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a  b  s  t  r  a  c  t

In  this  paper,  a  displacement  measurement  for color  images  using  double  phase-encoded  joint  fractional
transform  correlator  (DPEJFrTC)  is  proposed.  Color  reference  and target  images  are  decomposed  into
red, green  and  blue  channels.  New  monochromic  target  and  reference  images  are  formed  by spatially
arranging  the  three  channels.  The  displacement  of  color  images  is  obtained  using  DPEJFrTC  by  measuring
the  new  monochromic  target  and  reference.  In contrast  to  the  classical  joint  transform  correlator  (JTC),
our  technology  generates  only  one  sharp  peak  and  the  optical  structure  is  more  flexible  as  well  as  being
able to detect  the  displacement  of color  images  more  accurately.  A possible  optical  set-up  is suggested.

© 2012 Elsevier GmbH. All rights reserved.

1. Introduction

Joint transform correlator (JTC) has been widely used in pat-
tern recognition and motion tracking [1–4] since Weaver and
Goodman first proposed it in 1966 [5]. Janschek proposed using
JTC to measure the shift between imaging devices and the prin-
ciple axis in order to restore the blurred images and navigate
satellites in real-time [6,7]. They made use of JTC to determine
the correlation peaks that related to the displacement vector. Yi
proposed a hybrid opto-electronic JTC by using one optical trans-
form and up-sampling digital technology, obtaining the result that
root-mean-square error (RMSE) of motion measurement accuracy
could be controlled below 0.05 pixels [8]. We  proposed an image
displacement measurement using phase-encoded target JTC [9].
However, these studies involve monochromatic images. Even when
the measured images are colored, the above studies involve sim-
ply transforming the color images into gray images. In fact, most of
visual signals are chromatic. The colors of images are indispensable
characteristics for pattern recognition and image registration. Sim-
ilarities between the shape distributions of each color should be
recognized. This is color pattern recognition. Positive recognition
means full shape similarity between the target and the reference
images in each color distributions [10]. The introduction of color
information in pattern recognition and image registration is espe-
cially useful when the contours and the intensity distribution do not
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provide enough information to permit the recognition of images.
Thus extending JTC to measure displacement for color images is
essential.

Classical JTC has been widely investigated in color pattern recog-
nition by several groups [10–15]. The multichannel single-output
color JTC for color pattern recognition is particularly attractive [10],
achieving color pattern recognition by applying the classical JTC
in multiple channels. The peaks of correlation, however, were not
sharp enough. Thus, Alam introduced a fringed-adjusted JTC to [10]
improve performance of color pattern recognition [11]. A fringe-
adjusted filter was applied to each channel to achieve excellent
correlation discrimination. And the multichannel single-output
color JTC produced 15 peaks in the correlation plane [10]. It is not
easy, however, to obtain the location of cross-correlation peaks that
represented the coherence level between the reference and the tar-
get image for all color channels. A new system of multi-channel
single-output joint fractional Fourier transform correlator for color
pattern recognition was proposed by Jin [12]. They obtained only
three correlation peaks at the output plane. Hsieh presented a JTC
for color image recognition by using three liquid-crystal spatial
light modulators, experimentally obtaining the correlation peaks of
red, green, and blue [13]. Some researchers adopted color encoding
to implement color pattern recognition [14,15]. Nicolás consid-
ered the color distribution as the third dimension and proposed
an encoding of the 3D images into 2D images in order to perform
their 3D correlation in a convergent optical correlator [14]. Alam
proposed a new 3D color pattern recognition technique, exploit-
ing the concept of a fringe-adjusted JTC and CIELab color space,
yields better discrimination and sharper and stronger correlation
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peak intensity, as compared with a classical JTC with conventional
red–green–blue (RGB) components [15]. To our knowledge, how-
ever, no one has attempted to apply joint fractional transform
correlator to displacement detection for color images.

In this paper we propose a displacement measurement for
color images based on double phase-encoding JFrTC (DPEJFrTC).
In this technology the color reference image is separated into the
RGB channels, displaying on a monochromatic plane and phase-
encoded by a random phase-mask. The color target image is also
separated into the RGB channels and overlaid with phase-encoded
monochromatic reference image to form the input image, result-
ing in a single sharp correlation peak through DPEJFrTC. The input
plane is gray scaled, thus real-time operation is possible with the
use of spatial light modulators (SLMs). The displacement between
the color reference and the color target image is obtained by mea-
suring the position of the cross-correlation peak. Also, due to the
fractional Fourier transform, our optical set-up could be more flex-
ible and easier to implement when we choose different fractional
order p value, in contrast to classical JTC with fixed 4f systems.

2. Color image displacement detection based on DPEJFrTC

First, we decompose color images into three channels which
consist of red, green and blue channels. For a color reference image,
we decompose it into rR, rG, rB which represent the red, the green
and the blue channel respectively. The new monochromic reference
is formed by specially arranging the three components shown as
Fig. 1(a):

r(x, y) = rR(x, y − a) + rG(x, y) + rB(x, y + a) (1)

a in Eq. (1) is a constant space between each channel. The color
target image has a displacement (xi,yi) relative to the reference
image; thus, the new monochromic target is formed as Fig. 1(b)
and expressed as:

t(x, y) = tR(x + xi, y − a + yi) + tG(x + xi, y + yi)

+ tB(x + xi, y + a + yi), (2)

where tR is the red component of the color target image, tG is the
green component of the color target image, and tB is the blue com-
ponent of the color target image.

Refregier and Javidi proposed double phase encoding and
applied it in optical image encryption and decryption [16]. We  mod-
ified and applied it to gray image displacement measurement [9].
Consider a random phase function ˚(u,v) in Fourier domain, and
define a phase mask �(u,v).

�(u, v) = exp[−j˚(u, v)] (3)

�(x, y) = ifft2[�(u,  v)] (4)

In Eq. (3), ˚(u,v) is a random phase function uniformly distributed
between 0 and 2� in Fourier domain, and j denotes an imaginary
unit. In Eq. (4) ifft2 is 2D inverse Fourier transform function. We
use �(x,y) to encode the monochromatic reference image r(x,y) as
follows,

r′′(x, y) = r(x, y) ⊗ �(x, y) (5)

We  overlap the phase-encoded monochromatic reference with the
monochromatic target image to form the monochromatic input
image. Thus the joint input image is given by:

vf (x, y) = {rR(x, y − a) + rG(x, y) + rB(x, y + a)} ⊗ �(x, y)

+ [tR(x + xi, y − a + yi) + tG(x + xi, y + yi)

+tB(x + xi, y + a + yi)] (6)

Its Fourier spectrum is expressed as follows:

F(u, v) = RR(u, v)�(u, v) exp (iva) + RG(u, v)�(u, v)

+ RB(u, v)�(u, v) exp (−iva) + TR(u, v) exp (−iuxi − ivyi + iva)

+ TG(u, v) exp (−iuxi − ivyi) + TB(u, v) exp (−iuxi − ivyi − iva) (7)

where R(u,v),T(u,v) are Fourier transformation of r(x,y),t(x,y). And
joint power spectrum (JPS) is obtained by:

JPS(u, v) = |F(u, v)|2

= RR(u, v)2 + RG(u, v)2 + RB(u, v)2 + TR(u, v)2

+TG(u, v)2 + TB(u, v)2

+2|RR(u, v)||RG(u, v)|cos (�RR
(u, v) − �RG

(u, v) + i2va)

+2|RR(u, v)||RB(u, v)|cos (�RR
(u, v) − �RB

(u, v) + i4va)

+RR(u, v)�(u, v)TR(u, v)∗ exp (iuxi + ivyi)

+TR(u, v) exp (−iuxi − ivyi)RR(u, v)∗�(u, v)∗

+RR(u, v)�(u, v)TG(u, v)∗ exp(iuxi + ivyi + iva)

+TG(u, v) exp (−iuxi − ivyi − iva)RR(u, v)∗�(u, v)∗

+RR(u, v)�(u, v)TB(u, v)∗ exp (iuxi + ivyi + i2va)

+TB(u, v) exp (−iuxi − ivyi − i2va)RR(u, v)∗�(u, v)∗

+2|RG(u, v)||RB(u, v)|cos (�RG
(u, v) − �RB

(u, v) + i2va)

+RG(u, v)�(u, v)TR(u, v)∗ exp (iuxi + ivyi − iva)

+TR(u, v) exp(−iuxi − ivyi + iva)RG(u, v)∗�(u, v)∗

+RG(u, v)�(u, v)TG(u, v)∗ exp (iuxi + ivyi)

+TG(u, v) exp (−iuxi − ivyi)RG(u, v)∗�(u, v)∗

+RG(u, v)�(u, v)TB(u, v)∗ exp (iuxi + ivyi + iva)

+TB(u, v) exp (−iuxi − ivyi − iva)RG(u, v)∗�(u, v)∗

+RB(u, v)�(u, v)TR(u, v)∗ exp (iuxi + ivyi − i2va)

+TR(u, v) exp (−iuxi − ivyi + i2va)RB(u, v)∗�(u, v)∗

+RB(u, v)�(u, v)TG(u, v)∗ exp (iuxi + ivyi − iva)

+TG(u, v) exp (−iuxi − ivyi + iva)RB(u, v)∗�(u, v)∗

+RB(u, v)�(u, v)TB(u, v)∗ exp (iuxi + ivyi)

+TB(u, v) exp (−iuxi − ivyi)RB(u, v)∗�(u, v)∗

+2|TR(u, v)||TG(u, v)|cos (�TR
(u, v) − �TG

(u, v) + i2va)

+2|TR(u, v)||TB(u, v)|cos (�TR
(u, v) − �TB

(u, v) + i4va)

+2|TG(u, v)||TB(u, v)|cos (�TR
(u, v) − �TB

(u, v) + i2va)

(8)

* denotes conjugate operator. �RR
, �RG

, �RB
, �TR

, �TG
, �TB

are
phase part of RR(u, v), RG(u, v), RB(u, v), TR(u, v), TG(u, v), TB(u, v),
respectively. Then we multiply Eq. (8) with the same phase mask
�(u,v), and we obtain phase-encoded JPS (PJPS):

PJPS = JPS(u, v)�(u, v) (9)

If we  apply an inverse Fourier transform to Eq. (9), it will produce a
huge cross-correlation as well as many small noises. Items includ-
ing the phase mask �(u,v) in Eq. (9) will become into system noises
randomly distributed in the output plane. The amplitude of these
system noises is much smaller than the amplitude of the cross-
correlation between the reference and the target image. In order
to illustrate the mathematical expression of the cross-correlation’s
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