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ABSTRACT 

In recent years, ghost imaging has made important progress in the field of remote sensing imaging. In order to 

promote the application of solar ghost imaging in this field, this paper studies the computational ghost imaging based on 

the incoherent light of blackbody radiation. Firstly, according to the intensity probability density function of blackbody 

radiation, the expression of contrast-to-noise ratio (RCN) describing the quality of computational ghost imaging is ob-

tained, and then the random speckle pattern simulating blackbody radiation is generated by computer with the idea of 

slice sampling, finally, a digital light projector is used to modulate and generate the random modulated light that simu-

lates the blackbody radiation light source, and this light source is used to realize the computational ghost image of the 

reflective object in the experiment. The “ghost image” of the object under different measurement frame numbers is re-

constructed, and the contrast-to-noise ratio describing the imaging quality is measured. The results show that the image 

quality is relatively good when the average intensity (gray) of the randomly modulated speckle is about 160. On the 

other hand, the contrast-to-noise ratio of the image gradually increases from 0.8795 to 1.241, 1.516, 1.755, 2.100 and 

2.371 as the number of measurement frames increases from 2,000 to 4,000, 6,000, 8,000, 12,000 and 20,000, respec-

tively. The experimental results are basically consistent with the theoretical analysis. The results are of great signifi-

cance for the application of ghost imaging with incoherent light, such as sunlight, which is approximately regarded 

as blackbody radiation, in the field of remote imaging. 
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1. Introduction 
Ghost imaging, also known as correlation imaging, is different 

from the traditional image information of objects obtained through light 
field intensity distribution. It is a new type of optical imaging to obtain 
object image information through light field intensity correlation or in-
tensity fluctuation correlation. The initial experiment of ghost imaging 
was realized by two-photon entangled light source. Later theories and 
experiments proved that it can also be realized by using thermal light 
source, that is, the thermal light source is divided into two beams with 
spatial correlation by using optical beam splitter. One beam is record-
ed by a barrel detector without spatial resolution after passing through 
the object (object beam) to be imaged, and the other beam is re-
ceived by an area array detector with spatial resolution after free prop-
agation for a certain distance, the image information of the object can-
not be directly obtained from the signals recorded by the above single 
detector, but the image information of the object can be reconstruct-
ed by performing intensity or intensity fluctuation correlation meas-
urement on the signals recorded by the above two detectors[1-9]. In 2008,
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Shapiro et al.[10] theoretically proposed computa-
tional ghost imaging. In this imaging scheme, only 
one path of object light is required in the experi-
ment. The object light signal is measured in 
the barrel detector experiment, and the intensity 
distribution of the reference light is obtained 
through diffraction calculation. The image infor-
mation of the object can be obtained by intensity 
correlation or fluctuation correlation between the 
object light signal and the intensity signal of the 
reference light path. Subsequently, Bromberg et 
al.[11] experimented to achieve computational ghost 
imaging. In 2013, Sun et al.[12] used the digital light 
projector to generate structured modulated light 
with binary distribution in experiments to realize 
the computational ghost imaging of 
three-dimensional objects, the breakthrough real-
ized three-dimensional imaging technology based 
on ghost imaging technology. In recent years, the 
research results show that ghost imaging has im-
portant application prospects in remote imaging, 
remote sensing imaging, anti-turbulence, biomedi-
cal imaging, single pixel imaging and other fields[8]. 

Compared with entangled light sources, thermal 
light sources are easier to obtain. Among them, the 
solar light source which can be approximately re-
garded as blackbody radiation is the most easily 
obtained true thermal light source in nature. Theory 
and experiments show that ghost imaging can be 
realized by using true thermal light sources such as 
sunlight[5]. 

In order to promote the application of solar 
ghost imaging in remote imaging and other fields, 
different from the traditional use of light field im-
pulse response function and light field coherence 
theory, in this paper, the contrast-to-noise ratio of 
imaging is obtained by analyzing the light field sta-
tistical correlation and the intensity probability den-
sity function describing the blackbody radiation. 
Integrating the slice sampling idea, the digital opti-
cal projector is used to generate the random modu-
lated light simulating the blackbody radiation, so as 
to realize the computational ghost imaging based on 
the incoherent light of the blackbody radiation, and 
the variation law of the imaging contrast-to-noise 
ratio with the number of measured frames and other 
factors is experimentally studied. 

2. Basic principles 

2.1 Contrast-to-noise ratio expression of 
computational ghost imaging 

Suppose that the blackbody radiation light 
generated by modulation is received by a barrel de-
tector without spatial resolution after passing 
through the reflected object, and the intensity dis-
tribution of the reference light is calculated. Finally, 
the intensity fluctuation correlation measurement is 
carried out between the intensity signal of the barrel 
detector measured in the experiment and the corre-
sponding reference light intensity calculated, that is, 
the computational ghost imaging is realized. The 
intensity fluctuation correlation function of ghost 
imaging is described as[13]: 
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(1) 
Where, N is the total number of measurements 

(total frames), n represents the n-th measurement, 
𝐼

ሺሻand I(n)(x) is the intensity value measured by 

the barrel detector and the intensity distribution of 
the corresponding speckle pattern for the n-th 
measurement respectively, and the relationship be-
tween the two is: 
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(2) 
Where, 𝑂ሺ𝑥ሻ is the reflectance function of the 

reflective black-and-white binary object, namely: 

𝑂ሺ𝑥ሻ ൌ ൜
𝑅ଵ, 𝑤ℎ𝑖𝑡𝑒 
𝑅ଶ, 𝑏𝑙𝑎𝑐𝑘 ൠ 

(3) 

Where R1 and R2 represent the reflectance of 
white area and black area respectively. 

The contrast-to-noise ratio (RCN) is used to 
characterize the imaging quality of ghost imaging, 
which is defined as[13-15]: 

𝑅ே ൌ
〈𝐺ሺ𝑥ோభሻ〉 െ 〈𝐺ሺ𝑥ோమሻ〉
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(4) 

Where, 〈𝐺൫𝑥ோభ
൯〉 is the average value of the 

intensity fluctuation correlation function corre-
sponding to the white area of the object, 〈𝐺൫𝑥ோమ

൯〉 

is the average value of the intensity fluctuation 
function corresponding to the black area of the ob-
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ject, and the corresponding variance is expressed as 
𝛥ଶ𝐺ሺ𝑥ሻ ൌ 〈𝐺ଶሺ𝑥ሻ〉 െ 〈𝐺ሺ𝑥ሻ〉ଶ , the numerator in 
formula (4) represents the contrast of the associated 
image, and the denominator represents the noise of 
the image. 

Considering the statistical properties of ther-
motical fluctuations, a general expression describ-
ing the contrast-to-noise ratio of computational 
ghost image can be obtained[15]: 
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(5) 
Where, T1 and T2 are the number of speckle 

within the white area and black area of the reflec-
tive object (the ratio of the total area of the corre-
sponding area of the object to the area of a single 
speckle), 𝜎ூ

ଶ ൌ 〈𝐼ଶ〉 െ 〈𝐼〉ଶ  and 𝛾ூ
ସ ൌ ⟨ሺ𝐼 െ ⟨𝐼⟩ሻସ 

represent the variance and kurtosis of the blackbody 
radiation intensity, respectively. 

2.2 Expression for the contrast-to-noise ratio 
of computational ghost image based on in-
coherent light radiated by blackbody 

According to the probability density function 
of blackbody radiation intensity, the expression of 
intensity contrast-to-noise ratio can be obtained. 
The intensity distribution of blackbody radiation is 
analyzed in rectangular coordinate system. In the 
equilibrium state, the blackbody radiation is spon-
taneous radiation incoherent light which is thermal 
light. Therefore, the probability density function of 
the intensity distribution of blackbody radiation in 
three directions of the rectangular Ix, Iy, Iz coordi-
nate system is the negative exponential distribution 
of thermal light, which meets[15]: 
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(6) 
In the equilibrium state, the intensities in the 

three directions of blackbody radiation are inde-
pendent of each other, but the total light intensity 
can be equal to: 
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(7) 

The expected value of strength meets: 
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Then the probability density function of the 
total intensity of blackbody radiation is: 
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(9) 
Considering equations (6) and (8), simplifying 

the above formula, the probability density function 
of the total intensity of blackbody radiation can fi-
nally be written as: 
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 (10) 
From equation (10), it is easy to obtain any 

n-order moment of blackbody radiation intensity: 
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(11) 
For the convenience of expression, set 

𝜇 ൌ 〈𝐼〉, the variance and kurtosis of the fluctua-
tion of blackbody radiation intensity can be further 
calculated according to equation (11), which are, 
respectively: 
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(13) 
Substituting equations (12) and (13) into equa-

tion (5), the expression of contrast-to-noise ratio 
describing the quality of reflective ghost imag-
ing based on blackbody radiation can be obtained as 
follows: 
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(14) 

It can be seen from equation (14) that the con-
trast-to-noise ratio of computational ghost imag-
ing based on blackbody radiation is positively cor-
related with the total measurement times, that is, as 
the total number of measurements (total number of 
frames) increases, the contrast-to-noise ratio of the 
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imaging increases. In addition, it is also related to 
factors such as the reflectivity of the object. 

3. Experimental verification 
In order to verify the above theoretical results, 

the digital optical projector is used as a spatial light 
modulator to generate the simulated random modu-
lated light whose intensity probability density con-
forms to the blackbody radiation, and then the ran-
dom modulated light is used as a light source to 
realize the computational ghost imaging experi-
ment. 

3.1 Generation of randomly modulated light 
with intensity probability density function 
conforming to blackbody radiation 

For the distribution of intensity probability 
density function that is typical, such as negative 
exponential, binary, poisson and other distributions, 
the corresponding function is directly called by the 
program language to generate the corresponding 
random speckle pattern, while the probability dis-
tribution of blackbody radiation intensity repre-
sented by equation (10) is not typical and cannot be 
directly generated. In this paper, a slice sam-
pling based on Markov chain Monte Carlo algo-
rithm proposed by Neal in 2003[16] is used to gener-
ate randomly modulated optical speckle according 
to the intensity probability density function 
of blackbody radiation. The basic idea is as follows: 
sample from the intensity probability density func-
tion of blackbody radiation 𝑢 ൌ 𝑃ሺ𝐼ሻ, first initial-
ize, arbitrarily select the intensity I0 and step size W 
and then repeat the following steps: (1) fix Ii, and 
uniformly sample on the ሾ0, 𝑃ሺ𝐼ሻሿ interval; (2) fix 
ui, uniformly sampling on the slice of the interval Ii 
where the function value is greater than ui. After 
repeating the above steps, the joint distribution is 
the joint distribution of ሼ𝐼, 𝑢ሽ is obtained, and 
finally ሼ𝐼ሽ is extracted from it. Based on the above 
algorithm, a distribution satisfying the probability 
density function of blackbody radiation is obtained, 
as shown in Figure 1. The blue histogram repre-
sents the probability of random number generated, 
and the red curve is a curve drawn directly accord-
ing to the probability density function of blackbody 
radiation. The results show that this algorithm is 

effective in generating random modulated light 
of blackbody radiation. 

 

Figure 1. Probability distribution of random number in line 
with blackbody radiation. 

3.2 Experiment on computational ghost im-
aging based on incoherent light radiated by 
blackbody 

The schematic diagram of the experimental 
device of computational ghost imaging based on the 
incoherent light radiated by blackbody is shown in 
Figure 2, and the corresponding physical diagram 
of the experimental device is given in Figure 3. The 
random speckle pattern of simulated blackbody ra-
diation generated by the above algorithm is sent to 
the digital optical projector (Sony, VPL-EX254) 
through the program to form random modulated 
light. After 70 cm transmission, the random modu-
lated light irradiates a reflective black-and-white 
object (“TUT” with a size of 16 cm × 8 cm, white 
characters on black background), and a photodetec-
tor (a photocell without spatial resolution to the ob-
ject is a barrel detector) is placed 60 cm away from 
the object to record the modulated light diffusely 
reflected by the object, and then the signal record-
ed by the detector is input to the computer through 
the data acquisition card (DAQ card, national in-
struments, iDAQ-NI-USB6009, with a sampling 
rate of 48 kS/s) to acquire the corresponding “barrel 
detection data”, finally, the “bucket detection data” 
of the hidden object information is correlated with 
the corresponding modulated speckle pattern ac-
cording to formula (1) to reconstruct the image in-
formation of the object, that is, to realize the com-
putational ghost imaging. In the experiment, the 
modulated speckle pattern were delivered to the 
digital optical projector by the control computer at a 
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rate of 360 pieces/min, the number of speckle in the 
white area and black area of the object is T1 = 712 
and T2 = 4,899, respectively, and the reflectance of 
the white area and black area of the object is about 
R1 = 0.84 and R2 = 0.15, respectively. The computa-
tional ghost imaging results were measured when 
the total number of frames was 2,000, 4,000, 6,000, 
8,000, 12,000 and 20,000, respectively. 

 

Figure 2. Schematic diagram of computational ghost imaging. 

 

Figure 3. Actual picture of experimental device for computa-
tional ghost imaging. 

4. Result analysis and discussion 
Using the above experimental device, firstly, 

when other conditions remain unchanged, the aver-
age intensity gray value of the speckle pattern 
pre-generated by the computer is 160, and the im-
aging quality is good. Then, the computational 
ghost image based on blackbody radiation is ex-
perimentally studied, and the ghost image 
of black-and-white reflective objects is obtained. 
Figure 4a–f shows the computational ghost image 
results under the conditions that the total number of 
frames measured is 2,000, 4,000, 6,000, 8,000, 
12,000 and 20,000 respectively. According to the 
experimental results, the contrast-to-noise ratios of 
the corresponding object images in Figure 4a–f are 
about 0.8795, 1.241, 1.516, 1.755, 2.100 and 2.371, 
respectively. Therefore, with the increase of the to-
tal number of measurement frames, the con-
trast-to-noise ratio of the object image becomes 
larger, that is, the imaging quality becomes better. 
In order to further compare with the theoretical re-
sults, Figure 5 shows the variation of the con-
trast-to-noise ratio of the object image with the total 
number of measured frames. The star-shaped points 
in the figure represent the experimental results of 
the contrast-to-noise ratio, and the curve is the the-
oretical curve drawn according to equation (14) and 
the relevant parameters of the object. It can also be 
seen from Figure 5 that with the increase of the 
total number of measurement frames, the con-
trast-to-noise ratio of the object image gradually 
increases, and the experimental results are basically  

 

Figure 4. Ghost images of object obtained under the condition that the number of frames is 2,000, 4,000, 6,000, 8,000, 12,000, 20,000 
respectively. 
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Figure 5. The contrast-to-noise ratio of computational ghost 
image changes with the total number of measurement frames. 

consistent with the theory. It can be seen that, in 
practical applications, the imaging quality can be 
improved by increasing the number of measurement 
frames. The contrast-to-noise ratio of the image ob-
tained from the experiment deviates slightly from 
the theoretical value, which may be caused by the 
noise such as ambient background stray light in the 
experiment. 

So far, the theoretical results of con-
trast-to-noise ratio obtained from the intensity 
probability density function and the statistical prop-
erties of blackbody radiation are verified. The re-
sults are of great significance for the application of 
ghost imaging to long-range imaging, especially for 
ghost imaging based on sunlight and other sources 
that can be regarded as blackbody radiation sources 
or computational ghost imaging. 

5. Conclusion 
In this paper, computational ghost imaging 

based on incoherent light emitted by blackbody is 
studied theoretically and experimentally. Different 
from the commonly used light field coherence the-
ory, from a statistical point of view, a general ex-
pression of the contrast-to- noise ratio of the com-
putational ghost image describing the reflective 
black-and-white binary object is given. Then, based 
on the probability density function of the total in-
tensity of blackbody radiation, the expression of the 
contrast-to-noise ratio characterizing the computa-
tional ghost image based on the incoherent light 
of blackbody radiation is obtained. Then, the idea of 

slice sampling is fused to generate random speckle 
consistent with blackbody radiation, the digital light 
projector is used as the spatial light modulator to 
modulate the random modulated light. Finally, the 
experimental verification is carried out by using the 
computational ghost imaging experimental device. 
It shows that with the increase of the total number 
of measurement frames, the contrast-to-noise ratio 
of the reflected object image gradually increases, 
that is, the imaging quality gradually improves. The 
research results are of great significance for ghost 
imaging applications which can be regarded 
as blackbody radiation sources based on sunlight. 
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