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Ghost imaging with thermal light is a well-known imaging technique in which the light beam used for
image reconstruction does not necessarily interact with the object. However, ghost imaging is generally
time-consuming due to data acquisition and complex algorithm. Thus a fundamental question arises as
to whether we can realize object identification without the need of reconstructing the full ghost images.
Here we present a protocol of thermal-light-based object identification in a nonlocal manner, i.e., ghost
identification, to answer this question positively. We employ a holography-type method to add an auxiliary
planar phase together with the conjugate Fourier spectrum of the test object to the thermal light source,
which revives the coherent transfer of complex spectrum from thermal light modulation to the second-
order correlation function, regardless of no entanglement. In our experiment, we succeed in demonstrating
the fairly good performance of ghost identification for both simple geometric objects and quick response
codes, and particularly for fingerprints. Our protocol can find direct applications in secure biosensing and
covert detection where very low light illumination levels are needed.
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I. INTRODUCTION

In contrast to direct image acquisition methods, ghost
imaging is a technique that utilizes the correlation prop-
erties of two spatially separated beams [1-3]. In a ghost
imaging modality, two beams of correlated photons are
used: one beam illuminates the unknown object (test arm)
and is collected by a pointlike detector without spatial res-
olution, while the other beam (reference arm) is recorded
with a spatially resolved detector, e.g., a CCD camera.
Neither of the detectors alone can reproduce an image of
the object, but after correlating the two measurements, the
object appears like a “ghost” in the reference arm in which
the photons never interacted with the object. The ghost
imaging experiment can be traced to the work by Pittman
et al. with a biphoton entangled source, and therefore was
initially claimed to be a pure quantum effect [4,5]. Soon
after, it was realized that ghost imaging was also possible
with only classical correlations [6—12]. On the one hand,
a long-standing debate has been sparked as to whether
entanglement is truly necessary for ghost imaging. On the
other hand, a good deal of attention has been given to the
potential applications with ghost imaging, such as lens-
less ghost imaging [13—15], single-pixel three-dimensional
cameras [16], photolithography [17,18], and environmen-
tal sensing [19]. However, acquiring a high-quality ghost
image is generally time-consuming and inefficient, as one
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sampling contains only little information about the object.
In order to enhance the imaging efficiency and quality, a
variety of ghost imaging algorithms have been proposed,
e.g., compressive sensing ghost imaging [20], differential
ghost imaging [21], and that with Fourier transform [22]
or data-driven deep learning [23,24].

However, these image processing problems are usually
computationally demanding with electronic computers and
still need thousand frames to acquire a clear image. In
certain scenarios, such as medical cytometry [25], remote
sensing [26], and traffic control [27], one demands to
leverage the nonlocal property of ghost imaging and at
the same time to rapidly identify an object. Recently, we
constructed a quantum equivalence of the Vander Lugt
filter for quantum pattern recognition [28]. However, two-
photon quantum entanglement is an essential prerequisite
for our previous scheme. As is well known, both quan-
tum entanglement and thermal light sources can be used
for ghost imaging. Thus, a question arises naturally as
to whether we can realize pattern recognition or object
identification with thermal light only, regardless of zero
quantum entanglement. This consideration is of crucial
importance, as thermal light sources are economically
less costly, more flexible in generation and modulation,
less sensitive to the external environment, and thus more
viable for practical applications [29]. Besides, thermal
light and quantum entanglement are two fundamentally
different light sources. We find that, unlike quantum cor-
relation, the spatial spectrum of a test object cannot be well
transferred from thermal light modulation to the
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second-order correlation function, as the phase information
is unfortunately canceled out. To resolve the problem, we
present a holography-type method, i.e., by adding an auxil-
iary planar phase onto the test spectrum’s conjugate phase,
which revives the complex spectrum of the test object in
the second-order correlation function, and thus enabling
the ghost identification of a target from several reference
objects in a nonlocal manner. Our protocol can be seen as
a combination of pattern recognition and ghost imaging,
and thus is termed as ghost identification. Recently, there
have been some similar descriptions, e.g., ghost cytome-
try [25], ghost tomography [30], ghost polarimetry [31,32],
and ghost projection [33], to reflect the extended functions
based on different variants of the ghost imaging setup. In
our experiment, we succeed in demonstrating the fairly
good performance of ghost identification for both sim-
ple geometric objects and quick response (QR) codes, and
particularly for fingerprints.

II. EXPERIMENTAL SCHEME AND
THEORETICAL ANALYSIS

The experimental setup of thermal light modulation-
based ghost identification is sketched in Fig. 1. We make
pseudothermal light by using a 633-nm He-Ne laser beam
to illuminate a spatial light modulator (SLM) that displays
a sequence of phase screens with Kolmogorov statistic
[34,35], see inset (a) of Fig. 1, which are generated by
adding the phase of the modulated light field on the Kol-
mogorov phase screen and then converted to diffraction
gratings (see also Fig. 2 for details). Then an optical 4f
system consisting of two lenses (L1 and L2) and an iris
is used to select the first-order diffraction, via which the
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plane of the SLM is imaged onto that of a beam split-
ter (BS). Thus we obtain the pseudothermal light field,
Es (p), with p representing the transverse coordinates of
the pseudothermal source in the plane of the BS. Here, the
coherence length of the generating pseudothermal source
is roughly 0.0244 mm [36,37], which is much smaller than
the object size (approximately 5 mm) (see Appendix A
for details). Therefore, we assume that a fairly good spa-
tial incoherence is obtained, namely (Eg (p1) Es* (02)) =
3 (p1 — p2), where the superscript * denotes the complex
conjugate. For ghost identification, additionally, we need
to multiply each of the phase screens by a desired spatial
amplitude, Ets (0), being related to the test object. Thus
the pseudothermal source after spatial modulation can be
written as E (p) = Es (0) Etest (0). After a 50:50 nonpo-
larizing BS, the light in the test arm probes an object, then
is collected and detected by a single-pixel detector only.
Here, another 4f system of L3 and L4 (with focal lengths
/3 and f3) is used to reimage the plane of the BS onto that of
CCD1 (note that only the central pixel of CCDI1 is used as
a single-pixel detector). The reference objects, R (), are
just placed in the Fourier plane of L3-L4, with u; denoting
the coordinates in the reference object plane. Accordingly,
we can derive the impulse response function in the test arm
as

hy (r1, p1) = /exp <—i£ll1pl> R (u1) exp <—i;4u1r1>du1
= L1 r

—R(k(2+1)), 1

( <f3 +f4)> M

where k =21 /A, 1 are the transverse coordinates in the
plane of CCD1, and R denotes the Fourier transformation
of the reference object R (u;). While in the other arm, we

FIG. 1. Experimental setup of ghost
identification with a holography-inspired
spatial modulation of thermal light. See the
text for details. Inset (a) shows the phase
holograms displayed on SLM1.
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let the light pass through a Fourier lens L5 (with a focal
length of f5), and place a spatially resolved CCD cam-
era (CCD2) in its Fourier plane to record the intensity.
Accordingly we have the impulse response function

k
hy (r2, p2) = exp <—i—’”2,02) , (2)
Js

where 7, denotes the transvers coordinates in the plane
of CCD2. We can retrieve the “ghost correlation” by cal-
culating the normalized second-order correlation function
between the two CCD cameras, namely

(1 (r) I (r2))
(11 (r)) (L (r2))
T (ri, )l
(I (r)) (I (1))’

g(Z) (}’],7’2) =

=1+ 3)

where (-) denotes the ensemble average, (;fj) =
E; (rj)Ej* (rj) is the optical intensity, and I' (r,7,) =
(Eq (r1) E2* (rp)) 1s the first-order correlation function.
Specifically, after substituting E(r) = [ dpihy (11, p1)
E (p1) and E(ry) = [ dp2ha (2, p2) E (p2), we can obtain

[ (r,m) = /i? [k (%‘ +%>] | ETest (p1)1?

k
X exp (i—r2p1> dpy. “4)
fs

It can be seen from Eq. (4) that if we modulate the
thermal light to merely carry the test object’s conjugate
spectrum, Erey (p1) = T ([k/f3]p1), then the phase infor-
mation of complex spectrum 7* ([k/f3]p1) will be totally
canceled out as a result of |Ereg (p1)|2. Thus we cannot
realize a successful ghost object identification. To resolve
the problem, there are two subtle but important consider-
ations. First, we consider only the conjugate phase of the
Fourier spectrum, m ([k/f3]p), rather than the full spec-
trum itself, to do the correlation, where T, v ([k/f3]p) =
T([k/j%]p)/ﬁ“([k/fg]p)\. This is because phase-only fil-
tering involves a narrower yet higher correlation peak
compared with traditional matched filters [38]. Second,
we consider a holography-type method for spatial modu-
lation, i.e., to add an auxiliary planar phase exp(i2wpa) to
the spectrum’s pure phase. In this scenario, we can write
the complex field of the pseudothermal source after spatial
modulation as

, g
E (p) = Es (p) [GXP(QJTM) + Ty <f—30>] .,

where a is an adjustable parameter. We illustrate in Fig. 2
the algorithm for preparing the holography-type thermal

light modulation of Eq. (5). We generate a variety of Kol-
mogorov phase screens through the approximated power
spectral density of ® = 0.023r,~>/3f ~!1/3. By adding nor-
mally distributed deviations to the power spectral density,
and taking the real part of the inverse Fourier trans-
form, we can generate a single Kolmogorov phase screen,
e.g., Fig. 2(a). Then a blazed grating of phase carrier,
Fig. 2(b), is added to the phase screen, leading to the holo-
graphic grating with Kolmogorov statistics of Fig. 2(c)
that can be used for pseudothermal light generation. In our
holography-type modulation, we need to add the complex
conjugate of the test object’s Fourier spectrum of Fig. 2(d)
together with an auxiliary planar phase of Fig. 2(e), then
we extract the pure phase information of the sum field
[see Fig. 2(f)]. By combining the pseudothermal light holo-
grams of Fig. 2(c) and the spatial phase modulation of
Fig. 2(f), we obtain the resultant pure-phase holographic
grating of Fig. 2(g), which is displayed by SLMI1 to
implement the holography-type thermal light modulation.

In a standard ghost imaging modality, only the central
pixel (r; = 0) of CCDI is used as a single-pixel detector
in the test arm. Thus we can rewrite Eq. (4) as

kr - (k
L'(rn=0r)= /dm exp (i—zpl) R (7/01)

VE 3

X |:2+TN ([Epl)eianIa
3

7 k —i2mpra
+ 5 (por) el (©)
3

Mathematically, Eq. (6) can be equivalently rewritten as

I' ("1 = 0,72) = 2R(72)

+ Tn(ry) * R(rp) * 6 <I"2 + 2ka5a>

27 fs >

+TN(7’2)*R(7’2)*5<I’2—TQ @)

where * and x denote the convolution and correlation oper-
ations, respectively, and the scale factor m = —f3/f5 for
both test and reference objects has been omitted trivially.
The correlation function of Eq. (7), behaving holograph-
ically, forms the key result of our present work: the first
term reproduces the so-called ghost image of the refer-
ence object at zero-order diffraction, while the second term,
centered at , = — (27w fs/k)a, is merely the convolution
result of the test object and the reference one. Of partic-
ular interest is the third term, centered at , = 27f5/k)a,
which produces the cross-correlation signal, which there-
fore enables our protocol of object identification in a
nonlocal manner, i.e., ghost identification.
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FIG. 2. The hologram algorithm for preparing pseudothermal light with holography-type modulation: (a) Kolmogorov phase screen,
(b) blazed grating, (c) hologram with Kolmogorov statistics, (d) conjugate Fourier spectrum of the test object, (e) auxiliary planar
phase, (f) holography-type spatial modulation, and (g) the final hologram.

III. EFFICIENCY COMPARISON BETWEEN
GHOST IDENTIFICATION AND GHOST
IMAGING

In a standard ghost imaging modality, it is generally
time-consuming to reconstruct the whole ghost image of an
object, particularly under extremely low illumination lev-
els. In contrast, ghost identification of an object is more
efficient, as only a correlation peak signal is needed to
be recorded. To show this technical advance, we take a
simple clover object as a test example to demonstrate
our protocol. In experiments, we preliminarily impart the
conjugate phase of the clover’s spectrum and a planar
phase together onto the thermal light source, and at the
same time we put the clover as the reference object (see
Fig. 1). As indicated by Eq. (7), we are able to recon-
struct the ghost image and the correlation signal simul-
taneously by measuring and calculating the second-order
correlations, g® (r;=0,r,). We present our experimental
observations in Fig. 3, which are obtained with sampling
frame numbers from N = 500 to 4500, with an interval
of 1000. In order to quantify the reconstruction quality
for both ghost images and correlation signals, we use
the contrast-to-noise ratio (CNR) [39], given by CNR =

(Gin) = (Gow))// iy + 03> Where (Gin) and (Gou) rep-
resent the ensemble average of the signal at any pixel
inside and outside the desired regions, respectively, and
o2 and o are the variances. We can see that both CNRs
improve as the number of sampling frames increase. We
can also see clearly that, for the same sampling number
N, the CNR of the correlation signal is much better than
that of the ghost image. Specifically, for N = 200, we can
hardly recognize the clover image, as it is blurred in the
noise background with a very low CNR = 0.70. In con-
trast, we can see a sharp correlation peak with CNR =
2.06, almost 3 times better than that of the ghost image.
In order to get the same fairly good CNR = 2.06 for the

ghost image, one needs at least 4500 frames for the image
reconstruction, as shown in Fig. 3. Thus, we conclude
that ghost identification presents a faster yet more effi-
cient method for object identification than the conventional
ghost imaging.

IV. RESULTS

To manifest the capacity of our protocol in identify-
ing more complex patterns, we also take QR codes and
fingerprints for ghost identification. A QR code is a type
of matrix barcode that encrypts information into small
black and white squares. It plays an important role in
modern society due to its large information capacity, high
reliability, and confidentiality [40,41]. In our experimen-
tal demonstration, we randomly generate five different
QR codes as identification libraries. We present in Fig. 4
our experimental results of the cross-correlation matrix,
g® (r1=0,r,). In each case, we take one specific QR code
as the test object (see left axis), whose spectrum’s conju-
gate phase together with a planar phase are imparted to
the thermal light source, as mentioned above, in a holog-
raphylike manner. Then we take all five QR codes as the
reference object (right axis), and ghost identification is
done in sequence. Obviously, the correlation peaks only
appear along the diagonal, as a result of pattern matching.
For the off-diagonal, we cannot observe any evident match-
ing signatures, as two different QR codes are compared.
Unlike the biphoton entanglement case, there is a constant
background of g® (r;=0,r,) = 1 for thermal-light-based
ghost identification, as is also indicated by Eq. (3). Then,
we can calculate that the visibility of the cross-correlation
matrix can reach approximately 25% for Fig. 4, and thus
showing a fairly good performance of our protocol of ghost
identification for QR codes.

As is well known, fingerprints are one of the most
widely used biometric features to identify individuals
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FIG. 3. CNR as a function of the measurement number N for
ghost image and cross-correlation signal. Each image is obtained
by summing N frames, with an exposition time of 10 ms for each
frame. The dashed curves are guides to the eye.

by virtue of their long-term invariance and uniqueness
[42,43]. Here, we further demonstrate another experiment
involving fingerprint identification, in which a sample fin-
gerprint is compared with a set of known fingerprints
stored in a database. In our experiment, we use five differ-
ent fingerprints from the Fingerprint Verification Competi-
tion 2000 databases [44]. Then a 5 x 5 cross-correlation
matrix is experimentally reconstructed in a similar way
(see Fig. 5). Again, we observe that the cross-correlation
peak signals are noticeable only along the diagonal for
two identical fingerprints, but still disappear for the off-
diagonal. It is noted that the maximal visibility for finger-
print identification is calculated to be approximately 12%,
much lower than that for QR codes. After the normaliza-
tion and thresholding operation, the recognition accuracies

FIG. 4. Experimental results of ghost identification for QR
codes. Each correlation signal is obtained by summing 500
frames. The color-scale bar represents the value of g®.

0.95

FIG. 5. Experimental results of ghost identification for finger-
prints. Each correlation signal is obtained by summing 2000
frames. The color-scale bar represents the value of g®.

are 91.61% and 89.37% for QR codes and fingerprints,
respectively (see Appendix C for details).

V. DISCUSSION

Theoretically, there are three main limiting factors for
improving the performance of pattern recognition. The first
one is the intensity of the zero-frequency component of
an object’s Fourier spectrum. For pattern recognition, the
correlation signal comes from the object’s high-frequency
components, whereas the background noise arises from
the zero-frequency component [45]. In other words, an
object with a lower zero-frequency component can result
in a higher correlation peak and signal-to-noise ratio. Gen-
erally, the zero-frequency component of a fingerprint is
higher than that of a QR code (see Appendix B for details),
and thus there is a higher correlation signal for a QR code,
which is in agreement with the results in Figs. 4 and 5.
Also, this is the reason why we need to accumulate more
frames for fingerprint recognition. The second factor is that
we must filter out the zero-frequency component in CCD1.
Based on Klyshko’s theory [4,8], we can equivalently con-
sider the ghost identification setup with a back-projection
picture. The point light source emitted from the central
pixel (r; = 0) of CCD1, after being expanded and colli-
mated by L4, goes back to illuminate the reference object.
And then the light beam carrying the object information
passes through L3 to conduct the Fourier transform. Here,
by mixing the Fourier spectrum of the identity object into
the thermal light, the BS can thus be seen as a matched
filter [8,46]. Due to the light source emitted from the cen-
tral pixel, the Fourier spectrum of the object can overlap
with the matched filter perfectly. And thus after the Fourier
transform of L5, there is a perfect correlation peak at
CCD?2. Based on the principle of the Fourier transform,
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FIG. 6.

if the point light source is emitted from the other pixel
(r1 # 0), the light beam would illuminate the object with
a tilt angle, and, accordingly, the Fourier spectrum of the
object would mismatch with the matched filter located at
the BS, thus generating a poor correlation signal. As for
multipixels, the contribution among the mismatch corre-
lation signals arising from | # 0 pixels will bring more
background and can decrease the recognition performance.
For a quantitative illustration of this point, we analyze the
experimental data, as presented in Fig. 6. From this we
can see that the correlation signal decreases with increas-
ing collected area in CCD1. The third limiting factor is the
orthogonality of the test objects, which affects the recog-
nition accuracy. As shown in Fig. 4, due to the slight
similarity among different QR codes, there are also several
weak correlation signals in the nondiagonal elements.

In experiments, the 4f imaging lens limits the oper-
ation spatial frequency band width of our system, i.e.,
the cutoff frequency. Taking the x direction for example,
the spatial frequency bandwidth £, is given by 0 < f, <
(ML,,/2f3A) [45,47], where M denotes the magnification
of the 4f" system consisting of L1 and L2 and L,, is the
size of holographic grating loaded on SLM1 plane. In
our present setup, M = 0.5, L,, = 6 mm (300 pixels), and
f3 = 250 mm, and thus the cut-off frequency is about 94
lines/cm. Accordingly, a suitable imaging lens is impor-
tant for object identification. In addition, since the identity
object is mixed into the thermal light, just filtering out
the low-frequency part of the thermal light can lose some
information and decrease the correlation signal. Finally, a
better spatial overlap of the Fourier planes of the object
with the modulated thermal light source at the BS is highly
desirable, which could further improve the visibility.

VI. CONCLUSION

In conclusion, we successfully implement a ghost iden-
tification protocol for a simple geometric object, QR codes,
and fingerprints. In contrast to the biphoton entanglement
case, here we only use a thermal light source, albeit with
zero quantum entanglement. The key point to our scheme
is the employment of a holography-type spatial light mod-
ulation, i.e., by imparting the conjugate phase of the test

0

100
50
x(pixel)

. 50 50
Y(pixel) 00 x(pixel)

The correlation signal of clover under different collection areas in CCD1.

object’s spectrum together with an auxiliary planar phase
onto the thermal light source. Such an elaborated consid-
eration avoids canceling out the phase information of the
test object’s spectrum in the second-order intensity corre-
lation, and thus enabling object identification in a ghostly
manner. Besides, our ghost identification is time-saving
and efficient even at very low light illumination levels, in
comparison with traditional ghost imaging that needs the
full reconstruction of a two-dimensional image. We note
that our protocol can be straightforwardly extended to the
x-ray regime [48,49], and even to other massive particles
such as atoms [37], electrons [50], etc. We also anticipate
that our ghost identification can find direct applications
in covert detection, secure biosensing, and environmental
monitoring, where low-level illumination and noncontact
operation are needed.
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FIG. 8. Fourier spectrum of fingerprint and QR code. Inset: the
object’s transmission image.
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APPENDIX A: COHERENCE LENGTH OF
THERMAL LIGHT

We calculate the autocorrelation function g® (Ax)
of the reference arm in CCD2, as illustrated in
Fig. 7. Then we can acquire its coherence length o =
(0.0244 4+ 0.00028) mm, which is much smaller than the
object size (approximately 5 mm) [36,37]. Thus accord-
ingly, the generated thermal source in our experiment can
be seen as an incoherent source.

APPENDIX B: FOURIER SPECTRUM ANALYSIS

Theoretically, the intensity of the zero-frequency com-
ponent of an object’s Fourier spectrum limits its recogni-
tion performance. Therefore, we analyze the Fourier spec-
trum of fingerprints and QR codes. As shown in Fig. 8, the
zero-frequency component (dc component) of the finger-
print (14 /Iiotal = 66.1%) is higher than that of the QR code
(Lgc/Tiotal = 48.8% ), and thus there is a higher correlation
signal for the QR code.

0 0 0 0.20306 0.79694
0 0 0 1 0
0 0

0.78356 0.21644 0 % 027673 0 072327 0 0

0 il 0 0 0

RS

1 0 0 0 0
MEEE DR
FIG. 9. The confusion matrix for QR codes (threshold approx-

imately 1.1) and fingerprints (threshold approximately 1.04).

APPENDIX C: ACCURACY EVALUATION

Here, we adopt the accuracy ACC =} . pi/> ;P
[51], to quantitatively evaluate the confidence level of the
identification performance. p;; represents the normalized
correlation signal. Due to the fact that the test objects are
generally not orthogonal to each other, there are also cor-
relation peaks in the nondiagonal elements (seen in Figs. 4
and 5). And the height of the correlation peak depends on
the similarity between reference and test object. In order
to remove the influence of nondiagonal elements, the gen-
eral method is to conduct a thresholding operation [52,53],
i.e., only recording the correlation signal above the thresh-
old. After the normalization operation and thresholding
operation, as shown in Fig. 9, accordingly, the recogni-
tion accuracies are 91.61% and 89.37% for QR codes and
fingerprints, respectively.
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