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We study the reconstruction-algorithm effect on positive and negative ghost imaging (GI). By introduc-
ing three GI algorithms (logarithmic GI, exponential GI, and trigonometric GI), we perform numerical
simulations and experiments with different GI algorithms, which demonstrate that a positive or nega-
tive ghost image can be recovered by modulating the monotonicity of the object signal function. Our
work broadens the GI reconstruction algorithm and deepens the understanding of positive and negative GI

principle.
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I. INTRODUCTION

Ghost imaging (GI) is an indirect imaging modality
that obtains the object information from the intensity-
fluctuation correlation of two beams: one, interacting with
the object, is detected by a single-pixel bucket detector,
while the other, which carries no object information, is
detected by a spatially resolved multipixel detector. Belin-
sky and Klyshko proposed the concept of GI in 1994 [1]
and the early GI experiments were achieved by using the
entangled photon pairs generated from a spontaneous para-
metric down-conversion process [2]. Later, pseudothermal
and thermal light sources were successfully applied to
reconstruct ghost images [3—9], which initiated a debate
on whether GI is a quantum or classical phenomenon.
Besides the debate on fundamental physics, GI with differ-
ent sources and related potential applications has attracted
considerable research interest, such as visible and infrared
sources for remote sensing and turbulence-free detection
[10—15], x-ray and fluorescent sources for medical imaging
[16-20], etc. Meanwhile, in order to steer GI toward prac-
tical applications, high imaging quality and efficiency have
been in great demand, which has sparked lots of studies on
GI reconstruction algorithms, including high-order ghost
imaging (HGI) [21-30], differential GI [31], compressive
ghost imaging (CGI) [32], etc.

Apart from the reconstruction efficiency, different GI
algorithms have also significantly affected the type of
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the recovered ghost image. For example, a conditional-
averaging GI algorithm would generate either a positive
or negative ghost image by using different sets of bucket
signals [11,33—40]. Nevertheless, the effect of an imaging-
reconstruction algorithm on positive and negative GI has
not been systematically analyzed so far.

In this work, we study the positive and negative GI prin-
ciple by investigating the reconstruction-algorithm effect.
Here, we introduce three GI algorithms, i.e., logarithmic
ghost imaging (LGI), exponential ghost imaging (EGI),
and trigonometric ghost imaging (TGI). We theoretically
and experimentally compare them with previous algo-
rithms in the positive and negative GI processes. Sim-
ulation and experiment results show that a positive or
negative ghost image can be reconstructed by modulat-
ing the monotonicity of the object signal function in each
algorithm.

II. THEORY AND SIMULATION ON POSITIVE
AND NEGATIVE GHOST IMAGING

In general, the second-order correlation function of two
signals is defined as follows [41]:

G (ri,r) = (I(r)I(r)), (D

where /(r1) and /(r,) are the instantaneous intensities at
positions r| and r;, respectively. (- - - ) denotes the ensem-
ble average. For simplicity, only the spatial correlation is
taken into consideration here but the following results and
discussions are also valid for the temporal one. Basically,
the image reconstruction of GI originates from the spa-
tial distribution of G (ry, ,) values, manifesting a unified
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approach between GI and a fundamental experiment per-
formed by Hanbury Brown and Twiss (HBT) [42,43].
Similar to the critical role of the wave source in the HBT
experiment, different types of source will result in either a
positive or a negative ghost image. For chaotic bosons and
fermions, the second-order correlation function in Eq. (1)
can be further expanded as follows [44—46]:

G2 (r1,r2) = GV(r1,r)GV (12, 1) £GP (11, 12) 1%,
2)

where GV (7, r;) (i,j = 1,2) represents the first-order cor-
relation function and the + and — signs are for the bosonic
and fermionic sources, respectively. In the HBT experi-
ment, +|G"V (1, 7,)|* leads to a bunching effect, whereas
—|GW (1, r,)|? results in an antibunching behavior. Cor-
respondingly, in GI, a bosonic source provides a positive
(bright) ghost image, whereas a fermionic source offers a
negative (dark) one [45,46].

As well as sources of different types, sources with dif-
ferent statistical distributions will also affect the type of
GI [47]. For the pseudothermal (or thermal) light and
the entangled photon pairs from spontaneous paramet-
ric down-conversion, the sources are governed by super-
Poissonian statistics with a statistical distribution Anlz) >

(n,), where n, is the particle number and An} = (n}) —

(n,)? is the mean-square deviation of n,. These super-
Poissonian sources will generate positive ghost images. In
the opposite case, when the source obeys sub-Poissonian
statistics, i.e., Anﬁ < (n,), an antibunching behavior will
appear, resulting in a negative ghost image. As a Pois-
sonian source obeys Anﬁ = (n,), no ghost image can be
obtained.

In addition to the above source effect, different GI algo-
rithms can also determine whether a positive or negative
ghost image will be recovered. Assuming that the source
is a bosonic one that obeys super-Poissonian statistics, we
will focus on the impact of GI algorithms on the positive
and negative GI in the following.

According to Eq. (1), the traditional second-order GI
reconstruction algorithm can be expressed as follows:

N
1
2 — E .
G (an/) - N - Iol-lt(an/)» (3)

where I, is the bucket-intensity signal of the object
beam and /;(x,y) is the intensity distribution at posi-
tion (x,y) of the reference beam in the ith measurement.
The schematic setup of GI is shown in Fig. 1. Based on
Eq. (3), conditional-averaging GI has been introduced to
achieve positive and negative ghost images[11,33—40]. In
conditional-averaging GI, the object signals are divided
into two sets: for /,, satisfying /,, > I,, Eq. (3) provides a

Bucket detection

/,--

Object Correlation calculations
»‘4 1(x,9)
- >
,TA |
Source Beam splitter Multipixel detection

FIG. 1. The schematic setup of two-detector ghost imaging.

positive ghost image; and for /,, satisfying /,, < I,, a nega-
tive ghost image appears, where I, is the average intensity
of the object signals over N measurements.

Usually, an average-intensity subtraction (AIS) of a
object signal can provide a better GI quality. The recon-
struction algorithm is given as follows:

N
1
@ _ AISy
G (x,y) = 5 izgl 17 L(x, p), 4)

where I(fi‘ls = I,, — I,. Differently, after subtracting 7, in
Eq. (4), the above positive and negative GI operation in
conditional-averaging GI becomes invalid, since both sets
of bucket signals (i.e., ;"> < 0 and /,'S > 0) always pro-
vide positive ghost images. Thus, to obtain a negative
image based on Eq. (4), ' should take an opposite sign,
that is, —I(ﬁls.

In comparison to the above conditional-averaging GI
and GI with AIS, the HGI algorithm reconstructs the pos-
itive and negative ghost images based on its power-index
value. The most-used form of the HGI algorithm is defined
as follows [24,26,28,30]:

1 N
GrO () = 5 D oY Ui Y, (5)

i=1

where p and g are the power indices of the object signal
and the reference signal, respectively. Usually, p and g are
positive integers, in which case a positive ghost image is
achieved. A recent study has shown that p and ¢ could even
take negative and fractional values [48]. When pg < 0, a
negative ghost image will be recovered.

Besides the two above approaches, LGI and EGI algo-
rithms are introduced here to study positive and negative
GI. We define the LGI algorithm as follows:

N

1 I,
Glog(x,y) = N Z (logAI:’) Li(x,y), (6)

i=1
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FIG. 2. Simulation results of positive and negative ghost images with different algorithms: (a) object; (b),(h) traditional ghost imag-
ing; (c),(i) ghost imaging with AIS; (d),(j) high-order ghost imaging; (e),(k) logarithmic ghost imaging; (f),(1) exponential ghost

imaging; (g),(m) trigonometric ghost imaging.

where A is the base of the logarithmic function. The other
algorithm, EGI, is defined as follows:

N
. 1 Clloy/5)
G (xp) = = ) BV, p), ()

i=1

where B is the base of the exponential function, C is a
constant depending on the value of base B, and S; is the
total intensity of reference beam /;(x,y) in the ith mea-
surement, i.e., S; = f I;(x,y)dxdy. Different from previous
algorithms, LGI and EGI use their base values to control
the type of GI. When the base value is greater (smaller)
than 1, a positive (negative) ghost image will be obtained.

Moreover, another algorithm, TGI, can also achieve
both positive and negative GI. For example, we define the
TGI in a sinusoidal form as follows:

N
G (x,y) = % > sin |:(n +1, - %) ni| L(x,y), (8)
i=1

where I;l_ = (ly; — Imin)/ Imax — Imin) and Inax and 1, are
the maximum and minimum of /,,, respectively. In TGI, n
takes even (odd) integers, leading to a positive (negative)
ghost image.

Figure 2 shows the simulation results of positive and
negative GI with different algorithms. A grayscaled boat
picture (101 x 101 pixels) acts as the imaging object, as
shown in Fig. 2(a). In the simulation, we set p = 50 and
q =1 for the HGI algorithm, because a large p value
would increase the image visibility and a small ¢ would
suppress the noise dramatically [26,28,30]. In both the LGI
and the EGI algorithms, we set base 4, B = 10 (4,B = 0.1)
for the positive (negative) GI processes and a constant
C =1 is adopted in the EGI case. In the TGI algorithms,
n = 0 is set for positive GI and n = 1 for negative GI. The
measurement number is set as 80000 for all algorithms.

Here, we employ a peak signal-to-noise ratio (Psnr) to
estimate the image quality, which is defined as follows:

Mmax

Psxr = 10log ( Mmse) , ©)
where Mp,.x = 255 is the maximum possible pixel value
of the image. M is the mean square error, given by
(1/Gmy % m2) 3oy [Tee(n ) = T )]s where my
my is the pixel number and T (x;,y;) and T(x;,y;) are
the pixel values of the recovered image and the object,
respectively.

Figures 2(b) and 2(h) show the positive and nega-
tive images recovered from the conditional-averaging GI,
respectively. Since only half signals (I,, > I, or 1,, < I,)
are available for the reconstruction calculations, the imag-
ing quality is worse than the cases of GI with AIS,
LGI, EGI, and TGI. Although the HGI algorithm can
also obtain the positive and negative images shown in
Figs. 2(d) and 2(j), it has a low imaging efficiency. This
is because a high-order correlation on the bucket-intensity
signal will enhance the information signal but at the same
time increase the background noise. This low efficiency
can, however, be improved by replacing the object signal
(1,;)? with an AIS one, i.e., (/,,)" — (1,)? . The comparison
between different algorithms in Fig. 2 manifests that EGI
offers better quality, and GI with AIS, LGI, and TGI have
similar reconstruction efficiencies in both the positive and
negative GI processes.

To clearly reveal the positive and negative GI principle,
the object signals (50 measurements) of the different algo-
rithms are presented in Fig. 3. According to the definition
of GI, the reference signal /;(x,y) and the object signal
I,; are in one-to-one correspondence. In order to improve
the imaging-reconstruction efficiency, different functions
f,,) are usually introduced to replace the object signal.
No matter what specific form f'(/,,) takes, the type of ghost
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FIG. 3. Simulation results of
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image is determined by the monotonicity of /'(/,,). If f (1)
is monotonically increasing (decreasing) as /,, increases,
a positive (negative) image will be obtained. From Figs.
3(a), 3(b), and 3(d), when the power index p > 0 in HGI,
the base value 4 > 1 in LGI, and n = 0 in TGI, this clearly
shows that the f'(/,,) intensity functions have the same
variation trend as the original object signal /,, leading
to positive images. On the contrary, when p < 0, 4 < 1,
and n = 1, a completely opposite trend of f'(/,,) is exhib-
ited, resulting in negative images. In particular, in the EGI
algorithm, /,,/S; acts as the power index. Since S; always
changes with the measuring times i, f'(/,,) = Bloi/Si does
not follow a strict monotonicity to I, as shown in Fig.
3(c). Nevertheless, the overall trend of f(/,) in EGI is
determined by the base value, as discussed in the LGI
case above. This nonstrict monotonicity of EGI is similar
to the differential GI algorithm with f'(/,,) = I,, — 1,S; /§,~
[31], which may explain the better imaging quality of EGI
shown in Fig. 2. Table I summarizes the parameters used
in the various algorithms to achieve positive and negative
ghost images.

Compared to the monotonicity-dependent principle,
conditional-averaging GI works well in the basic GI
definition (/,/(x,y)), but is ineffective in GI with the AIS,
LGI, EGI, and TGI algorithms, due to its background-
dependent nature. Moreover, it should be mentioned that
here we only discuss the monotonicity of the object signal
function f'(1,,). Alternatively, one can keep the object sig-
nal /,, unchanged and modulate the monotonicity of the
reference signal /;(x,y) to control whether a positive or
negative ghost image is recovered. In addition, since all
the above discussions are based on a photonic source with

20 30 40 50

Measurement number

super-Poissonian statistics, the above principle of mono-
tonicity dependence will lead to an opposite result for a
bosonic source with sub-Poissonian statistics or a chaotic
fermionic source.

To further understand the effect of the monotonicity-
dependent principle on positive and negative GI, we can
go back to the definition of GI. In Eq. (3), the reconstructed
image G (x,y) can be viewed as a Fourier expansion,
where the reference signal /;(x, y) represents the base, the
bucket signal I, represents the corresponding coefficient
as I, = Z)’C":llE;"ilO(x,y)l,-(x,y), and O(x,y) is the orig-
inal object image function. As a simplest case, we here
suppose that the original image only consists of two pix-
els, i.e., [O(1,1),0(1,2)], and the reference signals are
mutually orthogonal, i.e., /;(x,y) =[1,0] and L(x,y) =
[0, 1]. Therefore, according to Eq. (3), one can easily
obtain that G® (x,y) = [O(1, 1), O(1,2)]/2 after two mea-
surements. Suppose that O(1,1) > O(1,2) in the origi-
nal image; G® (x,y) thereby recovers a positive image.
Now, if 1,, is replaced by f(/,;), the reconstructed image
will be G? (x,y) = {f[O(1, )],£[0(1,2)]}/2. Due to the

TABLE I. Parameters to generate positive and negative ghost
images in different algorithms.

GI algorithms Positive GI  Negative GI
GL: (I,I (x,)) B Ly =1) 1, <1,)
GI with AIS: ((Z, — I,)I (x,)) I, -1, I, -1,
HGI: ((Z)P [ (x,»)]%) rq=>0 rg <0
LGI: ((log,l, /1) (x,y)) A>1 A4<1
EGI: (B! (x,y)) B¢ >1 B¢ <1
TGI: (sin [(n+ 1, — 1/2)7] I(x,y))  niseven n is odd
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Projector
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FIG. 4. The experimental setup of computational ghost
imaging.

monotonicity-dependent principle, G (x, ) will result in
a positive (negative) ghost image when f'(,,) is a mono-
tonic increasing (decreasing) function. Note that, in math-
ematics, the bases in a Fourier expansion should always
be mutually orthogonal. But in GI, the bases are random
light speckles, which are usually nonorthogonal. These
nonorthogonal bases will make /,. complicated—which,
however, will not affect the validity of the monotonicity-
dependent principle when the measurement number N is
large enough. A more complicated 2 x 2 pixels case with
nonorthogonal bases is discussed in the Appendix.

III. EXPERIMENT ON POSITIVE AND NEGATIVE
GHOST IMAGING

All of the above GI algorithms can work within
the traditional two-detector GI experimental framework.

Positive ghost images

C))

GI, Pg\ g = 7.6948 GI, P,

» Psnr , Pgyg = 10.1702

20) B

Object

HGL, Pg
] Al Power index p = 50
o

4935 LG, Pgyr = 10.2086 EGI, P,
Base 4 =10

Compared to the two-detector GI setup shown in Fig. 1,
computational GI introduces a known random matrix
X" to replace the reference beam I;(x,y) [49].
Since the random matrix X;"!*™ can be generated by
liquid-crystal spatial light modulators, digital micromirror
devices, or projectors [14,49—52], just a single-pixel detec-
tor is sufficient for the computational GI experiment. By
employing the computational GI scheme, we experimen-
tally test the reconstruction-algorithm effect on positive
and negative GI below. Our experimental setup is shown
in Fig. 4. A standard projector with 1024 x 768 pixels
is used to generate the random matrices. For simplicity,
an independent speckle consists of 16 x 16 pixels among
total 1024 x 768 pixels, so there are only 64 x 48 speck-
les in one frame [38]. After being reflected by the object (a
model of an airplane), the reflected beam is bucket col-
lected by a single-pixel detector, where /; = 70 cm and
I, = 100 cm. The exposure time of the detector is 400 ms
and the sampling number in the experiment is 23 000.
Figure 5 shows the experimental ghost images recov-
ered from the various GI algorithms. Consistent with
the simulation results in Fig. 2, one can see that the
imaging quality of HGI and conditional-averaging GI is
worse than that of the other algorithms. It should be
noted that, for the same set of measurement data, the
Psnr values of the positive and negative ghost images
in GI with AIS are the same. This is because the only
difference between their object signal functions f(/,;)
is an opposite sign, i.e., fp(ly,) = (o, — 1) = —fn ;).
This is also the case for LG, i.e., fp(l,,) = logw(loi/l_o) =
—logy(,,/1,) = —fvUy;), and for TGI, ie., fp(l,) =
sin[(0+1, — 1/2)z] = —sin [(1+1,—1/2)7] =—fy
(I;)). After normalizing the positive and negative GI
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10r

— B it ; i " ]
. . 100
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FIG. 5.

HGI, Py, = 8.6610

LGI, Pgyp = 10.2086

EGL P = 104252 TGI, Py =9.6731

Experimental positive-negative ghost images with different algorithms: (a) object; (b),(h) traditional ghost imaging; (c),(i)

ghost imaging with AIS; (d),(j) high-order ghost imaging; (e),(k) logarithmic ghost imaging; (f),(I) exponential ghost imaging;
(g),(m) trigonometric ghost imaging. (n)—(s) Ghost images obtained from subtracting the negative one from the corresponding

positive one.
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images, respectively, we perform a further operation, i.e.,
subtracting the negative image from the corresponding
positive one. As shown in Figs. 5(n)-5(s), the qualities of
the subtracted ghost images in conditional-averaging GI,
HGTI, and EGI have been improved. This phenomenon has
been reported and discussed in conditional-averaging GI
[34,36,40]. Different from conditional-averaging GI, this
normalized subtraction operation in HGI and EGI effec-
tively suppress the noise in their divergence reconstruction
calculations, which therefore increases the image quality.
Since the positive and negative ghost images have the
same Pgnr values in GI with AIS, LGI, and TGI, as men-
tioned above, no improvements are made in these three
algorithms by applying the subtraction operation.

IV. CONCLUSION

In conclusion, we study positive and negative GI by ana-
lyzing the imaging-reconstruction-algorithm effect. Three
GI algorithms (LGI, EGI, and TGI) are proposed and stud-
ied both in simulation and experiment. By comparing them
with various other GI algorithms, we demonstrate that
a positive or negative ghost image can be recovered by
modulating the monotonicity of the object signal function.
Our proposed GI algorithms and positive and negative GI
principle gain the knowledge of GI.
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APPENDIX

As an example, an image with a 2 x 2 pixels case is
discussed below. The original object image function is as
follows:

o1, 1)

O(x,) = [0(2, ) 0“’2)]. (A1)

0(2,2)

Suppose that the reference signals are random binary
matrices. There are 16 possible nonorthogonal bases with

the same probability of occurrence during the measure-

ment:
1 0 0 1 00 00
(1 17 [o 1] [o o] [1 O]
o of [t o |1 1] o 1)
(1 0] [o 1 0 17 [1 o0
oo [0 1) |1 1) 1)
1 1T [1 1] 0 0
o 1 [t o |1 1] |0 O]
(A2)

After 16 measurements with the above different reference
signals, one can obtain the reconstructed ghost image as
follows:

GP(1,1)

1 G?(1,2)
(2) — >
G (X:J’) — 16 |:G(2)(2, 1) 5

G(2) (2’ 2) (AB)

where

GP, 1) =f[01, D] +f[01, 1) +0(1,2)]
+/10(1,1) + 02, D] +£10,1) + 0(2,2)]
+/10(1,1) +0(1,2) + 02, 1)]
+£[0(1,1) + 0(1,2) + 0(2,2)]
+/10(1,1) + 02, 1) + 0(2,2)]

+/10(1,1) 4+ 0(1,2) + 02, 1) + 0(2,2)],
(A4)

G?(1,2) = f[0(1,2)] +f[0(1,2) + 01, 1)]
+£[0(1,2) + 02, D] +£[0(1,2) + 0(2,2)]
+£[0(1,2) + 0(1,1) + 02, )]
+£[0(1,2) + 0(1,1) + 0(2,2)]
+/10(1,2) + 02,1) + 0(2,2)]

+/10(1,1) + 0(1,2) + 02, 1) + 0(2,2)],
(AS)

G?@2,1) =f[0@2, D] +/[0@2, 1) +0(1, 1)]
+£102,1) +0(1,2)]1 +f[0Q2,1) + 0(2,2)]
+£[0@2,1) +0(1,1) + O0(1,2)]

+ 102, 1) +0(1,1) + 0(2,2)]
+£10@2,1) + 0(1,2) + 0(2,2)]

+/10(1,1) + 0(1,2) + 02, 1) + 0(2,2)],
(A6)
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G?(2,2) =f[0@2,2)]1+110(2,2) + O(1,1)]
+/102,2) + 0(1,2)]1 +1[0(2,2) + 0(2,1)]
+£[0(2,2) + 0(1,1) + O(1,2)]
+/10@2,2) + 0(1,1) + 02, 1)]

+£[0(2,2) + 0(1,2) + 02, )]

[

+/10(1,1) + 0(1,2) + 022, 1) + 0(2,2)].
(AT)

By assuming that O(1,1) > O(1,2) > O2,1) > 0(2,2)
in the original object image function, one can clearly
see that GP(1,1) > GP(1,2) > GP(2,1) > GP(2,2)
[or GP(1,1) < G?(1,2) < G?(2,1) < G?(2,2)] for a
monotonic increasing (or decreasing) function f [O(x, y)],
after comparing Eqs. (A4)~(A7). This means that a posi-
tive (or negative) ghost image can be obtained by follow-
ing our monotonicity-dependent principle.
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