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Simultaneously tracking and imaging moving objects has been an open problem, due to the requirement
on a large amount of information and the low photon flux during the very moment that the object can
be taken as stationary. Information of the moving object can be decomposed into motion information of
the centroid and image of the object. The amount of motion information can be far less than that for
imaging. Therefore, we propose to solve the problem by information segregating. That is, to obtain the
motion trajectory and gradually achieve the image during the tracking process. As an example, we unify
tracking and imaging within a single system, based on ghost imaging with a four-quadrant detector. The
differential signals from the quadrant detector are used for tracking, and the sum signals are for imaging.
Experimental results show that our method provides high tracking accuracy and high-quality imaging. For
objects of angular velocity up to 165 mrad/s, the tracking accuracy reaches 1/7 of the imaging resolution.
Possible influences from different practical factors are also discussed.

DOL: 10.1103/PhysRevApplied.19.054014

I. INTRODUCTION

Observing moving objects within a large field of view
is essentially required in a variety of applications, such
as autonomous driving [1], traffic monitoring [2], scout-
ing, biomedical imaging [3], and so on. The task can
still be tricky with current techniques, since both tracking
and imaging are simultaneously required. An immediate
action is to obtain a sequence of images, with both tra-
jectory and image of the object achieved [4—7]. However,
a large continuous flow of information is required to be
handled. For moving objects, high-speed cameras are nec-
essary, which results in excessive hardware requirements
and a rather large amount of data in practical applications
[8,9]. Another solution is image-free tracking, abandoning
the capability of imaging. This can be done by a LiDAR,
relying on directional probe beams that can be scanned
spatially or angularly [10,11]. Such systems with high spa-
tial accuracy are costly. Meanwhile, the position of the
object can also be obtained by spatially encoding the illu-
mination [12—14], with a requirement on high refreshing
frequency of such illumination patterns. These image-free
methods are limited in applications due to the lack of
images.
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From the view of information acquisition, the tasks of
tracking and imaging can be quite distinct and can be done
in parallel. Tracking is continuously acquiring motion of
the object’s centroid, while imaging obtains its spatial
structure. Compared to acquiring a sequence of images, the
amount of information required for tracking is relatively
tiny [15]. With the centroid of the object being tracked,
keeping it within the illumination field by beam steering,
the image of the object turns out to be static, which no
longer requires a large flow of information. That is, if
segregated into a flow of changing positions and a static
image, the amount of required information can be greatly
reduced.

For this goal, a system with the capability to track and
image in parallel, with a detector of few pixels, is required.
Ghost imaging (GI) provides a way that can obtain an
image with only a single-pixel detector. With GI, the image
is reconstructed from second-order correlation between a
number of illumination patterns and detection results with
a non-spatial-resolving detector, which collects the corre-
sponding echoes [16-21]. Based on its features of high
sensitivity [22], strong robustness [23], lensless imaging,
GI promises a broad perspective in different applications
[24-27], which has also been extended from optics to ter-
ahertz wave [28-31], X-ray [32-34], and even material
waves [35,36]. Towards moving objects, it was proposed

© 2023 American Physical Society


https://orcid.org/0000-0001-8480-9904
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.054014&domain=pdf&date_stamp=2023-05-04
http://dx.doi.org/10.1103/PhysRevApplied.19.054014

LONG-KUN DU et al.

PHYS. REV. APPLIED 19, 054014 (2023)

to obtain the trajectory by cross-correlation between blur-
ring images from a few hundred samplings. Then both
trajectory and image can be gradually obtained, assuming
a temporary static object during each momentary sampling
process [7,37]. Further, velocity measurement was also
demonstrated under the illumination of the translational
patterns, thus tracking and imaging can be simultane-
ously achieved [38], assuming a uniform motion with each
momentary sampling procedure. For moving objects of
higher speed and diverse motion, such assumptions are
expected to be released.

In view of the above analysis, we demonstrate an
information segregating method to achieve simultaneous
tracking and imaging of a moving object, using a unified
system, based on GI with quadrant detection and beam
steering. From each echo, displacement of the object can
be measured, according to which the illumination beam
is steered. Therefore, the object is almost kept relatively
static to the imaging system. The images can be obtained
from correlation between the illumination patterns and the
echoes. Thanks to the small amount of required data, the
feedback frequency and tracking accuracy can be rather
high. With the angular velocity up to 165 mrad/s, the track-
ing accuracy can reach 1/7 of the spatial resolution of GI.
The field of view is not limited by the immediate illumina-
tion area, as a result of beam steering. Besides, no prior
information or assumption about the motion is required
anymore.

II. METHOD

Generally speaking, the greater the amount of informa-
tion acquired, the greater the consumption of resources
and energy. Nyquist-Shannon’s theorem establishes a suf-
ficient condition for sampling rate that permits a discrete
sequence of samples to capture a continuous signal of
finite bandwidth. For a two-dimensional image with size
of L., L, and spatial bandwidths of By, B, in x, y direction,
the required information capacity is defined as the spatial
bandwidth product (SBP)

Bs = 2L,B, x 2L,B,, (1)

where By = BsyBsy [39]. Under noise, it should be rewrit-
ten as [40]

Co = Bslog((s + n)/n) = Bslog(1 +s/w),  (2)

with s being the average power of signal, u being the
power of additive noise. For a signal of duration 7" and
bandwidth B;, the minimal number of required sampling
points is defined as time bandwidth product, By = 2TB;.

Then, the total information capacity required is [41]
Cy = Bg x Brlog(1 + /). 3)

In many cases, the object’s shape changes slowly or even
does not change. The information of the moving object can
be decomposed into the spatial image and the movement of
the centroid. For the spatial image, the information capac-
ity can be expressed as Cy. For motion, the field of view is
much larger than the object, and without prior information,
it can be considered that the object can appear anywhere
with equal probability. Then, the information of one cen-
troid position can be expressed as log(2L.B, x 2L,B,) =
log(Bs). The information of the centroid changing with
time is Brlog(Bs). Since the motion information and the
image information of the object are independent to each
other, if obtained segregatedly, the required information
capacity will be

Cy = Bslog(1l + s/u) + Brlog(Bs). 4)

For fast moving objects, the By is large, so C; « C, and
the resources required can be greatly reduced.

Four-quadrant detectors are often used in tracking
scenes, such as laser guidance [42], spot positioning [43],
sun tracking [44], and laser diameter measurement [45]
etc. However, no image can be obtained. Towards our goal,
we build a modified GI system, unifying the capability of
tracking and imaging within a simple system. The main
idea is shown in Fig. 1(a). For illumination, a sequence
of pulses with random spatial patterns are headed onto
the object plane by a beam-steering module. For the cor-
responding echoes, a four-quadrant detector is employed,
serving for bucket detection, as well as for determining the
displacement of object. As any two-dimensional motion
can be decomposed into two degrees of freedom, the differ-
ential values of the four-quadrant detector can be sufficient
for retrieving displacement and moving direction of the
object. The illumination beam is steered to maintain the
object located at the center of the illumination area. In
parallel, the sum value of all the quadrants reflects the
intensity of echo, which offers bucket detection for image
reconstruction.

A. Tracking with four-quadrant detection under
random illumination patterns

The tracking system is shown in the right part of
Fig. 1(a). A four-quadrant detector is placed on the image
plane of the objects, as shown in Fig. 1(b). Movement of
the object will cause spatial shift of the echo, resulting
in nonzero differences between the quadrants. Accord-
ingly, steer the illumination beam to draw the differential
signal towards zero, centroid of the object can be kept
close to origin of the detector. Suppose the centroid of the
object departs from the origin by Ax and Ay, as shown in
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FIG. 1. Main idea of information segregating. The object is
illuminated by speckle patterns and imaged on the surface of a
quadrant detector, the results of which are separately used for
tracking and imaging.

Fig. 1(c). The normalized differential signal corresponding
to x direction can be written as

(81 + p1) + (54 + pa) — (52 + ) — (s3 + M3)

D, =
: (55 + 1s)
_S1tSq— 82 —83 M1+ g — U2 — U3 )
{5 + 1es) (85 4 as)

Here s; and w;(i = 1,2, 3,4) denote the signal and noise in
the ith quadrant, respectively. And sy = Y57, s = D s
(-) denotes ensemble averaging. Similarly, D, represents
the normalized differential signal in y direction. With no
loss of generality, only one dimension is analyzed.

Take the area of lighted spot on the four-quadrant
detector as S, and the length falling on the center-
line of the detector as /. With a small displacement,
Ax < I, we can obtain the expectation of D, as (D,) =
[(S/2 + Ax]) — (§/2 — AxD]/S = 2AxI/S. So within a
certain interval,

o (Dx) . (6)

Since the differential signal is proportional to Ax, it can be
used for tracking. Keeping (D,) equal to zero all the time,
the centroid of moving object will be kept at the origin of
the four-quadrant detector.

In our method, the differential signal is not only deter-
mined by movement of the object, but also the fluctua-
tion of random illumination. Considering the fluctuations
caused by speckle illumination and detection noise, the

variance of D, is (see Sec. 1 in the Appendix for details)

; 0

where [; is the echo intensity of the ith speckle on the
object and o2 is the variance of detection noise from each
quadrant. Disregarding detection noise, the error caused
by speckle fluctuations can be controlled within average
size of one speckle in a single detection (refer to Sec. 1
in the Appendix for details). »n is the number of speckles
within the area of the object, which can be roughly esti-
mated via the echo signals (see Sec. 4 within the Appendix
for details).

To keep the object properly tracked, the differential sig-
nals in the x and y directions are fed into the control
program to control the steering module. The accuracy of
tracking is mainly affected by two factors. One is the inten-
sity fluctuations of illumination patterns and noise. The
other is the displacement within the duration that the object
is not illuminated, namely the sampling interval.

Suppose the repetition frequency of illumination pulses
is f., which can also be the tracking frequency, and the
bandwidth of detector is high enough for such pulses. For
an object moving at a speed of v, with the sampling interval
of 1/f., the displacement is v/f.. The change of (D) is

2v/nl  2v
Jelss) — /ndf”

where d is the average size of the speckles. The higher the
tracking frequency £, the higher the tracking accuracy. The
error in tracking § Ax is comprised of the detection error
and the sampling interval error, as

i 4 2, 4
$Ax o | izt T 40 v 9)
(55 + ps)? ”dzfcz

§ (D) = 3

The first item in Eq. (9) means the error of detection. The
noise can be described by a Gaussian distribution with zero
mean, so (i) = 0. Here we define the detection signal-

to-noise ratio (DSNR) as DSNR = (s;) /1/ >0, 17 + 402,

The second term in Eq. (9) reflects the influence of the
motion speed v and the required tracking frequency f.. If
the tracking accuracy is expected to be Jy, i.e., §Ax < §y,
[ is required to satisfy

2v
Jnd18? — (T, I + 400 /(5,)%)

fezk , (10

where k is a scale factor, which is determined by the geo-
metric configuration and the photoelectric response of the
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system. So the faster the object moves, the higher the track-
ing frequency is required to maintain the same tracking
accuracy. Thanks to the small amount of data for quadrant
detection, the tracking frequency can be rather high.

B. Imaging with quadrant detection

For imaging, as shown on the left part of Fig. 1(a), the
sum of four quadrants is used as the bucket detection /.
The image can be obtained through the correlation between
I, and the illumination patterns /,.(X) as [46]

GRX) = (AL(X)AL), (11
where AL.(X) = I,(X) — {[.(X)), Al, = I, — (I;). In order
to keep the imaging results free from motion blurring,
the displacement of the object is expected no exceed-
ing the spatial resolution within the imaging duration
[47]. With the tracking method discussed above, it can be
obtained that the tracking error caused by speckle fluctu-
ations can be controlled within size of one speckle, even
using one single detection for tracking (see Sec. 1 within
the Appendix). In ghost imaging, the spatial resolution
equals the average size of speckles. Therefore, under four-
quadrant tracking, the image can be reconstructed with
no motion blur. To measure the quality of the image,
contrast-to-noise ratio (CNR) is usually calculated as [48]

_ (GG — (GGow)
" /A2GG) + A2GGow)

(12)

where Xj, represents the area occupied by the object within
the illumination area, called object region, and X,y repre-
sents the rest of the area, called background region, with
A’G being the corresponding variance. A larger CNR
implies a higher quality of imaging results.

III. EXPERIMENTS AND RESULTS

To test the performance of this method, we demonstrate
an experimental setup as shown in Fig. 2. The system
is shown within the blue dotted line, with a high reflec-
tion mirror (HRM) serving as transmitter and receiver. The
distance between the object and the system is 65 cm. Ran-
dom speckle patterns, generated by lighting a pulsed laser
(DHNL 1064-50-P-N-M-FA) on a rotating ground glass,
are illuminated onto the object’s surface. A four-quadrant
detector is placed on the image surface to collect the echo
signals. To enable the system for tracking, the HRM is
jointly driven by two turntables: a vertical motorized swing
stage (Zolix: PSAG 15-195) and a horizontal motorized
rotary stage (Zolix: TBRK 100). The displacement of the
object can be taken as proportional to the rotation angle of
the turntable (see Sec. 2 within the Appendix). According
to Sec. I A, movement of the object will bring changes in
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FIG. 2. Experimental setup. A pulsed laser beam (1064 nm)
passes through a rotating ground glass (RGG) to form a rapidly
changing speckle field, which is then split into two beams by
a beam splitter (BS). One beam is recorded by a CCD, and the
other beam is headed onto the object via an imaging lens L3 and a
HRM. Light reflected by the object returns through the same path
and is collected by the lens L4. The four-quadrant detector (First
Sensor:QA4000-10) is placed on the image plane of the lens L4
to determine the spatial centroid of the echoes. The differential
signal is sent to a steering module to track the object, and the
sum of four quadrant is used as bucket detection to obtain a ghost
image of the object.

D, and D, of the four-quadrant detection. Then the differ-
ential signals are sent to a proportion-integral-differential
(PID) program. Speed and acceleration of the movement
can be estimated via PID, with the output converted into
driving pulses by a direct digital synthesis (DDS) towards
the stepper motors. By carefully setting the parameters,
the beam can be steered properly to keep the object in
the center of the illuminated area. From the actions of the
motors, the trajectory of the object can be obtained. At
the same time, the illumination patterns are recorded by a
CCD, as shown in Fig. 2, on the reference arm. The image
of the object can be acquired through correlation between
the sum of four-quadrant detection and the corresponding
recorded patterns.

The tracking and imaging results are shown in Fig. 3.
Figures 3(a) and 3(b) show the measured trajectories and
real trajectories of a “bird” (cut out of a plain piece of white
paper), and a c-type metal bracket (one piece of ESK16 by
Thorlabs), denoted as “bird” and “C,” respectively, both
of which have rough surfaces. The red curve shows the
actual trajectory of the object captured by another monitor-
ing camera (not shown in Fig. 2), and the blue curve is the
measured trajectory obtained by our method. The object
is driven by a two-dimensional motion system consisting
of horizontal (Zolix: PSA 100-11-X) and vertical (Zolix:
PSA 100-11-Z) translation stages. The velocity on both the

054014-4



INFORMATION SEGREGATING TOWARDS SIMULTANEOUS. ..

PHYS. REV. APPLIED 19, 054014 (2023)

_
O
-

——Measured trajectory 50 ——Measured trajectory
——Real trajectory ——Real trajectory

"t
—40 =20 0 20 40
Centroid X/mm

(€) .2k . 3k

e

Centroid Y/mm

0
=50 =25 0 25 50

0.13s  0.27s

(d)
1.00 \ x direction
075 ——y direction
& B
:‘éﬂ 0500 42"
(4 _ = bracket
0.25 \ bird
\B,
0,00+~ 4 8o A
0.00 0.03 0.06 0.09 03 06 09 1.2
Time/s Time/s
FIG. 3. Results of tracking and imaging. (a) Trajectory of the

white paper “bird.” The maximum movement speed of the object
in the horizontal and vertical direction are 7.15 cm/s and 3.58
cm/s. (b) Trajectory of the metal bracket “C.” The maximum
movement speed of the object in the horizontal and vertical direc-
tions are 10.7 cm/s and 4.2 cm/s. (¢) Evolution of imaging results
during tracking. (d) Temporal response of tracking in x and y
direction. To test this, the object is first set at the edge of the illu-
minated area (1.0 on the vertical axis). Then the beam is steered
such that the object is kept at the center (0 on the vertical axis).
(e) Image quality varies with time.

horizontal and vertical axes varies sinusoidally with time:

Ve = asin(wit + ¢1),

. (13)
V, = bsin(wyt + ¢»).

To compare the measured trajectory and the real one,
we calculate the root-mean-square error (RMSE) between
them, where RMSE is used to measure the tracking accu-
racy. The smaller the RMSE, the higher the tracking accu-
racy. Trajectory of bird is shown in Fig. 3(a). The size of
the bird is 2.8 cm x 1.9 cm, and the range of horizontal and
vertical movement are L, = L, = 6.5 cm. The maximum
speed of the object in the horizontal and vertical directions
area = 7.15 cm/s and b = 3.58 cm/s, respectively. RMSEs
of tracking on the horizontal and vertical directions are
0.027 cm and 0.016 cm, respectively. The trajectory of C
is shown in Fig. 3(b). The object is 2.0 cm x 2.4 cm in
size and moving within an area of Ly, =9.0 cm, L, = 7.0
cm, with the maximum speed being a = 10.7 cm/s and
b =4.2 cm/s. At this time, the composite motion speed

of the object is close to /a2 + b* = 11.5 cm/s. The max-
imum angular velocity in the x direction is approximately
165 mrad/s. RMSEs of the C are 0.024 cm and 0.017 cm in
horizontal and vertical, respectively. The average diameter
of speckles on the object plane is 0.20 cm, which is also
the imaging resolution. From the experiments, the average
tracking error is smaller than 1/7 of that.

In Fig. 3, the refresh rate of illuminated speckle patterns
is 15 kHz, and the tracking frequency is set as 2 kHz, data
for which is picked at equal intervals from the echo sig-
nals. The illumination area is a circle with a diameter of 5.0
cm, and the range of motion has dramatically exceeded that
size. Evolution of the imaging results within 0.8 s is shown
in Fig. 3(c). The first row is the imaging results of the bird,
and the second row is that of the C. Since the tracking accu-
racy is higher than the spatial resolution, there is almost no
motion blur.

Figure 3(d) shows the process from the entry of an object
to being stably tracked, with the moving range normal-
ized by the size of illumination area. Namely, 1.0 means
the object is on the edge of the illumination area, while 0
refers to the object located at the center of the area. The
green and red lines represent the tracking process in x and
y directions. We define the time it takes from 1.0 to 0 as
the “tracking response time.” It is 0.023 and 0.032 s, from
the start to 4, and B;, in x and y directions. The differ-
ence in tracking response time is caused by the difference
in sensitivity of the stepper motors. The tracking response
time is so short that the motion of the object during such
time is even negligible. So the tracking system can lock on
the object immediately by beam steering. From Fig. 3(d),
the tracking process is slower at first and then faster, with
a knee point at 4,(B;). The reason lies in the response
of PID. When the object is moving from the edge to the
middle of the illumination area, the absolute value of the
differential signal increases first until the whole object is
imaged onto the detector, and then decreases. Figure 3(e)
shows the image quality measured by CNR during the
tracking process. The red and black lines represents CNR
of bird and C, respectively. It increases with imaging time
or the number of samplings, while the increase gets slower.
This is consistent with the characteristics of ghost imaging.

We also experimentally verify the effect of various fac-
tors on the tracking accuracy in Eq. (9). To make action of
beam steering smoother, without adding the requirement
on data storage, exponential moving average is employed
in the experiment. A weighting coefficient « is used,
which actually determines the number N of effectively
averaged samplings and can be approximated as o ~ 1/N
(see Sec. 3 within the Appendix for details). Since the
two dimensions are essentially equivalent, experiments are
only done in x direction, and the results are shown in Fig. 4.
We estimate the influence of tracking frequency, speed of
the object, DSNR, and the weighting coefficient «, with
RMSE as a measure. For each data point, the mean value
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FIG. 4. Variation of tracking accuracy in the experiments. The
RMSE between measured trajectory and the real one is taken
to measure tracking accuracy. The factors including the tracking
frequency f., speed of the object v, the DSNR, and the weighting
coefficient «, are considered. Data for each point is obtained from
statistics over 10 times of experiments. The object moves sinu-
soidally with a maximum velocity of 10.7 cm/s for (a),(c),(d).
The tracking frequency is 100 Hz for (b),(c), and 1000 Hz for (d).

and error bar are achieved from statistics over 10 times of
experiments, and the object moves sinusoidally for these
tests.

The effect of tracking frequency f. is shown in Fig. 4(a).
When (. is small, improvement in tracking frequency pro-
vides significant enhancement in accuracy. While, such a
trend slows down with higher tracking frequency. When f.
reaches 1000 Hz, the tracking accuracy almost approaches
the limit of our system, with RMSE remaining basically
the same. For f. = 1907 Hz, RMSE drops to 0.027 cm.
Figure 4(b) shows RMSE for different velocities, with
fe = 100 Hz. The maximum speed changes from 3 to 11.5
cm/s. With a given tracking frequency, the current system
can work for a range of motion speeds. As a result, RMSE
increases slowly then rises rapidly when the speed exceeds
10 cm/s. That means in our setup, 10 cm/s is the upper
limit under this particular tracking frequency. In addition,
signal-to-noise of detection also affects the performance
of tracking. Experimental results under different DSNRs
are shown in Fig. 4(c). Under certain detection noise,
DSNR is changed by adjusting the intensity of illumination
light. With the improvement of DSNR, RMSE decreases
steadily, indicating that higher DSNR offers higher track-
ing accuracy. The influence of « on tracking accuracy is
shown in Fig. 4(d). The smaller the coefficient o, the more
useful raw data is weighted within a fixed time, so the
tracking is more accurate (see Sec. 3 within the Appendix
for details).

From the above results, we verify our approach of
information segregating by demonstrating tracking and

imaging of moving object, with the influence of each factor
being consistent with the theoretical analysis. Limited by
currently used hardware, the speed of the tracked object
is not very high. For no-live load, the maximum angu-
lar velocity is 8°/s for the vertical stage and 20°/s for
the horizontal one. Considering the load and accelera-
tion in motion, we almost reach the speed limit of our
experimental system. The bandwidth of the four-quadrant
detector used here can be very high (up to dozens of MHz),
allowing for efficient data processing. Using devices of
higher rotation speed and response bandwidth, such as gal-
vanometer mirrors, will offer substantial enhancement in
tracking capability. Therefore, making our method promis-
ing for fast-moving objects.

In practice, our method can be applied to track and
image objects, such as aircraft, ships, etc. Utilizing Radar
or other methods to achieve the discovery of the object,
our method can provide more precise tracking and clear
imaging upon scanning within a small range. In our exper-
iments, although the absolute speed realized is not very
fast, the current angular tracking velocity can be useful.
The maximum angular velocity is 165 mrad/s, which is
higher than most reported results using ghost imaging. It
means that the speed of object can be as high as 16.5 m/s,
if the object is at a distance of 100 m, and 165 m/s for a
distance of 1 km. That is, the current level we achieve can
be of practical significance.

For the signals used for tracking, we use exponential
average filtering. With optimized data-filtering method or
tracking strategy, performance of tracking might also be
further improved. Besides, the effect caused by illumina-
tion fluctuations is as small as the size of one speckle
owing to the fact that the statistics of random speckle
patterns are translation invariant in space. Other illumi-
nation patterns may also be useful, with further study.
Since the experiments are demonstrated with a typical
GI system, those existing methods developed for enhanc-
ing GI can also be introduced for further improvement.
First, the time-correlation method is used to improve the
signal-to-noise ratio in this work, which improves the
quality of reconstructed images [49]. Based on that, the
longitudinal motion can be measured, so the tracking of
three-dimensional movement could be realized. Second,
the sum signal of the four-quadrant detector is used as the
bucket detection. If the signal of every single quadrant is
correlated with the reference arm, a quarter of the image
can be obtained, then the overall image can be obtained
by combining the four quarters [50]. This might help to
improve the imaging quality of GI. Also, using devel-
oped algorithms, such as compressed sensing and machine
learning [51,52], the quality of images might be improved,
even with fewer samplings. Here we perform an example
of information segregating. For information acquisition,
better designed segregating methods will lead to better
performance and broader applications.
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IV. CONCLUSION

Towards information acquisition of moving objects, we
propose information segregating in this paper. The total
information of a large amount is uncoupled into a much
smaller flow (motion of centroid) and a static structure
(image of the object), and treated separately. By detecting
the displacement of the centroid, the motion informa-
tion is fed back to a beam-steering module for tracking.
Thus, the object is kept static with respect to the imag-
ing system. As an example, we verify our method with
a ghost-imaging system based on four-quadrant detection.
Simultaneous tracking and imaging of moving objects are
achieved. By beam steering, the tracked motion range can
be far beyond the immediate illumination area. And the
tracking accuracy in our experiments is below 1/7 of the
imaging resolution, even with the angular speed up to 165
rmad/s.

Photoelectric detectors featuring large-scale pixels usu-
ally have a limited frame rate and sensitivity, making the
performance of the image-based tracking method still quite
modest. While, ghost imaging allows for extracting infor-
mation from even a small number of photons. Combining
our approach of information segregation, it becomes pos-
sible to achieve tracking and imaging for moving objects,
even under weak signals. By hierarchically organizing and
utilizing information of different categories, information
acquisition, and processing become much more efficient.
As a result, this approach is promising for fast-moving
objects. Furthermore, the idea of information segregating
can be spread to multiple practical applications.
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APPENDIX

1. Measurement errors due to speckle fluctuations and
noise

In Sec. II, we get D, expressed as Eq. (5). Dy can
be divided into the the signal part D,; and the noise
part Dy, with Dy = (s1 + 53 —s2 — 54)/(sy + ps) and
Dyy = (1 + 13 — 2 — )/ {ss + ). The noise can be
regarded as obeying the Gaussian distribution with vari-
ance o2, and the noise level in the four quadrants is
the same. Then (Dy;) = 0 and A’D,, = (07 + 07 + 0} +
02)/(ss + 1s) = 402 /(ss + us)?. For Dy, the intensity
obeys the negative exponential distribution in both time
and space domain for random speckle illumination. For
a point on the object, the echo intensity also obeys the
negative exponential distribution 1 () = e~/// /I, where I
is the average value of the echo intensity. Therefore, the
variance of echo intensity is A’/ = 2. For the number

of speckles n occupied by the object, the variance of the
signal is A’Dy; = >, I_,-z/(ss + )% AZD, = A%D, +
A’D,,, then A%D, is obtained as Eq. (7).

Furthermore, for ghost-imaging results to be smear-free,
the displacement of the object is expected to not exceed
the size of speckles [47]. As Fig. 1(c) shows, the number
of speckles on the centerline of a four-quadrant detector
is approximately /n. When displacement of the object
equals the average size of one speckle, disregarding noise,
the differential signal is 2./nl/ {(s;). So if 2V A2D," <
2/nl/ (s;), error of Ax has a probability of 95 % to appear
within one speckle. For 2v/nl? /(N (s;)?) < 2/nl/ (), it
requires N > 1, where N is the number of samples. That
is, in the case of single detection, the tracking error caused
by speckle fluctuations is limited within one speckle.

2. Measurement of displacement

In Fig. 2, the high-reflection mirror (HRM) is driven by
turntables to track the object. It has two rotational degrees
of freedom, horizontal and vertical, as shown in Fig. 5.
Suppose position of HRM is in the middle of a sphere, and
the motion plane of the object is represented with the green
plate. The red arrow represents the direction of the light
field projection. By rotating HRM, the projected light field
moves along with the object so that the object is always
kept in the middle of the light field. The rotation angles in
the horizontal and vertical directions are 6 and ¢, respec-
tively. Then the motion trajectory on the object plane is
x = Ltan¢/cosf and y = Ltan 6, where L is the distance
between the center of HRM and the object plane. When
0,¢ < 1, the above formula can be expressed as x = L¢,
y = LB, so the displacement of an object can be considered
to be proportional to the rotation angle of the turntable.

3. The effect of weighting coefficient o

We use the exponential moving average method in
the experiments. For the ith collected raw data D;, the
value after exponential moving average is d; = aD; +
(1 — a)d;_, with d| = aD;. The relationship between the

LA I

FIG. 5. Schematic diagram of tracking using a rotating HRM.
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averaged data and the raw data is

di=aD;+a(l —a)Di_1 +a(l —a)’Diy + -+,
(A1)

which is the weighted sum of the raw data, and this weight
is related to the value of «. When the coefficient of the
term is smaller than 1/e of the first term a(1 — o) < a/e,
the effect of the term on the final result is negligible. At
this point, the effective number of terms N = 1/«. The
smaller «, the more useful raw data is weighted. We can
simply describe this result by averaging. If the differential
signal Dy is achieved after averaging over N raw samples,

(Dx/> = (D,) and AZDX/ = A?D,/N. It means that the dis-

placement value after exponential moving average can be
more accurate.

4. Estimate n from the signal

Based on the bucket signals, we can roughly estimate
the number of speckles n occupied by the object, which
also corresponds to the object’s size. Without the object,
the mean and variance of the signal are (/) = (u,) and
A%l, = 402, With object, the mean and variance of the sig-

nal becomes <Il;> = (1s) + nl, A2L, = 40% + nl?. So we
can get the number of speckles occupied by the object as
n= (1) = D2/, = A21y).
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