coordinate system.

point a is determined, its 2D coordinate (x,, ¥,) can be achieved
exactly. Finally, by combing the parameters (the focal length fand
the pixel sizes dx and d y) of the high-speed camera, the scanning
angle # can be calculated exactly through Formulas 3, 6.

As analyzed in Principle of Measuring Spin Rate section,
the steady-state spin rate can be achieved by measuring either
the rotation rate or the revolution speed of the terminal-
sensitive projectile. To measure the rotation rate, the key
point is tracking the features, so the surface of the terminal-
sensitive projectile should be illuminated, as shown in
Figure 7. Since the feature tracking algorithms have been
widely studied and applied in computer vision, the details will
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FIGURE 9 | Schematic of measurement error introduced by frame rate. (A) Partial view of the plane O,, - X,, Y., in Figure 2B. (B) View of the trajectory on the image
plane.

not be presented here. The disadvantage of measuring
rotation rate by tracking features is that the contours of
the cylinder in images may be quite vague (Figure 7), thus
the line-segments would be difficult to distinguish or with a
low separate accuracy, which would affect the scanning angle
measurement accuracy.

To measure the revolution speed, the key is finding out the
frames in which the axis of the projectile is coincident with
the y-axis of the image coordinate system. As mentioned
before, the axis of the projectile is difficult to fit accurately,
hence only the line-segments are employed. As shown in
Figure 8, due to perspective transformation, the line-
segments e; and e, would be not parallel to each other
while the axis e of the cylinder is coincident with the
y-axis of the image coordinate system. To judge correctly,
the follow formula is developed

e=|g- i+, (11)

where €] and €, are the normalized vector of line-segment e,
and e,, and 7 = (1,0) is the basic unit vector. For a frame in
which the axis e of the cylinder is coincident with the y-axis of
the image coordinate system, the &€ would be zero in theory.
Whereas, it would be a very small value since there are errors.
Thus, find out those frames with minimum ¢, then
use Formulas 7, 8 to compute the real-time and average
velocity.

MEASUREMENT ERROR ANALYSIS

Measurement Error of Scanning Angle

There are many factors, such as the error of the focal length fand
the pixel sizes dx and dy, frame rate, and contour extraction
error, etc., may affect the scanning angle measuring accuracy.
Since the subpixel edge extraction operators can reach an
accuracy of 1/50 pixel, its influence is omitted. The error of
the focal length f and the pixel sizes dx and dy may produce

systematic error which can be corrected through some calibration
procedure, so they are not discussed here. The frame rate has
significant influence on the measurement accuracy, so it is
discussed in detail. As shown in Figure 9A, a frame should be
captured at position A in theory, whereas, it may be missed
because there is a time interval between two frames. The
maximum error is reached when position A is in a certain
position between the two adjacent frames at position A; and
A,. Thus, either the 2D coordinate (x,, ¥,) of point a or the angle
6 on the image would exist an error which would lead to an error
of the scanning angle # according to Formulas 3, 6.

Assuming the frame rate of the high-speed camera is p fps, and
the spin rate of the terminal-sensitive projectile is w 1/s, then
A0, A + £LA;O A = w x t/p. That is £A10,A<w X 7/p and
£A;04,A <w x 7/p. For ease of calculation, only the error at
point A, is calculated and the angle £A;0,,A is set to the upper
bound w x n/p, i.e., LA1OuA = w X 7/p.

As shown in Figures 2B, C, according to ray trace theory

{ GN/NO. =og/f = ya/f (12)
GA/NO. =ag/f =x./f

Draw an auxiliary line G;N; through point G; that is
perpendicular to the axis Z. (Figure 9A). Since the point G;
is on the plane O, - XY, thus G;N; = GN. Assuming the
projection of point G; on the image plane is g;, the 2D
coordinates of point a; is (X4, ¥a1), and the angles za;so is
6,. Then

GINI/NIOC:GN/NIOC:Ogl/f:yal/f (13)
G1A1/N1Oc =a1g1/f = xal/f ’
According to  Figure 9A, NN;<«<NO, hence

NIOC = NOC —]\U\]lt NOC, then

Xa1 = G]A] X NOC X xa/(GA X NlOC) = (G]A]/GA) X Xa.
(14)

{yal = f xGN/N,O, = f x GN/NO, =y,
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FIGURE 10 | Experiment setup used to test the attitude measurement
algorithm in laboratory.

Moreover, according to the Pythagorean theorem,

G4, /GA =sin(£AO,G - £A,0,A)/ sin LAO,GI
LAO,G = sin'1<xa/(tanﬁ x tany x \[x2+ y2 + f* ))
(15)

Therefore, the 2D coordinate (x,1, y41) of point a; can be
computed exactly.

Once the 2D coordinate of point a; is solved, the angle 8, can
be calculated according to the Pythagorean theorem as following
(Figure 9B)

6, = tan”" (x4 x tan 0/x,). (16)

Finally, a new scanning angle 7, can be calculated by inputting
the parameters (x,1, ¥a1), 61, f, dx, and dy into Formulas 3, 6,
and the measuring error thereby can be obtained as

A =|n, = 1. 17)

Measurement Error of Spin Rate

The frame rate and the time measurement error of the high-speed
camera, and contour extraction error, etc., may affect the spin rate
measuring accuracy. Among them, the frame rate is the major
influence factor. As shown in Figure 3, a frame should be
captured at position g where the axis of the projectile sg is
coincident with the y-axis of the image coordinate system in
theory, whereas, it may be missed because there is a time interval
between two frames. The maximum error is just a frame.
Therefore, the spin rate measurement error is

Mv=lw-pxw/(p-w)=a’/(p-w), (8

FIGURE 12 | A frame of the rotating terminal-sensitive projectile.

EXPERIMENT

Experiments were conducted in a laboratory to evaluate the
proposed method for image segmentation. The experimental
setup is illustrated in Figure 10. In the experiment, a terminal-
sensitive projectile was suspended in the air using a flexible rope that
passed over a pulley and rotated around a plumb axis. The projectile
maintained a steady spin at a rate of approximately 3.5 revolutions
per second. To ensure adequate illumination, a LED light source was
employed. For image recording, a high-speed CMOS camera,
specifically the MIKROTRON EoSens 3CXP as shown in Figure
11, was used. The camera has a maximum resolution of 1280 x
1024 pixels, with a pixel size of 8 x 8 um. The focal length of the
camera lens was set to 35 mm, and the camera operated at a frame
rate of 1,000 frames per second.
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FIGURE 13 | Fitting the axis of the main body of the terminal-sensitive
projectile.
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FIGURE 14 | Scanning angle of the rotating terminal-sensitive projectile.

During the experiment, two lighting schemes were tested to assess
their impact on the quality of the captured images. The first scheme
involved illuminating the main body of the terminal-sensitive
projectile, while the second scheme involved illuminating the
surrounding wall. The results showed that the latter scheme
produced images with clearer edges compared to the former,
which resulted in images with blurred edges. Therefore, the
lighting scheme that illuminated the wall was ultimately chosen
for further experimentation. The measurement process described in
Measurement Process section was followed during the experiment.
When the rotating terminal-sensitive projectile reached a steady
state, the camera recorded a total of 5,000 images over a duration of
5 s. Figure 12 displays a frame captured from the rotating terminal-
sensitive projectile, providing a visual representation of the captured
image. Additionally, Figure 13 showcases the extracted axis of the
main body of the terminal-sensitive projectile, which was obtained
through the image processing and segmentation techniques
discussed in the paper. These figures serve to illustrate the
effectiveness of the proposed method in capturing and extracting
relevant information from images of the rotating terminal-sensitive
projectile. The clear edges in the images obtained using the selected
lighting scheme contribute to accurate segmentation and subsequent
analysis of the terminal-sensitive projectile’s main body.

Spin rate (r/s)
PNWPrATOITOON00 OO

0 05 1 15 2 25 3 35 4 45 5
Time (s)

FIGURE 15 | Spin rate of the rotating terminal-sensitive projectile.

The measured scanning angles are depicted in Figure 14. The
minimum scanning angle recorded was 37.5°, the maximum scanning
angle was 39.2°, and the average scanning angle was 38.3°. The
measurement error associated with the scanning angle was found
to be less than 0.67°. Similarly, the measured spin rates are shown in
Figure 15. The minimum spin rate observed during the experiment
was 3.25 revolutions per second (r/s), the maximum spin rate was
3.351/s, and the average spin rate was 3.30 r/s. The measurement error
for the spin rate was determined to be less than 0.051/s. These
measurement results highlight the high accuracy achieved by the
novel algorithm proposed in the paper. The algorithm effectively
captures and analyzes the rotational motion of the terminal-sensitive
projectile, providing precise measurements of both the scanning angles
and spin rates. The low measurement errors indicate the reliability and
robustness of the algorithm in accurately quantifying these parameters.

CONCLUSION

Optical measurement instruments/systems are widely used in
modern weapon test. They usually have higher accuracy than
other sensors in spin rate measurement, whereas lack of precision
in scanning angle measurement. In this paper, an optical attitude
measurement method for terminal sensitive projectile in vertical
wind tunnel test is presented in detail. The optical measurement
method is extremely simple since only one high-speed camera is
employed. However, both scanning angle and spin rate can be
measured accurately by using the novel method.

Compared with existing optical attitude measurement methods,
the contribution of the novel method can be analyzed in two aspects:
first, the mathematical model for calculating scanning angle of a
steady-state terminal sensitive projectile is derived, which makes it
possible to measure scanning angle from images recorded by only a
fixed camera; second, the algorithms of estimating scanning angle and
spin rate depend only on the line-segments of the perspective
cylinders in images are designed, which significantly improve the
measurement accuracy. The perspective cylinder, which is projection
of the terminal sensitive projectile on image plane, is generally consist
of two line-segments and two elliptic arcs. It is well known that the
ellipse fitting may be inaccurate only rely on the contour points belong
to the elliptic arcs. Therefore, only line-segments are adopted to
compute both scanning angles and spin rate accurately.
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The shortcoming of this paper is that the error of the focal
length fand the pixel sizes dx and dy are not considered. In fact,
the error of those parameters may produce considerable
measurement error. Hence, they should be calibrated in
advance in practical application.
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