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Locating the position of objects in non-line-of-sight based on
time delay estimation™
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Non-line-of-sight imaging detection is to detect hidden objects by indirect light and intermediary surface (diffuser).
It has very important significance in indirect access to an object or dangerous object detection, such as medical treatment
and rescue. An approach to locating the positions of hidden objects is proposed based on time delay estimation. The time
delays between the received signals and the source signal can be obtained by correlation analysis, and then the positions of
hidden objects will be located. Compared with earlier systems and methods, the proposed approach has some modifications
and provides significant improvements, such as quick data acquisition, simple system structure and low cost, and can locate
the positions of hidden objects as well: this technology lays a good foundation for developing a practical system that can

be used in real applications.
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1. Introduction

The non-line-of-sight imaging is the way to detect hidden
objects, which cannot be reached directly by human vision,
such as around a corner or behind a diffuser, and it has re-
ceived much attention in recent years. For the imaging around
the corner the reflection and diffusion of light are mainly used.
It needs to rely on an intermediate medium which has the prop-
erty of reflection or diffusion. For the imaging that relies on
the diffuse intermediate medium, the laser source is focused
onto a diffuser with characteristics of transmission and dif-
fusion, the light scatters through the diffuser and spreads on
a hidden object, then the light is scattered back again to the
diffuser by the hidden object. It is finally obtained by the de-
tectors which receive the backscattered light.

Earlier, the range-gated technology is used to obtain the

(121 and it depends on the reflection

non-line-of-sight imaging,
of the intermediate medium (glass, metal frame and ceramic
tile). The reflection imaging of the hidden object in the house
can be detected by a range-gated camera. The light can also
scatter through the opaque objects and imaging.!3) The “see-
ing around the corner” is the main way of non-line-of-sight
imaging, and it usually uses the active imaging.[*! The hid-
den objects imaging behind a diffuser is another way, such as
non-invasive imaging through opaque scattering layers."!
The technique of the time-of-flight (TOF) was used to in-
vestigate the inverse light transmission.[®! The method proved

the existence of a set of inter-reflection cancelation operators
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that enable computing each n-bounce image. Femtosecond
transient imaging utilized the ultrafast laser and picosecond
streak camera to see the hidden objects around the corner. -]
They used the multiple reflections and five-dimensional (5D)
time-light transmission matrixes; the reconstruction method
was to make the elliptical tomographic projection. The three-
dimensional (3D) hidden object around the corner has been
reconstructed and the resolution achieved a precision of sub-
millimeter depth. They continued to reconstruct the wide-
angle, spatially varying reflectance hidden objects behind the
ground glass diffuser, in which they used time-resolved inver-
sion of backscattered light.['>!3] The different indirect and di-
rect illumination concepts (point, surface and volume scatter-
ing sources) were also discussed to reconstruct hidden objects
in non-line-of-sight imaging,!'*! and they mainly focused on
the large scales (on a meter scale) and a relatively long image
acquisition time. Compared with the high resolution streak
camera, the time-gated single photon avalanche diode (SPAD)
for detecting the time-of-flight information has low cost with
maintaining a comparable time resolution.!'>] The SPAD was
also used to track the hidden objects around corner.!'®!

The reconstruction algorithm of non-line-of-sight imag-
ing primarily depends on the information obtained by the de-
tectors. The range-gated imaging technology!!?! does not re-
quire reconstruction, the CCD camera captures the images re-
flected from the intermediate medium directly, but the image
resolution is low. In the femtosecond transient imaging system
used is the streak camera which obtains the streak images of

*Project supported by the National Science and Technology Major Project of China (Grant No. AHJ2011Z001) and the Major Research Project of Yili Normal

University (Grant No. 2016YSZDO05).
Corresponding author. E-mail: yqwang@nju.edu.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

084203-1


http://dx.doi.org/10.1088/1674-1056/25/8/084203
mailto:yqwang@nju.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 25, No. 8 (2016) 084203

hidden objects around the corner. The forward model of light
transmission is established by elliptical tomographic projec-
tion and the filtered back projection is used in the reconstruc-
tion algorithm. The SPAD can detect the backscattered pho-
tons, and the time correlated single photon counting (TCSPC)
module is used to produce a histogram of the photon counts
versus the number of time bins after the illumination pulse.
In the reconstruction method the back projection algorithm is
also used. Currently, the conceptions of most proposed al-
gorithms are of chromatographic process, which is similar to
computer tomography (CT). So the general method is to per-
form the tomographic reconstruction, and the back projection
algorithm is used to image reconstruction. The back projection
algorithm is also used in synthetic aperture radar system.!!”]
The tomography reconstruction algorithms require data acqui-
sition many times, the light source needs repeating on many
spots, and the detectors also record data repetitively for mul-
tiple data acquisition correspond, so data collection needs to
take a long time. Due to a large number of data acquisitions,
the reconstruction is also slow. The detector requires high ac-
curacy and sensitivity, which is expensive (such as picosecond
streak camera). Those shortcomings block the practical appli-
cations.

In the paper, we present a different reconstruction algo-
rithm based on time delay estimation for the localization of
hidden objects. There is a certain time delay between differ-
ent signals. When the signal arrives at the detector at different
times, the location of the reflect signals are estimated by the
time delay. The light source in our system only focuses on one
spot and does not need to repeat many spots and times, neither
does the data acquisition. Accordingly, the data acquisition
is finished simultaneously. The structure of the system shows
simpler and lower cost. The reconstruction algorithm based on
the time delay estimation can locate the hidden object in real

time.

2. Time delay estimation algorithm

The time delay estimation (TDE) algorithm is based on
time difference of the arrived signals between the different de-
tectors. The position and direction of the return signal can
be located by the TDE algorithm. It is an important part of
signal processing in signal detection, and is widely used in
radar systems, sonar systems, communications and biomedi-
cal fields.!"®-22] Estimation of the acoustic signal is the most
widely used, according to the similar characteristics of acous-
tic field propagation and light field propagation, the localiza-
tion method of the sound field can be applied to the light field.

The basic idea of TDE is that by measuring the time in-

terval r of signal propagation, under the known speed of light v

in air and the distance s can be obtained, and ultimately using
s the location of source or reflector is determined.

For the active detection system, the source signal is s(n),
the received signal is detected by the detector, and it can be
described by the following mathematical expression:

D
x(n) = Z [ags(n—1y4) +v(n)],
d=1
n=0,1,2,... N—1, (1

where N is the number of observation samples, D is the num-
ber of signals, o is the amplitude of the signal attenuation in
the d-th path, 7, is the time delay of the d-th path signal, v(n)
is the Gaussian noise, and s(n) is the source signal. We make
an assumption as follows: the noise is of normal stationary
random process, and the relationship between signal and noise
is independent.

Cross-correlation function is used in the basic method of
estimating the time delay between the two signals,!?>%# the
correlation function of source signal and the received signal is
expressed as

Ry (7) = E[s(n)x(n+1)]

D
E Z oys(n)s(n— 15+ 7) 4+ s(n)v(n)
d=1

I
aglS

0 [E(s(n)s(n — T4+ 7))] + E[s(n)v(n)]

d=1

S

Z adRss(T - Td) +st (2)
d=1

where Rg(T — 7,) is the auto-correlation function of s(n), E(+)
is the mathematical expectation. In general, the noise is irrel-
evant to the target signal, we consider the noise and the source
signal to be orthogonal, or assume them to be approximately
orthogonal, so formula (2) is changed into

D

Ro(7) = ) aqR(T— 15). 3)
d=1

With the property of the auto-correlation function, when
T—14 = 0, Ry reaches a maximum value, and the correlation
value between the two received signals is maximal, so choose
7 as the delay value when the R(7 — 7,) is maximum:

%:arg{mngRss(r—rd)H}. “4)

3. Modeling of non-line-of-sight imaging

The laser pulse propagation process is shown in Fig. 1. A
pulsed laser at point L strikes a diffuser at point D. Light scat-
ters through the diffuser and toward a hidden object (the red
dashed lines from point D to point S; and S»). The backscat-
tered light beams from the hidden object are back to the dif-
fuser again and received by the detectors which are placed out-
side the diffuser (on the side of laser source). Those are lines
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from point S; to points A, Az, A3, and A4 (the green dashed
lines) and from point S, to points A, A, A3, and A4 (the blue
dashed lines). We use four APDs to receive the return signals
in experiment. The diffuser is opaque and the hidden object
cannot be seen through it. The light transmits through the dif-
fuser and spreads to all directions, the hidden object can be
covered by the scattered light.

APD1 APD2

laser -
.—

S1

hidden
object

APD3 - APD4f’

diffuser

Fig. 1. (color online) Schematic of propagation process of laser pulse
in our experiment system.

3.1. Forward model: time delay of light pulse

A laser source is in the form of time domain signal, and

can be expressed as!?]

p0)= (L) e )

T

where 7 =T, /3.5and T} /2 is the full width at half maximum
(FWHM), a standard measure of the pulse width.

We consider the case of received signal by one APD, and
select three points on the hidden object randomly (points S,
S», and S3) , and the light propagation process is shown in
Fig. 2(b). The distance between light point L and point D is r.
The light transmits through the diffuser at point D and reaches
three points Sy, Sz, and S3 on the hidden object, the transmis-
sion distances are ry,, ry,, and 7y, respectively. The backscatter
light beams from the hidden object are received by the APD,
the transmission distances from S;, S», and S3 to A; are r;] s
r§2, and r§3 respectively, and the received signals by one APD
is shown in Fig. 2(a). The upper portion of Fig. 2(a) shows the
returned signals of three points separately on the hidden ob-
ject; the return times of the three signals can be obtained from

the following formulas:

Isy = (r+rS1 Jrrgl)/c,
ts, = (r+rs, +15,)/c, (6)
tsy = (r+ry+r)/e

Since the distance between points of the hidden object is
very small, the time delays among the return signals are small
too and less than the laser pulse width generally, the received
signals will be overlaid. Each APD detector should receive
overlaid signals, which are shown in the lower part of Fig. 2(a).

The pulse width of received signal is broadened and has multi-
ple peaks at different times. If the signals are received from the
same plane of the hidden object, then the different signals have
the same altitude heights, and the time delay between the re-
turn signals is very small, thus producing high dense overlaid
signals, and finally the signals that are received by the detector
should become a wider pulse width than the source signal’s,

typically having a major peak.

A
v . three separate
signals APD1
tﬁltsztsu t
I ,
N L D
three overlay
signals
diffuser
t
(a) (b)

Fig. 2. (color online) Received signals from hidden object by one APD.
(a) the received signals from three random points of the hidden object,
the upper signals are separated for three points; the lower signal is de-
tected by APD; (b) the light transmission process of the laser to one
APD.

Figure 3 shows that the light beams scattered from a ran-
dom point S, on the hidden object transmit to the diffuser and
are received by four APDs. The distance from the diffuser at
point D to point S is 7y,, and the backscattered light transmis-
sion distances from the point S, to four APDs are ry,,, 7,
Ts,5» and g, respectively. The returned signals that are de-
tected by APDs are shown in Fig. 3(a). The time delays occur
in the four APDs at different distances, and the times of the
received signal in APD are

:(r+r52+rsal)/c7
tin = (rt7s, +15,)/ ¢,
Iy = (rtry, +r55)/c,

=(r+ry,+rg,)/c
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Fig. 3. (color online) Received signals by four APDs from one point of
the hidden object. (a) Four signals received by four APDs respectively
from one point of the hidden object, (b) the light transmission process
of the laser source to the four APDs.
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3.2. Locating the position of the hidden object

The basic method of estimating TDE is to calculate the
correlation function between the source signal and the received
signal, and estimate the time delay between them. According
to the time delay information and the light propagation veloc-
ity, the position of the hidden object can be located.

Let the received signals of four APDs be a;(¢), ax (1),
a3(t), and ay(t), the source signal is p(t), according to for-
mula (2), the correlation between each received signal and the
source signal is calculated as

Rpa(t) =E [p(t)a(fi)} = Rpp(t - Ti)' (®)

The correlation signal is calculated from formula (8), and
the major peaks of the received signal are detected. The time
7; at the peak value is the time delay between the source signal
and received signal, the four time delay values are 7|, T, 73,
and 4.

The position of the object is assumed to be s (x,y,z) in
Fig. 3(b). The distances between point s, and four APDs
are 7y, ¥s,, Ts,, and rg, respectively. The source point
1(x;,y1,71), distance r, and four APD points aj(x1,y1,21),
az()@,yz,zz), a3(x3,y3,z3), and a4(x4,y4,z4) are known. The
distances from laser source to diffuser, from the diffuser to
hidden object and backscattering from the hidden object to the
detector are r, ry,, and 7y, respectively, and the total distance
of the light transmission from the laser source to the detec-
tor is 7+ ry, + 1y, (for example APD1), which is the time-
delay-producing distance between the source signal and re-
ceived signal. The time-delay-producing distances between
the four APD signals and the source signal are

r+rg, + 15, = T1C,
r+rg, + s, = T2C,
r+rg, + 15, = T3C,
F 41y, + Fs,y = T4C,

€))

where

rs—\/x x1)2+ (=) +(z—2)?,
Py = \/ (x —x1)2
Fsp = \/ (x—2x7)2
P = \/ (x —x3)2

Tsu = \/x x4)?

Equation (9) is a ternary quadratic group, and needs three

+(=y1)*+(z—21)%

+ (=) +(z—2)%

+(—y3)*+(z—23)%

+(y—ya)?+ (z— )2

equations to be solved. We just need to obtain the informa-
tion about three APDs.

order to prevent the iteration result from diverging, we use

For solving nonlinear equations, in

the quasi-Newton iterative method?®?7! to solve the nonlin-
ear equations, and the iterative formula is

X1 = X — He f (xz),
(Axy — Hyyy) T (10)
(Ax — Hyy) THiyr

— f(x).

Hy 1 = Hi+ (Axy — Hyy)

where Axy = x4 —xk, and yi = f(xs1)

4. The experiment results

In the experiment, the laser source is a pulse-mode
1064 nm with 10-ns pulse width at a repetition rate of 10 kHz,
and has an average power of 1 W. The detectors are four APDs.
Oscilloscope with a sampling rate of 1 GHz is used to data ac-
quisition. Experimental setup of scene is shown in Fig. 4. In
order to verify the experimental results, we build a cuboid dark
chamber with a size of 600(length) x200(width) x200(height)
(in unit cm). Three-dimensional (3D) coordinates are also
shown in Fig. 4, the light source is focused on the point
D(100,80,0) of the diffuser, the four APDs are placed outside
the diffuser, and their positions are (180, 180, 0), (20, 180, 0),
(20, 20, 0), and (180, 20, 0) respectively. Since the position
of the hidden object has three unknown variables in Eq. (9),
we only need three equations to solve it. In our experiments
three APDs are used to receive signals, the APD1, APD2, and
APD3 are used in experiment 1, and APD1, APD2, and APD4
are used in experiment 2 in the following text.

The light source is focused onto the diffuser and scatters
through the diffuser toward the hidden object, the light beams
scatter back onto the diffuser and are received by APDs. Three
APDs record the returned signals for each light incident on the
diffuser. The light in the system is only focused on one spot
and the data acquisition is finished simultaneously. We have
carried out two experiments in the present work.

reference
light

Fig. 4. (color online) Experiment setup of our system scene. The laser
light is illuminated onto a diffuser at point D, transmits through the dif-
fuser and continues to scatter onto the hidden object, then the light from
the hidden object can scatter back to the diffuser again, finally the four
APDs receive the backscatter signals.

Experiment 1 There is a white board serving as a hid-
den object in the dark chamber; it is placed at a distance of

190 cm from the diffuser. The signals received by three APDs
are shown in Fig. 5. The first signal is reference signal, the
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signals from the second to fourth are received by three APDs,
respectively. There are three time delays between reference
signal and received signals. Since only one board is placed
in the darkroom, there are no altitude differences between the
points in the board. The received signals come back to APDs
concentrated in a short period of time, which form one ma-
jor peak of overlay signals. Due to the overlay of multiple

reference signal

0.02
<
> 0.01
z
[=]
8 0
=

—0.0% 100 200

t/ns
APD2 signal

0.04
>
= 0.02
z
G
=]
2 0
=

—0.025 100 200

t/ns

signals, the amplitude of received signal should be increased.
But there are lots of light energy losses in the scatter through
the diffuser, in the transmission toward the hidden object and
then scattering back to the diffuser, furthermore, many signals
cannot reach the detectors due to the weak energy and noise.

So the received signals are weak.

APDI1 signal

10

Intensity/10~3 V

0 100
t/ns

200

APD3 signal

0.03

0.02

0.01

Intensity/V

—0.010 1(‘)0

t/ns

200

Fig. 5. (color online) Reference signal and received signals which are detected from one white board.

time delay of APD1 signal

0.4
= 0.3 —16.2 ns
2
=]
=
2
3
O
~0.1 . . 1
—200 —100 0 100 200
t/ns
0.15 time delay of APD2 signal
o —18.2 ns
2
gl
=
©
=
o
O
—0.05 . . 1
—200 —100 0 100 200
t/ns
0.8 time delay of APD3 signal
’ ' ' ' ' ;18.'2 ns' '
B
=
©
=
o
O
—-0.2

—100 0 100
t/ns

=200 200
Fig. 6. (color online) Time delays between source signal and APD re-
ceived signals in Fig. 5. The one major peak is corresponding to the
time delay, which is marked as asterisk (*) and the label text is trans-
lated into time (ns).

The time delay estimation between source signal and

three APD signals are shown in Fig. 6. We use formula (8) to
calculate the time delay between each APD and source signal.
The minus sign in Fig. 6 indicates that the received signal lags
behind the reference signal; the major peak in the correlation
signal (maximum peak) is the delay time.

The three time delay values are —16.2 ns, —18.2 ns, and
—18.2 ns of the correlation signals in Fig. 6. Equation (9)
is used to calculate the location point s(x,y,z) of the hidden
object with distances from light source to detectors. We use
quasi-Newton iteration method (Eq. (10)) to solve nonlinear
equations. The result shows the 187-cm depth of the hidden
object has a 3-cm error.

Experiment 2 In order to validate that the method can
locate multiple objects at different depths, we place two white
boards in a darkroom with depths of 1.6 m and 3.3 m respec-
tively to the diffuser, their sizes are 75 cm x 80 cm and 150 cm
x 150 cm, the front board is the smaller size board and the
bigger size board is in the back. Though the front board will
cover a part of the back board, the light can scatter to the other
part of the back board and backscatter to the diffuser, finally
we receive the signal from the back board. The received sig-
nals by the APDs are shown in the column on the left-hand
side of Fig. 7. According to the time delay of multiple hid-
den objects with different depths, there is a larger time delay
with different depths; the received signals each have two ma-
jor peaks. Since the received signal has noise, the wavelet
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de-noise method is applied to the signals before the correla-
tion. The de-noised signals are shown in the column on the

APD1 signal

0.02
<
> 0.01
-
1]
o
g 0
=
—-0.01 .
0 100 200
t/ns
APD2 signal
Z 10
o
< 5
~
z
‘g 0
8
E s .
0 100 200
t/ns
APD3 signal
> 0.02
~
> 0.01
=1
g 0
8
5-0.01
—0.02 .
0 100 200

t/ns

right-hand side of Fig. 7. We can see that the de-noised signal
is smooth and the pseudo peaks are reduced obviously.

denoise signal of APD1

0.02
2
> 0.01
IS
z
g 0
—0.01 L
0.0 0 100 200
t/ns
denoise signal of APD2
> 10
"
2 5 1
~
>
x
2 0 .
: 75 I
0 100 200
t/ns
denoise signal of APD3
> 0.02 1
~
Z 0.01 ]
‘7
= 0
g
S —0.01 E
—0.02 -
0 100 200
t/ns

Fig. 7. (color online) Three APDs received signals which are detected from two white boards, and their de-noised signals. The three
signals in the left column are received signals and the three signals in the right column are their de-noised signals.

time delay of APD1 signal

1.0
a
o 0.8f 1
B —25.8 ns
=
o 0.6 1
B
o
O 04r 1
0'%100 0 100
t/ns
0.2 time delay of APD2 signal
: —26.4,ns
E
2 ]
B
o
(@]
=
5 ]
O
—0.1 .
—100 0 100
t/ns
10 time delay of APD3 signal
S o0s} ]
s —25.2 ng —15.2 ns
© 0.6 1
B
o
O 0.4} ]
0.2 :
—100 0 100
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Fig. 8. (color online) Time delays between source signal and APD re-
ceived signals in Fig. 7. The two major peaks are corresponding to the
two time delays (the two white boards in experiment 2), which is aster-
isked (*) and the label text is translated into time (ns).

The results of time delay are shown in Fig. 8, and the re-
sult signal in each correlation signal has two major signals,
corresponding to the two hidden objects with different depths.
The positions of major peaks in Fig. 8 for three APDs are
(—25.8 ns, —14.6 ns), (—26.4 ns,—14.2 ns), and (—25.2 ns,
—15.2 ns) respectively, which are the time delays of the two
hidden objects with different depths.

We use a quasi-Newton iteration method to calculate the
locations of hidden objects; the results are 413 cm and 241 cm.
The depths of two hidden objects are 333 cm and 161 cm
which subtracts the distance 80 cm from light point L to point
D on the diffuser.

As shown in Figs. 5 and 7, the received signals of APD1
in Fig. 5 and APD?2 in Fig. 7 are weak with larger noise, since
the detection sensitiveness is lower than those of other APDs.
After being de-noised, the signal also has two major peaks in
Fig. 7, and two time delay values are estimated by the correla-
tion analysis, even though there exist many pseudo peaks. In
the experiment, we first detect the peaks of the received sig-
nals, if the received signal has two major peaks, the estimated
values should have two time delays, and there are two major
peaks in the correlated signal.

In our experiment, the light source only focuses on sin-
gle position, the detectors receive the signals from the hidden
objects simultaneously, and the locating algorithm can also be
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finished in real time. The proposed method can achieve rapid
and real-time location of the object position with simple struc-
ture. It is expected to be applied to the practical application.

5. Conclusions

We use a near-infrared laser source, which scatters
through the diffuser and continues to spread onto the hidden
objects, the light scatters back again from the hidden objects
and reflects to the diffuser, finally the light beams are re-
ceived by the detectors. The experimental data are obtained
from the experiment setup with a darkroom in laboratory. The
time delay estimation method is presented, we use the cor-
relation algorithm to obtain the time delays between the re-
ceived signals and the source signal. With the time delay and
distance information, and using the quasi-Newton iteration
method (Eq. (10)) we locate the depths of hidden objects. Ex-
perimental results show that the proposed method can quickly
locate the positions of hidden objects.

The system proposed in the present paper can recognize
hidden targets behind camouflage, vegetation, water, haze and
fog, fire, and smoke. It can detect hidden objects which cannot
be directly observed, and applied to medical treatment, rescue,
and other potential object detection.
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