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Non-line-of-sight imaging of moving objects obscured by a
random corridor

Supplementary Information

Supplementary Note 1:

Imaging principle of RSESIC method

In the paper, the cross-correlation of speckle intensity images C,, (Ap)
calculated by the RSESIC method is approximately equivalent to the transmitted field
autocorrelation of a hidden object C, (Ap) under the condition of multiple scattering.
Hidden objects in random corridors can be imaged with the approximation. The

approximate relationship can be expressed as,

Cu (Ap)zcho (AP) (1)

This relationship can be derived from the definition of C,(Ap) based on three

assumptions. C,,(Ap) is defined as,

[1a(rom) {1 (i), [ rim, +20) {1 (rar, +40), |

Gd(ro)o-rd (ro +Ap)

C,(Ar)= (2)

The ensemble average <>r is used to increase the overall average times. Therefore,
C,4(Ap) is expressed as,
<|:Ird (rc ’ r0 ) - <Ird (rc ’ ro )>l,c :||:]rd (rc ’ ro + Ap) - <Ird (rc ’ ro + Ap)>rc :|>

Co(Ar)= o4(r,)o(r, +Ap) - O

The numerator is expanded in formula (3) to obtain,

<Ird (rse,) 1, (rsr, +Ap)>rc —<]rd (r;r, )>r <Ird (r;r, +Ap)>rc

o4 (r,)o(r, +Ap) ®

C,(Ar)=

The reduced electric field of scattered light is denoted as E;, and then the reduced

intensity of scattered light can be expanded as 1, =E E,,.
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Assumption 1: E follows a Gaussian distribution with zero mean. Apply a moment
theorem for complex Gaussian ! , and the first term of the numerator in Eq(4) can be

expanded as,

<I (rc’ro)l ( C’ 0+Ap)>
< r;r)E, (r;r ) Ey(rsr, +Ap)E, (rcéro+AP)>,‘

| e )) ([ + 20 )
‘ +<Ird (rc;r0 )>r <Ird (rc;r0 +Ap)>rc

At the same time, the denominator in Eq. (4) reads?,

O-rd (ro)o-rd (ro + Ap)

(Lo (o)), (Lo (rax, +4p)). (6)

( ) ([ (rn a0

Substituting (5) and (6) into (4), we have,

)

E, r;r, +Ap)>r r +<

re

(£
(£

E, r;r, + Ap)>rv 2

E(r;r,)

c’7o

e

C, (Ar)= <E (rc<,r0)E:d(rc;12‘0>+AP)>rc <E <(rc,l‘0)E o (r; 0+Ap)> o

rd(rc;ro) rd(rc;r0+Ap)| >

We denote the transmitted field of the hidden object as E, . Previous studies have

shown that E,, is a function of E, *

Eq4(r;r, J.drK r)-E, (r;r,) (8)

E,(r;r,+Ap) IdrK ,r)-E, (r;r, +Ap) 9)

Here r represents the position vector in three-dimensional space with random media,
K, (rc , r) represents the subspace reduced generalized propagator (SRGP) from r to
r,. Substituting (8) and (9) into (7),

<E (r;r, ) Ey (rosr, +Ap)>

<IEh0(r';r0) o (r,r)dr! J.Eho( r,+Ap)K, (r,,r )a’r">r‘ (10)

<J‘J.Eh0 (rse)E, (r"r, +Ap)K, (r,,r') K, (r.,r")dr'dr ">

r.
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Assumption 2: When r'=r", IKrd (r.,r'")K,(r,,r")dr'=0, namely, SRGP from

different spatial locations to r, is independent of each other. Therefore, equation (10)

can be reduced to,

<Erd(rc;rO)E (r.; 0+Ap)>

<IEh0 (r;r, +Ap)|K,

- IEhO (r;r,)E,, (151, +Ap)<

(r.r)f a’r>r‘ (1)
K, (rc,r)|2> dr

I

Assumption 3: F, =<

2 . .
rd (rc,r)| > is a constant and independent of r and r,, then,

re

(Eq(rar,)Ey (rax, +Ap > = P, [ B, (r:1,) Ey, (55, + Ap) dr (12)
Similarly,
< rd(rc;r0)2>rc = B, [|E, (i, ) (13)
< . (s 0+Ap)| > =PGJ‘|EhO (r;r0+Ap)|2 dr (14)
Therefore, it can be approximated as,
(Eq(rin,) Ey ( C,20+Ap> B (e 0+Ap)dr 5
(i), J|Eho
We define the autocorrelation of the transmitted field of a hidden object as,
[ Ew (i) B, (i, + ap) dr |

G (o0) ‘ (16

HEhO (rsr

By substituting Eq. (15), (16) into Eq. (7), eventually we obtain the imaging principle
of the RSESIC method,

2

E, (r;r)E, (rr, +A d‘
“ o (151, ) Ep (151, + Ap) drr a7

‘ ﬂEho(rr ‘

Crd (Ar) ~ Cho (Ap) =
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Assumption 2 is satisfied by strong scattering of random media. The subspace
reduction we proposed guarantees that Assumption 3 is satisfied regardless of the shape
of random medium. Moreover, subspace reduction also ensures the validity of

Assumption 1 for any observation position r, and any size of spatial statistical region

In expression (16), Idr represents the integral of three-dimensional space

including random medium, E, (r;r,) and E, (r;r,+Ap) represent the three-
dimensional transmitted field illuminating on a hidden object. Therefore,
IEhO rr,)E, (rr, +Ap)dr

(18)
J.”Eho X, 3,28, ) By, (%, y, 235, + Ap )dxdydz

When the hidden object is a transmission plate and the integral interval of jdz is

relatively small, E, (x,y,z)~ E, (x,y), thus,

IEhO (r;r,)E,, (151, + Ap)dr

(19)
= b.-[[ B, (x.31,) By, (x, 337, +Ap) dxdy
Here b, = Idz is a constant. Applying the Eq. (19) to the Eq. (16), we have,
E x 6 ) B (x, s, +A
. (20)- [ B (i) B, (5,57, + 8p) 0
‘ H|Eh0 X, V; 0) dxdy ‘
We define the reduced dimensionless transmitted field as,
E x Vir, 0 By (5,7: O) (21)
\/H|Eho x , V5T, 0 dxdy
E,, (x,y;r, +Ap)
E,, (x,y;r, +Ap)= (22)

Ve eovin )

By inserting Eq. (21), (22) to Eq. (20) and applying the autocorrelation theorem *, we
have,

dxdy
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C, (Ap)= U.[Eho (x, y;ro)l::'go (x, 51, + Ap)a’xdy‘2

| et (23’

Here F and F ' represent Fourier transform and inverse Fourier transform,

respectively. Then combining Eq. (23) with (1),

Eho x y {\/f zcol(AP)} _ei¢z(k); (24)

In this equation, ¢, (Ap) is the phase of J.J'Eho (x,7;1,) Er, (x, v;1, + Ap) dxdy . When
the hidden object is a transmission plate, we find that the imaginary part of

J-J. x V5T, 0 (x, Vir, +Ap)dxdy is much smaller than its real part, so
¢ (Ap)=0. ¢,(k) can be recovered by an iterative phase recovery algorithm® °
Substituting ¢, (Ap), ¢,(k) and C,(Ap) into (24), E, (x,») can be recovered.

E, (x,») is the reduced dimensionless transmitted field on an XY-plane near the

hidden object, and its amplitude |£ (x y)‘ is the image of the hidden object. Finally,

the image of the hidden object is successfully reconstructed.
Supplementary Note 2:

Calculation of the autocorrelation of hidden objects

In our experiment, the hidden object to be imaged is a transmission plate. The
transmittance of the aperture of the transmission plate to the laser is 1, and the
transmittance of other parts of the plate is close to 0. Because the size of the aperture
on the transmission plate is in the order of mm, which is 10° times of the laser
wavelength, the diffraction effect can be ignored. Based on the analysis above, the

transmitted field of different hidden objects can be simulated.

The steps to simulate the transmitted field of a hidden object are as follows. First,
an amplitude function 4 (x, y) is generated. Then the center of the transmission

plate is taken as the coordinate origin, and 4, (x, y) is binarized according to the
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geometric characteristics of the transmission plate. The rule of binarization is,

I, (x,y) € Hole area

Ah‘)(x’y):{o,

25
(x,y) ¢ Hole area (23)

Next, the phase of the transmitted field of the hidden object is simulated as a constant
¢,, that is independent of x or y. Finally, the simulated transmitted field of the
hidden object is obtained,

Eho (X, y) =Ah0 (x’ y) ' eiw}m (26)

Substituting the simulated E, (x,y) into Eq. (21), (23), C, (Ax,Ay) can be
obtained. The simulated 4,,(x,y) and C,, (Ax,Ay) ofthree different hidden objects

are shown in the supplementary Figure 1.

a 4, (x.) C, (A%, A) b A, (x.) C, (Ax, Ay)
¢ 4, (%) C, (Ax, Ay)

Supplementary Figure 1: Simulated 4, x y and C,, Ax Ay of three different hidden

objects. Scale bar: Imm.
Supplementary Note 3:

Elimination of the adverse effect of ambient noise

Since the Eq.1 of the imaging relation is obtained without concerns for the noise,
it is no longer valid when the speckle intensity images contain noise. In the condition of
taking the noise into consideration, the reduced electric field £, of scattered light is

expressed as,

Eq(r;r, +Ap)=Eg,, (rsr, +Ap)+E ., (.51, +At) (27)



116  Here E, represents the scattering field induced by the transmitted field E,,
117  interacting with the random medium. E ,, represents the time-varying background
118  noise field. The position vector of the hidden object at time ¢, is r,, and the velocity
119  vector of the hidden object is v, then Ap=vAr. Based on equation (27), the cross-

120  correlation of E, can be expanded into four terms,

<Erd (rsr)E, (rsr, + Ap)>
121 = <Erd_hO (rsr,) By (x50, + Ap)+ Ey (1058, ) Engy (152, + AL) + (28)

c? o

Erd—ho (rc;ro )Er*d—b (rc;tO + Al‘)—{_E'rd—b (rc;tO)Er*d—ho (rc;ro + Ap)>

s

L

122 Since E,, and E,, areindependent of each other,

* *

123 <Erd_ho (rsr, ) By (vsty + A1)+ E g, (X320 ) By (Tt + Ap)>r =0 (29)

124  Substituting (29) into (28), then

<Erd (r;r,)E, (rsr, + Ap)>

125 . x
= <Erd—ho (rc;ro )Erd—ho (rc;ro + Ap)>rc + <Erd—b (rc;tO)Erd—b (rc;tO + At)>

(30)
126 Then substituting (30) into (7), we have

2 2

*

KEMJQEJQMAQQ+AML ﬂ@%&m%ﬂh&m%+mb
(CHNCES NN B

<Erd—ho (rsm,) Epgy (T, + Ap)>,c <Er*d-b (reito) g (X5 + At)>
(CHNCES N B

<Erd-h0 (rc;ro)Erd-ho (rc;ro + Ap)>rc <Erd-b (rc;tO )Erd-b (rc;tO + AZ)>

2
< Erd-ho (rc;ro) Erd-b (l'c;to )|2>r\

128 It can be found from Eq.(31) that C,, (Ap) contains both the correlation of noise and

*

e

C,y(Ap)= +

—+

127 =t (31)

2

+

e

2

+

129  of transmitted field of the hidden object. When the noise evolves rapidly with time, its

130  time correlation can be seen as a ¢ function, therefore,

Ird—b (rc;t() )>1’c B At = 0 (32)
0 , At>0

131 <Erd-b (rc;to)E:d-b (rc;tO + At)>r< {<
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Substituting (32) into (31),

1 , |Ap|:0

2

Crd (Ap): ‘<Erd-ho (rc’ro)Erdho( c’ 0+Ap)>

2
<Erd—ho (rc’ro) E‘rdb(r ! )|2>r

It can be found from Eq.(33) that C, (Ap) is a piecewise function. When |Ap|

(33)

|Ap|>0
+

increases gradually from 0, the noise causes C, (Ap) to drop sharply from 1 to

(s (1)), /(1 (31,

Supplementary Figure 2, C,, calculated from the experimental data is compared with

2

, it deviates significantly from C, (Ap). In the

C,, » which confirms the sudden drop behavior and shows the significant deviation

between the two correlations.

In order to image hidden objects, the adverse effect of noiseon C, (Ap) must be
eliminated. We denote the cross-correlation of speckle intensity images with the noise
elimination as Cr (Ap),

2

‘<Erd_ho (l'c,l’o )Er*d—ho ( rr, + Ap)>

(Lo (o))}

Cu(Ap)= (34)

According to Supplementary Note 1, Cy (Ap)=C,, (Ap), Cr (Ap), therefore, can

be used to reconstruct the image of hidden objects. In order to recover Cu (Ap),

2

is extracted from C, (Ap). By inverting Eq. (33),

‘<Erd-ho (rC’rO)ErdhO ( o> T +Ap)>

we have,

5 <1rd_h0 (rc;ro)>2 , |Ap| =0

L

= i (35)
Cu(8p)- (1, (ix,)) . |ap]>0

‘<Erd—ho (rc T )Er*d-ho (rc X+ Ap)>rc

From  equation (35), it «can be found that all wvalues of
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‘<Erd_h0(rc;r0)Erd_ho (r.;r, +Ap)> are known except for Ap=0 . Therefore,

e

<Ird_h0 (r.r, )>j can be extrapolated from the known values of

2 o~
. Then Cw(Ap) can be recovered with equation

‘<Erd—ho (rc T )Er*d-ho (l‘c I+ Ap)>rc

(34).

Ax

Supplementary Figure 2: A comparison of C, , C, and Cia . Scale bar: Tmm.

T

We use quadratic polynomial to extrapolate <1rd_h0 (rr, )>f . First, data points of

c? o

2
in a monotonic  decreasing  region

‘<Erd—ho (rc T )Er*d-ho (l‘c I+ Ap)>rc

(0<Ax£lx,0<Ay£ly) near |Ap|=0 are chosen. Then these data points are

substituted into the following quadratic polynomials,

c?o c? o

Ca (A%, 49) - (Ly (131,)) =(L (rsn,)). +k (Ax+A)+k, (A +4Y%)  (36)

. . . . 2
Since the expression contains three unknown coefficients <Iml_h0 (rr, )> , k and k,,

2
C [ r

at least three data points are required to solve these coefficients. We select three data
points on x-axis, y-axis and 45 ° direction respectively, and substitute them into Eq.

(36). Three groups of coefficients <Ird_h0 (rr, )>2 , k, and k, aresolved. Then three

2
C o r
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c? o

values of <Ird_h0 (rr, )>f are statistically averaged and substituted into Eq. (34) to

c

obtain Cr (Ap).

The recovered Cu is also drawn in Supplementary Figure 2. The good

consistency between Cw and C,, indicates that the noise is successfully eliminated,

and confirms the adaptability of the RSESIC method in an environment with strong
noise.
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