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Abstract. The conventional speckle contrast measures only speckle
severity, and is unable to characterize granularity and anisotropy in dis-
played images, which are easily picked up by human observers. Here,
we propose a comprehensive method based on the power spectral density
which allows the simultaneous measurement of three components of
laser speckle-severity, granularity and anisotropy—as a superior way to
evaluate both speckle and speckle reduction techniques. © 2012 Society of
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1 Introduction

Speckle arises from coherent interference, such as of laser
light that is reflected off a rough surface, and manifests itself
as random granular noise.> Such speckle patterns can be
useful, such as in speckle metrology,” dynamic speckle inter-
ferometry,* and speckle profilometry,” but in many other
applications, speckle is unwanted and results in loss of infor-
mation, such as in ultrasound imaging.® In particular, speckle
is detrimental to laser-based imaging systems, such as laser-
based televisions (TVs) and projectors,”” and holographic
display systems,'” as it introduces aesthetically displeasing
noise. It is thus essential to have a metric which is able to
accurately characterize speckle noise and speckle reduction
techniques for laser display purposes.

The most commonly used metric to evaluate speckle
severity is the speckle contrast (C = ¢/(I)), defined as
the standard deviation of intensity normalized by the
mean intensity.> This is sufficient in applications where
the information in a signal or image is contained only in
the individual intensity values and not in correlations
between neighboring pixels. In a displayed image, however,
local correlations in intensities are essential to define edges,
boundaries and features, and the speckle contrast, being a
pixel-centric method, is unable to pick up speckle features
related to such local correlations. Two examples of such fea-
tures are granularity and anisotropy in the speckle pattern. In
particular, anisotropy can be a pertinent problem—many
speckle reduction methods require some form of “move-
ment” in order to break spatial coherence and reduce speckle.
These methods can involve both hardware, such as rotating
diffusers,'' or software, such as cyclically shifting the holo-
gram.!? If there was any anisotropy in the application of these
methods, the spatial coherence and consequently speckle
would be retained along certain directions, resulting in an
anisotropic distribution of speckle. An example of how
speckle degrades the aesthetic quality of displayed images

0091-3286/2012/$25.00 © 2012 SPIE

Optical Engineering

054301-1

is shown in Fig. 1(a) and 1(b), with examples of isotropic
and anisotropic speckle reduction in Fig. 1(c) and 1(d).

The speckle contrast considers only the standard devia-
tion of the pixel intensities, without considering correlations
between pixels. One has to turn to correlation-based statistics
to comprehensively characterize speckle. Such correlation
analyses have naturally been used in some of the above-
mentioned applications such as metrology,” and have
recently been studied in imaging,'® but not in an applicable
way to characterize speckle reduction. In this paper, we adapt
a formulation based on the power spectral density, or PSD,
first studied in speckle by Goldfischer,'* who related it to
the autocorrelation function. We draw on the physical signif-
icance of the PSD as representing the power due to the
different frequencies of intensity variation, and use the PSD
in polar coordinates to find the angular distribution of power.
A similar re-formulation of the PSD has recently been used
for an entirely different purpose in surface morphology char-
acterization.”” The method described in this paper allows
characterization of the speckle severity (what the speckle
contrast measures), granularity (speckle grain size), and
anisotropy. It provides a comprehensive characterization of
speckled images, and can be used to evaluate current and
future speckle reduction technologies. In the next few sec-
tions, we define the three characteristics of speckle, describe
our method, and demonstrate its validity using experimen-
tally captured images, before discussing the implications
and ideas for future research.

2 Definition of Speckle Severity, Granularity,
and Anisotropy

Refer to Fig. 2 for an illustration of the terms speckle sever-
ity, granularity and anisotropy. First, speckle severity refers
to the magnitude of the speckle, that is, the total amount of
variation in the image. The speckle contrast captures this
variation precisely, by considering the standard deviation
of the intensity values. Fig. 2(a) shows a one-dimensional
line-scan through an ideal image, which has no variation
due to speckle. In Fig. 2(b), we show an example of high
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Fig. 1 Degradation of aesthetic quality by speckle. The images were captured using a holographic display system, described in the text. They are
mirrored about the vertical axis due to the display optics: (a) original input image, (b) speckled reconstruction, (c) with isotropic speckle reduction
applied, (d) with anisotropic speckle reduction applied. The speckle contrast, estimated from Lena’s hat, is (b) 0.584, (c) 0.178, and (d) 0.180—it is

unable to pick out the aesthetic difference between (c) and (d).

speckle severity, while in Fig. 2(c), we show a corresponding
example of low speckle severity.

Second, speckle granularity refers simply to the distribu-
tion of speckle at different grain sizes. Grain size is indepen-
dent of severity, and can be seen by comparing Fig. 2(c)
which has a small grain size, and Fig. 2(d) which has the
same severity and a larger grain size. Characterizing granu-
larity is important because some speckle reduction methods
may be constrained by certain length-scales, for example, the
grain size on a random diffuser. This might have an effect on
the grain structure of the speckle pattern after applying
speckle reduction such as retaining speckle above a certain
minimum size.

Third, speckle anisotropy refers to the inhomogeneous
distribution of speckle with respect to direction. Anisotropic
speckle patterns could have speckle that is longer in one

direction as compared to another, or speckle distributions
that favor a certain direction over another, or both. Consider
the two images in Fig. 2(e) and 2(f), which have the same
number of speckles and of the same size distributed evenly
throughout the images. Figure 2(e) has a relatively random
and isotropic distribution of speckle, while Fig. 2(f) has a
distribution of speckle that favors the 45 degree line along
the top-right to bottom-left direction. As mentioned in the
introduction, application of an anisotropic speckle reduction
method (e.g., vibration only in one direction) would destroy
spatial coherence in one direction and retain spatial coher-
ence in another direction, resulting in an anisotropic distri-
bution. Not all speckle reduction methods require movement
to break spatial coherence, such as polarization multiplexing
and wavelength multiplexing; however for the methods that
do, this is an important consideration.

Speckle Speckle
Severity Granularity
2 . .
1 None -
0 . .
(a)
2 . .

. Small
L 41 High
! '8 Grain Size

. Low Small
Grain Size
o . .
(0
2 : :
Large
- 1+ L .
! oW Grain Size
0 (d)
Low High
Anisotropy Anisotropy

(e)

®

Fig. 2 lllustration of the terms speckle severity, speckle granularity, and anisotropy. (a) 1-D line-scan of an ideal image with no intensity variation,
and hence no speckle. (b) High speckle severity with small grain size. (c) Low speckle severity with small grain size. (d) Low speckle severity with
large grain size. (e) Image with low anisotropy. (f) Image with high anisotropy.
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3 Description of the Speckle Analysis Method
Using the Power Spectral Density

For a given speckled image, we seek to quantify the power
contained in various spatial frequencies, and hence we bor-
row and adapt the formulation of the Power Spectral Density
(PSD). There are two formulations of the PSD, either via
periodogram or correlogram methods.'® The former relates
the PSD to the expectation of the squared Fourier Transform
of the signal, while the latter (via the Wiener-Khinchin the-
orem) relates the PSD to the Fourier Transform of the auto-
correlation function of the signal. The equivalency of the two
can be shown via various methods, such as by brute force
expansion or by the convolution theorem, and has been
shown in many texts.!”!® For our purposes, we consider
the former, periodogram method for ease of computation.
Consider a two dimensional (2D) speckled image A(x, y)
of size 2M + 1, 2N 4+ 1). The 2D PSD is given by the
squared modulus of the 2D Fourier Transform (FT):

ff: ZN: {A(x,y)

Ax=—M Ay=—N
. fax Iy
2
X exp { : ”<2M+ T

where the PSD is not restricted to only positive frequencies.
The subscript C denotes the fact that it is defined in Cartesian
coordinates. PSD¢(f,.f,) yields the power contribution
within the image A(x, y) due to variations of spatial frequen-
cies (f.f)) along the x, y axes. The PSD can be normalized
such that the zero-frequency term PSD(0, 0), representing
the square of the total brightness in the image, is equal
to unity.

In order to study the angular distribution of speckle, we
consider a simple representation change from Cartesian to
Polar coordinates, in Fourier space, using f, = p cos v

and f, = p sin y:

PSDc(f.fy) =

2

(D

PSDp(p.y) = PSDc(p cos y,p sin y). 2

Redefining the PSD in this way with p > 0, y € [0, 2x),
we can interpret PSDp(p, y) as containing the power due to
variations of absolute spatial frequency p in a direction given
by w. A 1D signal will contain the same power at positive
frequency w as at the corresponding negative frequency —w,
and similarly, a 2D image will have the same power along a
certain direction y, with absolute frequency |p| as along
—, with absolute frequency |p|. Hence, the 2D PSD has
a rotational symmetry that is periodic with period z, i.e.,
PSDp(p,w) = PSDp(p,w + x). In addition, we only
consider the largest inscribed circle to balance the number
of data points in each direction, and we exclude p =0,
the zero-frequency term that reflects the overall background
intensity, so we consider 0 <p < min (M,N), illustrated
in Fig. 3.

Let us define two “1D PSD” functions that will allow us
to obtain a better insight into the spatial nature of the speckle
pattern. The radial PSD (rPSD), averaged over all angles v,
for a certain spatial frequency p is given by:
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Fig. 3 lllustration of the various defined quantities. Note that the
image portions are square, however, only values within the largest
inscribed circle are used. (a) PSD in polar coordinates, Eq. (2).
(b) rPSD, the PSD averaged over all angles for a fixed radius,
Eq. (3). (c) aPSD, the PSD averaged over all radii for a small sector,
Eq. (4). (d) TSP, the PSD summed over all angles and all radii, Eq. (5).

1 2
tPSD(p) = > PSDp(p. y)pAy, 3)
w=0

where 7 is the number of data points in the summation and
Ay is the (angular) width of the summation interval. The
rPSD gives the average power per spatial frequency p
over all directions. Speckle grain size is inversely propor-
tional to the spatial frequency, so the rPSD essentially
gives the amount of power contained in speckles of various
sizes across the entire image.

The other 1D function is the angular PSD (aPSD). The
aPSD, which can be interpreted as containing information
about directional variation of all spatial frequencies within
a small angular interval [y — Ay /2, v + Ay/2], can be
given by an averaged sector integral:

w+52 min(M.N)

1
aPSDy, () =— > D PSDp(p.u/)pdply’,  (4)

1//’:1//—% p=1

where similarly Ap is the width of the summation interval in
p. Note that Eq. (4) is formulated as a sector integral and not
a simple line integral for dimensional consistency. The aPSD
gives the angular speckle distribution, allowing us to find
directions along which there are differences in the amount
of speckle variation. A measure of anisotropy can be esti-
mated by considering the standard deviation of the aPSD,
normalized by the mean, i.e., 6,psp/(aPSD).

Lastly, we can get a sense of the total severity of the
speckle distribution (a measure similar to the speckle con-
trast), by finding the total power across all frequencies
and angles. This total spectral power (TSP) is the sum of
Eq. (2) over all p and y:

min(M,N) 2z
TSP= > > PSDy(p.y)pApAy. )
p=1  w=0

A summary and illustration of the various defined quan-
tities are given in Fig. 3.

4 Experiments and Results

To validate the method, we captured speckled images recon-
structed using a holographic display system, shown in Fig. 4.
A green 532 nm laser was expanded and collimated, and
incident on a SXGA-R3-H1 (ForthDD) Ferroelectric Liquid
Crystal (FLC) Spatial Light Modulator (SLM) connected to a
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Fig. 4 Experimental setup. A 532 nm laser is expanded and incident on the Spatial Light Modulator (SLM), on which a hologram is launched. The
modulated light passes through lenses L1 and L2, both of focal length 50 mm, and is imaged onto a CCD. S is a rectangular slit placed at the
intermediate focal plane to block unwanted diffraction orders. The test image used is a simple step-function bar pattern with bars of equal width.

controlling computer. The SLM displays binary phase holo-
grams at 24 bits at 60 Hz (for an effective 1440 binary frames
per second). The reconstructed images were captured using a
CCD camera (Retiga-4000R, and pixel size 7.4 pm).
For our test image, we used a simple step-function bar pat-
tern of equal width. We calculated phase-only Fourier holo-
grams using a simplified GS algorithm.'” We applied two
software-based methods of speckle reduction, namely,
(1) computing multiple random-phase holograms and dis-
playing them sequentially within the CCD integration
time, or Random-Phase Multiplexing (RPM), and (2) cycli-
cally shifting the hologram in the SLM-plane,'? similarly
displaying the shifting holograms sequentially within the
CCD integration time, or Cyclic Shift Multiplexing
(CSM)." We chose to capture iterations of perfect square
numbers (e.g., 9, 25, 100) because the speckle contrast
decreases as the square root of the number of uncorrelated
speckle patterns (i.e., the number of speckle reduction itera-
tions).> From the captured reconstructed bar patterns, small
square patches (of 51 pixel X 51 pixels) within the bars are
isolated for analysis. Sample images are shown in Fig. 5.
Note that the image portions shown are slightly larger
than the patches used for analysis to include the adjacent
bars for perspective. During our experiments, we find
very large contributions in the PSD along the w = 0, z/2,
7, 3n/2 directions, likely due to the pixellated nature of
the SLM, and we exclude these points from our analyses.

5 Speckle Analysis
5.1 Speckle Severity

First, we wish to show that the measure of speckle severity
using the proposed PSD-based method, the TSP, gives the
same information as the speckle contrast, (C). Figure 6
shows, on a log-log graph, C, and the TSP [Eq. (5)], plotted
against total number of speckle reduction iterations. Here, we
use only the RPM method. Best-fit curves are also overlaid.
As mentioned previously, it is well known that C decreases
as the square root of the number of speckle reduction itera-
tions, and the slope of the fitted curve for C is —0.44, indeed
close to —0.5. It underestimates the theory, likely due to resi-
dual speckle from the experimental setup (laser, optical ele-
ments, SLM) that is not reduced by the RPM method. The
slope of the fit for the TSP is —0.95, close to —1. The linear

*Shifting the hologram results in a shift of the reconstructed object in the
image plane. For Fourier holograms, the image plane is at infinity, and so
imaging the hologram via a lens should result in negligible movement of the
object. Experimentally, however, we observe what seems to be small residual
movement of the object, probably due to the discrete and pixellated nature of
the SLM, resulting in anisotropic speckle reduction.
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correlation coefficient between C and the TSP is 0.99, show-
ing near perfect correlation. Thus, there is good experimental
support that the TSP is a sufficient measure of speckle
severity.

5.2 Speckle Granularity

The rPSD represents the power present in variations of a cer-
tain fixed spatial frequency p. Spatial frequency is inversely
proportional to length in real-space, and we can transform
the dependent variable back into pixel-lengths to have a
more physical picture. Five sample rPSD functions are
plotted on a semilog scale against pixel-length in Fig. 7,
for a single speckled image [Fig. 5(b)], one with 9 iterations
of RPM reduction [Fig. 5(c)], one with 100 iterations of
RPM reduction [Fig. 5(e)], one with 9 iterations of CSM
reduction [Fig. 5(f)], and one with 100 iterations of CSM
reduction [Fig. 5(h)]. The graphs represent the average
power contained by variations of a particular length. Consid-
ering the single image and the two RPM-reduced images, we
can see that the consistent shape of the graphs indicate that
RPM decreases speckle of all lengths evenly. In contrast,
notice that the CSM-reduced graphs have a different
shape. The graphs suggest that CSM reduces the severity
of small speckles as well as RPM, but at larger lengths,
the effectiveness of the CSM rapidly decays, and it seems
to have no effect beyond 8 pixels where the two CSM graphs
converge. The CSM-reduced images retain intensity varia-
tions of about 8 pixels of larger, and we can visually perceive
that as long-range correlations (“smears”) in the images.
Hence not only does the rPSD allow the characterization
of speckle of every size in an image, it allows the evaluation
of the effectiveness of speckle reduction methods in reducing
speckle of every size.

5.3 Speckle Anisotropy

The aPSD gives the angular distribution of speckle power.
Ideally, speckle should be spatially uncorrelated and isotro-
pic. With reference to the sample images shown in Fig. 5, we
can see that the RPM method, because it involves calculating
different holograms and so generates uncorrelated speckle
patterns, results in isotropic speckle reduction, while the
CSM method, which relies on shifting a single hologram,
seems to add some anisotropy to the image as a byproduct
of speckle reduction, visually perceived as a “smearing”
from the top-left to bottom-right of the image.

In Fig. 8, we plot on a polar plot, the aPSD against angle
for a single speckled image [Fig. 5(b)], one with 100 itera-
tions of RPM applied [Fig. 5(e)], and one with 100 iterations
of CSM applied [Fig. 5(h)]. We exclude the contributions
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Fig. 5 Sample experimentally captured images. (a) Single speckled image, (b) Isolated image portion from (a). The speckles are clearly visible
here. Top row: RPM speckle reduction applied with (c) 9 iterations, (d) 25 iterations and (e) 100 iterations. Bottom row: CSM speckle reduction

applied with (f) 9, (g) 25 and (h) 100 iterations.

due to the pixellated nature of the SLM along the y = 0,
/2, &, 3n/2 directions as mentioned in Sec. 4. Comparing
the graphs in Fig. 8, ignoring the absolute magnitude of
the values (which correspond more to severity), we can
see that the single image and the image with 100 RPM itera-
tions both have an isotropic distribution of power in all direc-
tions. However, the image with 100 CSM iterations has an
aPSD with relatively more power in the first (0 <y < 7/2)
and third (r <w <3x/2) quadrants. This corresponds to
relatively more variation along the top-right to bottom-left
direction, which can explain the smearing in the orthogonal,
top-left to bottom-right direction. This orthogonal relation
can be explained by considering the fact that a grating
with vertical stripes (like our test image), when Fourier trans-
formed, will have variation along the orthogonal, horizontal
direction. The standard deviation of the aPSD (normalized

1 T
0 +  Speckle Contrast (C)
L A Total Spectral Power (TSP)
A Tt
Tl Fol_

—1 \\\ N - e +
>10F ~ . T 1
5 RN +~ 3
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(2] NN
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S ~<
s s
n _. ~ o

10% b SN A 1
£
AN
\\
M A
_3 )
10° ; )
10 10 10

Speckle Reduction lterations

Fig. 6 The speckle contrast (C) and total spectral power (TSP) are
plotted against the number of RPM reduction iterations on a log-
log scale. The crosses and triangles denote C and TSP, respectively.
The best-fit curves, plotted as dashed lines, have slopes close to —0.5
and -1, respectively.
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by the mean of the aPSD) as described in Sec. 3, for
these three images are, respectively, 0.09, 0.11 and 0.48.
Thus the aPSD, and the normalized standard deviation of
the aPSD, can sufficiently pick out anisotropy in the
speckled images. As a final comment, the speckle contrast
estimated from Fig. 5(b), 5(e) and 5(h) are 0.54, 0.07 and
0.11, respectively, and comparatively, the latter two images
have almost the same speckle contrast. The aesthetic differ-
ence due to the anisotropy cannot be explained by the small
difference in the latter two numbers.

5.4 Discussion

Here, we discuss the implementations and future research
ideas. Although we show a proof of concept using a holo-
graphic display system, this method of speckle analysis is
applicable to other laser-based display systems. The method

10"
+ +
e+t +
&+
4 *:; v
07 # v E
¥ o @ o
[e]
009 © o ©
x
2 5 v !
D 107 v E
= x
v x x *
X% kX
_6
10 3
x
+  Single speckled image
O With 9 RPM iterations applied
x  With 100 RPM iterations applied
O With 9 CSM iterations applied
7 Vv With 100 CSM iterations applied
10 ! '
0 5 10 15
Pixels

Fig. 7 The rPSD is plotted against pixel-lengths for five images, one
with no speckle reduction applied [Fig. 5(b)], one with 9 iterations of
RPM reduction [Fig. 5(c)], one with 100 iterations of RPM reduction
[Fig. 5(e)], one with 9 iterations of CSM reduction [Fig. 5(f)], and one
with 100 iterations of CSM reduction [Fig. 5(h)].
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Fig. 8 Polar plots of the aPSD. (a) Single speckled image [Fig. 5(b)]. (b) Image with 100 RPM iterations applied [Fig. 5(e)]. (c) Image with 100 CSM

iterations [Fig. 5(h)].

is simple enough to be embedded into a device, which can
provide a convenient way of characterizing displays. In addi-
tion, it could possibly be integrated into a laser display sys-
tem’s speckle reduction module in a regulatory and feedback
loop to ensure quality control.

Future experiments need to be done to relate the absolute
quantities of the PSD function (which are in units of power
per unit spatial frequency squared) to the observer’s subjec-
tive judgments. As a parallel example, the human visual sys-
tem’s response to contrast and spatial frequency is given by
the contrast sensitivity function, which is non-linear, and
beyond certain combinations of contrast and spatial fre-
quency, additional differences are indistinguishable to the
human visual system. Similarly, additional experiments
would have to be done to relate the physical quantities
given by the PSD with the human threshold of perceiving
differences in speckle severity, granularity and anisotropy.
This is important to set standards by which to judge laser
display systems and the various speckle reduction techniques
they employ.

6 Conclusion

With the increasing ubiquity of laser-based displays, a more
comprehensive metric is needed to quantify laser speckle
noise for display purposes and address the limitations of
the speckle contrast. In this paper we have made use
of the power spectral density in polar-coordinates as a
tool for speckle analysis. This representation allows the
simultaneous measurement of three characteristics of
speckle—severity, granularity, and anisotropy—allowing a
more holistic characterization of speckle. The various quan-
tities defined allows characterization of the distribution of
speckle power at various grain sizes and along various direc-
tions, which is especially useful in speckle reduction as it can
determine if speckles of all sizes and directions are being
reduced equally. The work presented here will be useful
in evaluating not only speckle in images, but current and
future speckle reduction technologies as well.
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