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Abstract: We demonstrate that SLM and computational ghost imaging (CGI) have similar image
formation, but applying compressed sensing on them yields divergent results due to potential sensi-
tivity to hardware imperfections or systemic errors in compressive CGI.
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Ghost imaging (GI) is a correlated-beam technique capable of image formation from the output of a “bucket” detector—
with no spatial resolution—that collects light transmitted through or reflected by an object. Early ghost imaging ex-
periments formed images by correlation of the bucket detector signal with the one from a spatially-resolving reference
arm that contains no object. In computational GI, proposed by Shapiro [1] and first implemented by Bromberg et al.
[2] the reference arm is eliminated entirely and replaced by its computed values. A pseudorandom but deterministic
phase pattern is imposed by a spatial light modulator (SLM),permitting the optical field at the reference-arm de-
tector location to be computed based on standard beam-propagation equations. By eliminating the reference arm, the
experimental resources needed are simplified.

Compressed sensing techniques have shown that it is possible to drastically reduce the acquisition time of an image
if it is possible to make assumptions about the object, such as sparsity in some spatial basis, or being known to have
a small total edge length. Such techniques are especially useful for GI, as demonstrated by Howell [3] in a biphoton-
based GI experiment. Compressed sensing may prove to be evenmore suited for SLM-based classical GI, in which
we have the added advantage of modulating the phase in a deterministic fashion. In this paper, we have implemented a
setup for direct comparisons between traditional and computational GI using the same set of phase patterns and bucket
detector values, and explore a total variation (TV) minimization compressed-sensing technique applied to both cases.

Figure 1 shows the experimental setup. A 795-nm, 10-mW lasersource is focused with a beam waist of 230µm
onto a 512×512-pixel SLM (each pixel 15×15µm in size) with individually addressable phases, driven by acomputer
program. The light is at normal incidence with the waist located at the SLM. We use a partially-reflecting mirror to
divert a portion of the normally reflected, modulated light toward the sample located at a distance of 80 cm in the
far field. The sample is a binary transmission mask placed before a lens, which focuses all transmitted light onto a
single-pixel bucket detector. An additional 50/50 beam splitter is placed in the path of the modulated light to create
a reference arm with a spatially-resolving CCD detector. Bydoing this, we are able to simultaneously perform both
traditional and computational GI using the same bucket detector data, valuable as a comparison tool. In traditional GI,
we simply compute the covariance between the signals from the bucket detector and the individual pixels of the CCD
to obtain an image; in computational GI, data collected fromthe reference arm are replaced by numerical evaluation
of the beam propagation from the SLM for each phase pattern. We record the data of each individual frame, allowing
us to further study the application of compressed sensing techniques to both traditional and computational cases using
the same data set, and compare the results against the standard covariance-based GI measurements.

Fig. 1:Setup for SLM-based far-field classical GI. The reference arm is not used for computational GI.



Far-field ghost imaging operation allows us to use far-field approximations for the beam propagation in compu-
tational GI. Figure 2(a) compares traditional GI and computational GI, showing the formation of a ghost image by
averaging the covariances of each pixel of the speckle pattern with the bucket detector as the number of realizationsN

is increased. Traditional and computational GI form discernible images over almost identical time scales. Figure 2(b)
shows the application of a TV minimization compressed sensing technique to the traditional GI case, in which the
total variation (L1 magnitude of the differences between all pairs of adjacent pixels) is minimized. We notice that the
formation of an image is extremely fast, and visually discernible after only 200-300 realizations.

Fig. 2: (a) Comparison of traditional GI and computational GI, bothusing covariance-based detection. (b) Compressed sensing
using TV minimization, applied to traditional GI.

Figure 3 shows sample results of applying the TV minimization compressed sensing technique to the same compu-
tational GI data as shown in Fig. 2(a), as well as for a much simpler mask of a square outline. Unexpectedly, despite the
similar performance of both traditional and computationalGI under the standard covariance-based technique, we ob-
serve that the application of compressed sensing fails drastically for the computational GI case; in addition, increasing
the number of realizations beyondN = 300 causes the image to deteriorate even further. We see that theperformance
is mildly better for the simpler mask, but also very much suboptimal. We hypothesize that the discrepancy is caused
by reproducible but unknown systematic errors, such as the optical behavior of the dead spaces between pixels or
inconsistencies in the calibration of SLM pixels. We observed small but fully-reproducible differences between the
CCD-measured speckle patterns and computed simulations. While compressed sensing techniques such as the TV
minimization routine are typically robust in the presence of random noise, they may exhibit hypersensitivity to such
types of systematic errors, which may impose undesired constraints on any compressed sensing model.

Fig. 3:Comparison of computational ghost imaging results using the traditional covariance-based technique and a total-variation
minimization compressed sensing technique. (a) MIT logo mask with (b) covariance-based and (c) compressed sensing images, (d)
Square outline mask with (e) covariance-based and (f) compressed sensing images. All images useN = 200 realizations.

In summary, we have implemented an SLM-based setup for simultaneous comparison of traditional GI and com-
putational GI, to confirm the efficacy of image formation of the latter. We then applied compressed sensing techniques
to both traditional and computational GI cases. In the traditional case, we find that we are able to obtain a clean
image very quickly, but when compressed sensing is applied to the computational GI data, we find it surprisingly
difficult to extract an image, despite traditional and computational GI performing almost identically using a standard
covariance-based measurement. We believe that compressedsensing may be extremely valuable for GI but may also be
hypersensitive to certain types of hardware imperfectionswhich are reproducible but nontrivial to model, an important
issue to understand for future experiments which we will discuss in detail in our presentation.
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