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Abstract. Laser range-gated imaging systems can obtain images of targets hidden around the corner, with an
intermediary reflective surface with certain specular reflection characteristics. This imaging mode is called non-
line-of-sight imaging. This paper describes a simulation of the target signal illuminance and disturbance radiation
on the photosensitive surface of a non-line-of-sight imaging system based on modeling of an intermediary reflec-
tive surface. Meanwhile, an image contrast model of a non-line-of-sight imaging system is constructed.
Simulation of the image contrast for a laser range-gated imaging system as a non-line-of-sight imaging equip-
ment was carried out by analyzing the effects of varying the target signal illuminance and intermediary reflective
surface reflection. Our simulation results show that the reflection characteristics of the intermediary reflective
surface have a significant effect on the non-line-of-sight imaging. Although ordinary active laser imaging can
realize non-line-of-sight imaging for an intermediary reflective surface with significant specular reflection char-
acteristics, a laser range-gated imaging system is indispensable for non-line-of-sight imaging with commonly
used intermediary reflective surfaces without significant specular reflection characteristics. The image contrast
model of non-line-of-sight imaging constructed in this paper provides insights into the theoretical analysis and
system design, as well as practical application of non-line-of-sight imaging. © The Authors. Published by SPIE under a
Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.0E.53.6.061610]
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1 Introduction

Laser range-gated imaging can penetrate a strong scattering
medium and capture the image of an object at a certain dis-
tance by applying active laser illumination, changing the gate
delay time, and varying the gate width. It has been widely
used in areas such as military reconnaissance, monitoring,
underwater detection, and search and rescue. For cases when
the line of sight is blocked by corners of walls or other build-
ing obstructions within the environment of city streets and
buildings (as shown in Fig. 1), traditional imaging tech-
niques and equipment are unable to achieve imaging beyond
the direct field of view. Non-line-of-sight imaging can
bypass the corners of walls or other obstructions to achieve
imaging beyond the direct field of view, which can be used
to reduce casualties in modern urban street fighting, and to
increase battlefield awareness and operational efficiency.
In 2006 and 2007, researchers at the Research Institute for
Optronics and Pattern Recognition of Germany and Swedish
Defence Research Agency (FOI)'? of Sweden carried out
joint research on short-wavelength infrared laser range-gated
imaging for ground applications in monostatic and bistatic
configurations. A number of test targets (test panels, vehicles,
and soldiers with weapons) were included in the tests, and
windows in buildings and cars, traffic signs, and vehicle
surfaces were utilized as the intermediary reflective surfaces.
In 2011, the FOI group® proposed the loss factor model
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through further study of the effect of the characteristics
(including the shape and the reflection characteristics) of
the intermediary reflective surface on laser illuminance
attenuation and measured the loss factors with different inter-
mediary reflective surfaces. Though their work was insight-
ful, their model is not effective for describing the imaging
process. Since 2007, the Media Lab at the Massachusetts
Institute of Technology (MIT)* has been studying transient
imaging based on femtosecond laser range-gated imaging
technology and proposed an algorithm for extracting object
information from multireflection, realizing a means of seeing
around the corner. In 2012, researchers at MIT’ realized a
three-dimensional reconstruction of hidden targets utilizing
diffuse reflections of ultrashort laser pulses using an inter-
mediary reflective surface. Since 2012, researchers at the
Beijing Institute of Technology (BIT)®” have been studying
non-line-of-sight imaging. The BIT group uses a nanosecond
laser range-gated imaging system to realize non-line-of-sight
imaging of an USAF 1951 standard target at different dis-
tances with glass and ceramic tile as the respective inter-
mediary reflective surfaces. These existing researches show
the potential application prospects of non-line-of-sight imag-
ing in areas such as urban warfare, counter-terrorism, and
disaster relief.

Since non-line-of-sight imaging based on laser range-
gated imaging is affected not only by the parameters of
the laser range-gated imaging system but also by the reflec-
tion characteristics of the intermediary reflective surface and
the scene, construction of an optical imaging model is impor-
tant to the development and application of non-line-of-sight
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Fig. 1 Representation of the line of sight being blocked by the corner
of a structure.

imaging. This paper describes the construction of an image
contrast model of non-line-of-sight imaging from the view-
point of a two-dimensional illumination distribution on the
photosensitive surface, in order to analyze the performance
of a non-line-of-sight imaging system utilizing a laser range-
gated imaging system and to provide a theoretical basis for
actual non-line-of-sight imaging system design.

2 Principle of Non-Line-of-Sight Imaging

The key to non-line-of-sight imaging is to make it possible to
see a street-corner target or an indoor target by utilizing an
intermediary reflective surface, as illustrated in Fig. 2. A is
the observer, B is the target under observation, and C is the
intermediary reflective surface. B is outside the range of
objects that can be directly imaged by A, so that C is utilized
to realize non-line-of-sight imaging of target B.

A laser range-gated imaging system, consisting of a
nanosecond laser and an intensified charged coupled device
(ICCD) imaging system, is located at location A. The ICCD
imaging system is focused on location B. The beam from the
nanosecond laser from location A experiences first-order
reflections (consisting of first-order specular reflection and
first-order diffuse reflections, where the first-order diffuse
reflection contains first-order backscattering and first-order
forward-scattering) at the intermediary reflective surface C.
The first-order specular reflection and first-order forward-
scattering illuminate target B and then are reflected at target
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Fig. 2 Non-line-of-sight imaging and modeling of the intermediary
reflective surfaces.
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B in a Lambertian fashion (the second-order reflection).
First-order backscattering is received by the ICCD imaging
system, forming a defocused image and reducing the image
contrast of target B. The second-order Lambertian reflec-
tion strikes the intermediary reflective surface C and
experiences third-order reflections (consisting of third-order
specular reflection, third-order backscattering, and third-
order forward-scattering) at location C. Third-order specular
reflection is received by the ICCD imaging system, forming
a focused image of target B. Like the first-order backscatter-
ing, the third-order forward-scattering is also received by
the ICCD imaging system, reducing the contrast of the
image of target B.

For certain intermediary reflective surfaces (like ceramic
tile), the effective target signal illuminance (third-order
specular reflection) may be overwhelmed by the first-
order backscattering and third-order forward-scattering,
resulting in the target being undetectable. The first-order
backscattering is apparently larger than the third-order for-
ward-scattering, so the first-order backscattering is the dom-
inant factor reducing the contrast of the image of target B.
Thus, a better non-line-of-sight image of target B can be
obtained by filtering out the first-order backscattering, which
can be realized by laser range-gated imaging. Meanwhile,
an image intensifying technique is also needed because
the effective target signal illuminance (third-order specular
reflection) is typically weak. The intermediary reflective
surface is also a very important factor in non-line-of-sight
imaging, which can be generalized to include a full specular
reflector like glass (1), a partial specular reflector like
ceramic tile (2), and an ideal diffuse surface (3). The study
in this paper is mainly carried out on intermediary reflective
surface types 1 and 2.

Construction of an optical imaging model of the non-line-
of-sight imaging process, which is based on the parameters
of the intermediary reflective surface, the parameters of the
laser range-gated imaging system, and the properties of the
target, is vital for the theoretical analysis and system design
of non-line-of-sight imaging based on laser range-gated im-
aging. This model assumes that the imaging will occur at
night or in low-light conditions to reduce the impact of envi-
ronmental illuminance.

3 Image Contrast Model of Non-Line-of-Sight
Imaging

As shown in Fig. 3, the laser beam is projected onto an inter-
mediary reflective surface forming the light spot S; and
experiences first-order reflections; then the first-order
reflections are projected onto the target forming light spot
S,. The distance from the laser to the geometric center of
S; is [;. The distance from the geometric center of S; to
the geometric center of S is /,. The vector tracing the direc-
tion of the incident light from S; to S, makes an angle a with
n, (the vector normal to §;) and an angle § with n, (the vec-
tor normal to S,). The optical axis of the laser and the optical
axis of the ICCD are assumed to be coincident, and the diver-
gence angle of the laser and the field view angle of the ICCD
are also assumed to be coincident. In this section, the laser
transmission characteristics (attenuation and distribution) in
the non-line-of-sight imaging process will be analyzed.
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Fig. 3 Diagram of laser propagation.

3.1 Pulsed Laser and Range-Gated Imaging System

P(1) (o) [1 < tp>]
Iy(t) = =———-r1ect|— (1 +—=—
0( ) ‘Qlaser t p’ £2laser t p 2

1 t
=1 ~rectLp <t+2p>}, (1)

Qjpeer = 78N> 0, (2)
0 |f|>1/2

rect(r) = ¢ 1/2 |7 =1/2. 3)
1 |f<1/2

The illuminance of the pulsed laser can be written as shown
in Eq. (1), where P(t) denotes the transmission power of the
pulsed laser, ¢ is the propagation time, @ is the energy of a
single pulse, 7, is the pulse width, Q. is the solid angle of
the divergence of the laser beam, and € is half divergence
angle of the laser beam. The function rect(z) is described
by Eq. (3). The detector includes M X N pixels, , is the
gate width, and ¢, is the strobe gating delay time.

3.2 Reflection Characteristics of the Intermediary
Reflective Surface

The reflection characteristics (consisting of specular reflec-
tion characteristics and diffuse reflection characteristics) of
the intermediary reflective surface are among the important
factors that can influence the non-line-of-sight imaging
results. Without loss of generality, the intermediary reflective
surface is assumed to be free of absorption, so that its reflec-
tion characteristics can be described by the specular reflec-
tivity p, and the diffuse reflectivity p,. p, is a constant, p,
obeys Lambertian reflection, and p; = 1 — p;. The reflec-
tance distribution function is described by

p(0.9.0) =5 cos(0) + (1= p)o(0 + 00+ 7). ()
with
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2z [n/2
/ / (0, 9,0;)dpdd = 1. )
o Jo

3.3 Target Signal llluminance and Disturbance
Caused by the Intermediary Reflective Surface
under CW-Laser lllumination

3.3.1 llluminance on the target plane S,

The illuminance on the target plane S, is denoted as E,,
which consists of two parts: E,; is caused by the first-
order specular reflection of the laser and E,; is caused by
the first-order forward-scattering. The illuminance on S
should be obtained first.

llluminance on S.
on S, is given by

According to Eq. (1), the illuminance

_Iy-cosa  D-cosa
e T
1 P laser 1

(©6)

First-order specular reflection. The area illuminated on
S, by the laser first-order specularly reflected by §; can be
written as

(ll + 12)2 ) Qlaser

= 7
57 cos @)
Therefore, E,, can be calculated as
P- pP-
E,, = Ps _ Ps - cos . (8

$2 (ll + 12)2 : Qlaser

The target distance [ is equal to the sum of /; and [,. If [ is
much larger than the square root of s,, and S, is illuminated
by the vertically incident laser beam (cos f = 1), Eq. (8) can
be further simplified.

First-order forward-scattering. To facilitate the analysis
and calculations, Fig. 3 is expanded along the optical path.
Assuming that the optical axis of the laser coincides with the
optical axis of the ICCD imaging system, a Cartesian coor-
dinate system is established with the geometric center of the
lens as the Cartesian coordinate origin. The optical axis is
along the z axis, and the y axis and the x axis are, respec-
tively, parallel to the detector array’s length and width direc-
tions, as is shown in Fig. 4. ¢ is the angle between the x axis
and the projection of n; on the xoy plane, and n, points in
the direction opposite to the direction of the z axis. S; and S,
are, respectively, projections of the laser beam on the inter-
mediary reflective surface and on the target.

According to the geometric relationship, the projection
equations for S, and S, on the xoy plane are, respectively,
given by

x*+y? —1g?0 - Jtga - (x cos ¢ —y sin @) + ;1> <0, (9)

x4 y2 —tg%0 - (I, + 1,)? <0. (10)
Pi(x1,y1,21) and P,(x,,y,,2,) are random points,

respectively, on S| and S,, and dy, is a microsurface element
around P, (x;,y;,z;) (as shown in Fig. 5).
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L, .
dEZdzllz—sl-cos Y2 - COS 1
p2
_ L1 Pa 205772 cos yzdxldh- (11)
w1, - cos a
|
tgacos g, —xy) +tga cos gy =y1) — (22— 21)
cosr2 = 2 P P 2
Vi =x)?+ =3+ (-2 V1 +1gha
cos 11y = > —(Zz—Z1)2 > (05712
Vi —x)?+(—y1)* + (22— 21)
By=(x=x1)+ =)+ (2-2)" (14)
Therefore,

E2d = // dEZd <a—|—9<f) (15)
s, 2

In summary,

Ey, = Eyy + Eyy. (16)

3.3.2 Target signal illuminance on the photosensitive
surface

R B Do\* /[, 1 (Do)’
et B 4 3)]

- Lu “To " Ps
1 +4F? (17)
Assuming that the target plane and the photosensitive surface
of the laser range-gated imaging system are conjugate object
plane and image plane, and that [ is much larger than
f'(I> f'), the illuminance on the photosensitive surface
caused by the scene can be expressed as Eq. (17), where
L, = p,E,/x is the luminance on S, (p, is the reflectance
of the target or background, for u =t or b), F = f'/D,
denotes the F-number, D, is the aperture diameter, and 7,
is the spectral transmittance of the objective lens.

XA
5 Ime;lr;ilary i \\“\\\Target
| n A
V—xj"‘%‘ —————— l /AN
é/ ) QW +— e
y //// Laser 0 s : " ‘ ’

i /1CCD N/
E * [ — > b >1

Fig. 4 Diagram illustrating the propagation of the laser beam
expanded along the optical path.
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dE,, is the illuminance on P, (x,, y,,z,) caused by dg;. The
illuminance is inversely proportional to the square of the dis-
tance as in Eq. (11), where y, is the angle between vectors
— . —
PP, and n; and 7, is the angle between vectors P;P,
and n, = (0,0, -1).

p 7
(OSYZSZ), (12)

), (13)

3.3.3 Disturbance illuminance on the photosensitive
surface caused by scattering of the
intermediary reflective surface

The disturbance illuminance on the photosensitive surface
caused by scattering of the intermediary reflective surface con-
sists of two parts: E; (third-order forward-scattering) and Ey
(first-order backscattering). Since the intermediary reflective
surface is not on the target plane, each point on S; corresponds
to a diffuse plaque on the photosensitive surface, and the dif-
fuse plaque can be expressed by a point spread function. A
Cartesian coordinate system is established with the geometric
center of the lens as a Cartesian coordinate origin. P(0,0, [,) is
the intersection of the intermediary reflective surface and the z
axis, and P’ is the image point of P, as shown in Fig. 6.

According to geometrical optics, the center of the diffuse
plaque for point (x;,y;) on S is given by

(x0:¥0) = (=nl'xy /1y, =nl"y, /1;), (18)
where
L f

The radius of the diffuse plaque can be written as

-] )

—l _(ll+tga'x1—n.f/),l/ .
= 2{|:1 (ll +tga.x1)f/ :| DO}» (20)

where D, is the aperture diameter and n = 1 is the refractive
index of the object space.

Fig. 5 Diagram of the microsurface element source.
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X Photosensitive
Intermediary D, ~ surface
plane

Fig. 6 Imaging relation of a point on the intermediary plane.

The point spread function of the diffuse plaque for point
(x1,y;) can be expressed as

AY AY
h(-x/syly-xlsylyll) =CII'C |:\/(x xO) +(y yO) }’ (21)
ro(2)
with
/2 2
cire(r) = circ| \/x* +y? | = v +y <1 o)
0 otherwise

First-order backscattering illuminance on the photo-
sensitive surface. According to Eq. (21), the first-order
backscattering E,. can be expressed as

Ey-pg-t,-Q,cosa

Epack = p

//Sl r%tz)drc {\/(x’—xor)j(;(y/—YO)Z ds;.  (23)
with
Q, = zD}/4(l; + x; - tan a)?. (24)

Q,, is the solid angle defined by the rays emanating from
point Py (x;, y;, z;) to the aperture defined by the lens. In fact,
since the distances between the camera and every point on S,
are not the same, the value of Q,, for each of the points is not
the same. As the laser divergence angle € is very small, an
approximate treatment for €2, is made here.

Third-order forward-scattering illuminance on
the photosensitive surface.

LZ . dS2
2
P

_ E, * Pmax * €OS 171 - COS ¥
= —3
71y,

dE] =

- COS 1] + COS 74

dx,dy,. 25)

In Fig. 5, dy, is a microsurface element around
Py(x3,¥2,25). dE| is the illuminance on P,(xy,¥s,25)
caused by dg,. The illuminance is inversely proportional
to the square of the distance as expressed in Eq. (25),

. e
where y; is the angle between vectors PP, and n; and
n; is the angle between vectors P; P, and n,. Then we obtain

E{Z// dEll (a+9<7r/2). (26)
S
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Since 1 p can be calculated as

1,(x.y.2) =L, -cosa-ds{ =E|-p;-cosa-ds|/x,
27

the illuminance on the photosensitive surface caused by
P(x1,y1,21) can be written as

!
E{-pg-7,-Qp,-cosa

dE,; = ds!. 28
d 2 1(z) 5 (28)
In summary,

Ed:// h(x",y', x1,y1, 1)) - dEy. (29)

N

3.4 Image Contrast Model of Non-Line-of-Sight
Imaging

Non-line-of-sight imaging can be achieved with laser range-

gated imaging with a pulsed laser; therefore it is necessary to

make a distinction between third-order reflection and first-

order backscattering.

3.4.1 llluminance on the photosensitive surface
under pulsed laser illumination

Under pulsed laser illumination, the illuminance on the pho-
tosensitive surface caused by a single pulse is a function of
time ¢.

E,(t)=E,, - rect{l {t—i—t—p—w} } (u=1tb),

t, 2 c
(30)
1 t, 21
Eback(t) = Epyex - rect |:E (l + Ep - 71>:| ’ (31
1 t, 2L +1h)
E,(t) = E; - rectq — t—l—E—i . (32)
p ¢

3.4.2 Signal and noise under pulsed laser
illumination

Considering the time sequence of the laser range-gated im-
aging system and the discrete nature of the detector unit, the
illuminance on the detector unit (i, j) caused by the target
and background within a pulse period can be calculated as

Qu(ivj) =ab - Esu
tq+t, t
: /" ' rect{i {t+—”—M} }dt, (33)
ty Iy 2 c

where a and b are the length and width of the detector unit,
respectively.

The illuminance on the detector unit (i, j) caused by scat-
tering of the intermediary reflective surface can be expressed,
respectively, as
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O (irJ) = / /d Evalli + 1/2)a, (j + 1/2)bldx’dy’
X / S rect[l (t+tp—2ll>]dt, (34)
1 t, 2 c

0uiei) = [ Edlic+1/2)a.(+ 1/2b)x'dy’

tatt, t
/ rect{l [r+—”—M]}dt. (35)
1 t, 2 c

We simplify the imaging system noise and environ-
mental noise by combining them into an equivalent incident
illuminance E.,, which is used as shown in the following
equation:

€q’

Qcq(isj) =Eeq-a-b-t, (36)

The total disturbance of the non-line-of-sight imaging
system can be expressed as

0n = Qeq + Qu + Opack- (37)

3.4.3 Apparent contrast of the image on
a photosensitive surface

The apparent contrast of the image on a photosensitive
surface can be described by

clinty | g Qg g 2 <
‘ H—le = Co(i, )T (i, j, 11, 1), (38)
Ou(li. 1) = [0l 1) + Qu(11. 12)]/2, (39)
1

<1, (40)

Ty (i j, 1. 1) Z‘m
n t

where Q,;, (11, 1,) denotes the averaged signal of the target
and background, Cy(i, j) denotes the inherent contrast ratio,
and T, (i, j, i, 1,) is the contrast transfer function.

3.4.4 Analysis and discussion

In addition to systematic noise, the scattered disturbance illu-
minance from the intermediary reflective surface is the main
factor in image quality degradation.

1. For photoelectric imaging systems based on human
eyes, detection and identification of the extended
source target depend on the target contour brought
out by the apparent contrast of the image. Although
people simply believe that 3 to 5% is the contrast
threshold for target detection with human eyes, the
more effective approaches are based on minimum
resolvable contrast (MRC)*® or target task perfor-
mance (TTP).!® Enhancing the apparent contrast of
the image is conducive to improving the performance
of non-line-of-sight imaging system.

2. It is impossible to separate E,(t) from E, () because
they are synchronized with each other. However, Ej
may be reduced or eliminated by time gating, as shown
in Fig. 7.

e ILy>c-t,/2: Ep is separable from E (1)
[as in Fig. 7(a)]. Ep, may be filtered out com-
pletely without reducing the laser illuminance
efficiency, and thus, the highest contrast image
is obtained.

* [,<c-t,/2: When the gate opens upon the
return of the target signal, part of the first-order
backscattering is accepted by the detector, and
the image contrast is decreased to some extent.
To this end, the image contrast can be improved
by adjusting 7, [as in Fig. 7(b)].

Ey.cx can be totally filtered out by setting the strobe gating
delay time to t, = 2,/c + t,. An optimum contrast image
can be obtained if the gate width is simultaneously reduced
to 1, =21, /c. However, utilization rate of the laser illumi-
nance decreases with increase of t;. The laser range-gated
imaging system cannot receive the target signal illuminance
with 1, = 2(l; +1,)/c + t,, and the efficiency decreases to
0. Since the laser range-gated imaging itself is low-signal-to-
noise ratio (SNR) imaging, sacrificing the laser illuminance
efficiency significantly reduces the SNR of the image.
Therefore, practical application of non-line-of-sight imaging
with laser range-gated imaging requires careful balance of
the overall system.

c

()

« ! P—» «— tp — tp —

l‘g =tp R t tg = t,, tg' < l,, t

— 2(1,+1,) ‘ e

Gate Gate = = Gate Gate
21,
Target echo - Target echo 7‘ arget echo Target echo
-

T P 2% 2 g

c c

(b)

Fig. 7 Temporal relationship between pulse propagation and gated detection. (a), (b)
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4 Imaging Characteristic Analysis of
Non-Line-of-Sight Imaging

Based on the image contrast model of non-line-of-sight
imaging constructed above, this section analyzes the non-
line-of-sight imaging results with different intermediary
reflective surfaces. Typical parameters of non-line-of-sight
imaging with a laser range-gated imaging system are shown
in Table 1. The imaging depth of field is 36 m with a laser
pulse width of 120 ns and a gate width of 120 ns; 40 laser
pulses are received by the photodetector within a frame when
the imaging frame rate is 25 fps and the laser pulse frequency
is 1000 Hz, so that a laser illuminance equivalent to 4.8 uJ
is received by the photodetector per frame.

4.1 Impacts of Reflection Characteristics of
the Intermediary Reflective Surface on
Non-Line-of-Sight Imaging

The impacts of the reflection characteristics of the inter-
mediary reflective surface on non-line-of-sight imaging
are considered with /; =5 m, [, = 20 m, and a = 45 deg.
Since I, > ct,,/2 = 18 m, the target signal illuminance and
first-order backscattering are separable.

Figure 8 shows the curves of the target signal illuminance
E,,, the first-order backscattering Ey,., and the third-order
forward-scattering E,; for different values of the diffuse
reflectivity p,; of the intermediary reflective surface with
a CW laser. Since E,,y and E; are unevenly distributed
over the imaging field, the E,, and E, in Fig. 8 are the
respective means of Ey,q and E; in the center area of the
imaging field. The curves in Fig. 8 indicate the following
conclusions:

1. Under a CW laser, the target signal illuminance E,
monotonically decreases with p,, and first-order back-
scattering Ey,q monotonically increases with p,. E; is
larger than Ey, only when p, is <0.05 (i.e., diffuse

Table1 Parameters of non-line-of-sight imaging with the laser range-
gated imaging system.

Parameter Value

py (target reflectivity) 1

pp, (background reflectivity) 0
® (energy of a single pulse in ul) 0.12
to (laser pulse width in ns) 120
Laser pulse frequency in Hz 1,000
0 (divergence angle of the laser beam) 2 deg
Do (diameter of objective lens in mm) 20
f' (focal length of objective lens in mm) 80
7o (lens transmittance) 0.9

E(w/m?)

Fig. 8 llluminance on the photosensitive surface versus pg.

reflection takes up only 5% of the total reflection illu-
minance, and the specular reflection illuminance
dominates), that is to say that non-line-of-sight imag-
ing can be realized with only a CW laser when the
intermediary reflective surface has very strong specu-
lar reflection characteristics. This conclusion indicates
that practical realization of non-line-of-sight imaging
must use a pulsed laser range-gated imaging mode in
order to filter out E,.. In the instance indicated in
Fig. 8, Ey,. can be totally filtered out without reduc-
ing the laser illuminance efficiency.

2. The target signal illuminance E, spans more than
three orders of magnitude from 4.6 X 107> W/m?
for a completely specular reflection (p;, = 0) to 5.1 X
10~7 W/m? for a nearly completely diffuse reflection
(pqg = 0.99). E, is several orders of magnitude smaller
than E,, and E, is two orders of magnitude smaller
than E, even when p,; is equal to 0.99. Figure 9
shows that the distribution of E; on the photodetector
forl;, =5m,l, =20 m, ¢ =0 deg, § =2 deg, and
pqa = 0.5 is within the same order of magnitude for
(the tilt angle of the intermediary reflective surface)
equals 20 or 60 deg. The image quality is severely
disturbed by quantum noise when the target signal
illuminance is too low, so p; < 0.7 is selected as an
effective non-line-of-sight imaging condition. E; with
pq = 0.7 is one order of magnitude smaller than E;
with p; = 0. E; is always two orders of magnitude
smaller than E;; when p,; changes from 0 to 0.7. In
view of the above discussion, E, is often negligible.

4.2 Impacts of the Location of the Intermediary
Reflective Surface and the Gate Width on
Non-Line-of-Sight Imaging

The parameter 7, is chosen to be equal to z,, to fully use the

laser illuminance and to reduce the noise for a typical laser

Size of photodetector (mm?) 14%10.5 range-gated imaging system, in which case the imaging

o depth of field is c-f,. The gate opens when the echo signal

ty (gate width in ns) 120 reaches the detector, so that the gate delay time 7, equals

Image frame rate (Hz) 95 2(4 +l%)/c. The fqllowmg discussion is based on the
assumption that Q. is equal to 0.
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Fig. 9 Distribution of E4 on a photosensitive surface (¢ = 0 deg, § =2 deg, and py = 0.5). (a) a = 20 deg, (b) @ = 60 deg.

Figure 10 shows a plot of the image contrast C versus
distance I, with /; =5 m and t; = 2(I; + [;)/c. The plot
shows that C first decreases with [, and then increases
with [, to a certain constant value at [/, = 18 m when
Ey,q 1s totally separated from E, and that finally C is nearly
fixed with increasing /,. Figure 11 shows a plot of the image
contrast C versus distance ¢, with [, =5 m and [, = 10 m.
The plot shows that C increases with 7, and that C obtains
its maximum value when E,, is totally filtered out at
t; = 140 ns.

—

L L L e e e
— N W s U1 O 3 0 ©

S

Fig. 10 C versus I [ly =5 m, ty =2(I; + 5)/c].

100 120 140 160 180 200 220 240

t,(ns)

Fig. 11 C versus I, (/4 =5 m, I, =10 m).
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5 Conclusions

This paper describes the construction of an image contrast
model of non-line-of-sight imaging with a laser range-
gated imaging system on the basis of the modeling of an
intermediary reflective surface. The image contrast model
analyzes three factors affecting the image contrast of non-
line-of-sight imaging with different intermediary reflective
surfaces, where the three factors are target signal illumi-
nance, first-order backscattering, and third-order forward-
scattering. A non-line-of-sight imaging experiment simula-
tion was carried out with the parameters of an actual laser
range-gated imaging system. The simulation results show
that (1) the first-order backscattering is the dominant disturb-
ance to non-line-of-sight images and can be effectively
filtered out by laser range-gated imaging and (2) the effect
of the third-order forward-scattering on non-line-of-sight
images is often negligible since the third-order forward-scat-
tering is insignificant compared to the target signal illumi-
nance in most cases. The image contrast model of non-
line-of-sight imaging with a laser range-gated imaging sys-
tem gives insights into the theoretical analysis and system
design of non-line-of-sight imaging.

The simulation results also show that the reflection char-
acteristics of the intermediary reflective surface have a
significant effect on non-line-of-sight imaging. The bidirec-
tional reflectance distribution function (BRDF) is a more
comprehensive description of surface reflection characteris-
tics; thus, BRDF modeling of typical construction material
surfaces is a direction for further research. Meanwhile, since
non-line-of-sight imaging with laser range-gated imaging
system is usually low-SNR imaging, estimating the range
of non-line-of-sight imaging using MRC or TTP is another
direction for further research.
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