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Abstract

Effects of threshold value on detection performance of the modified amplitude-modulated joint transform correlator are quantita-
tively studied using computer simulation. Fingerprint and human face images are used as test scenes in the presence of noise and a con-
trast difference. Simulation results demonstrate that this correlator improves detection performance for both types of image used, but
moreso for human face images. Optimal detection of low-contrast human face images obscured by strong noise can be obtained by select-
ing an appropriate threshold value.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, much research has been devoted to joint
transform correlator (JTC) for implementing real-time
optical pattern recognition [1–3]. The reason for this inter-
est is that unlike VaderLugt correlator synthesis of com-
plex matched filters is not necessary. By taking this
advantage into account, real-time implementation of the
JTC can be accomplished by using spatial light modulator
(SLM) together with charge-coupled device (CCD) sensor.
However, the implementation of the JTC still suffers from
several limitations such that its correlation output contains
a strong zero-order peak with broad correlation width and
that its discrimination ability is low [1–5]. These problems
cause difficulties in correctly identifying objects in auto-
matic target detections. Therefore, there are many interests
to improve the detection performance of the JTC.

Amplitude-modulated JTC (AMJTC) [6] is one of sev-
eral approaches to eliminate the limitations of the classical
JTC by multiplying a joint power spectrum (JPS) with an
0030-4018/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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amplitude-modulated filter (AMF) whose transfer function
is determined by thresholding the power spectrum of the
reference image. Although this method produces a better
correlation result than the classical JTC, it is not tolerant
to the presence of noise. Consequently, Huang et al. [3]
introduced a method for improving the performance of
the AMJTC which is called the modified AMJTC. This
method is performed by subtracting the power spectra of
the reference and of the target images from the JPS before
multiplying with the AMF. The correlation performance of
this approach is enhanced to be better than other JTC
approaches. Although the effectiveness of the modified
AMJTC depends on the selected threshold value of the
AMF, the criteria to select the appropriate threshold for
the AMF have not been fully investigated. Accordingly,
in this paper the effects of the threshold on detection of sin-
gle target by using the modified AMJTC are quantitatively
studied. In this study, two types of images with different
spatial frequency contents are used as test scenes in the
presence of noise in the input plane and a contrast differ-
ence between the target and the reference images that
may arise from unbalanced illumination. For the purpose
of investigating the result of this work, the computer
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simulation is used to present the result. This paper is orga-
nized as follows. The theoretical discussion of the modified
AMJTC is described in Section 2. Section 3 provides the
discussion of the computer simulation result of modified
AMJTC on single-target detection. Finally, the conclusions
are presented in the last section.

2. Theoretical background

Fig. 1 illustrates a schematic diagram of an optical setup
for implementing the real-time modified AMJTC. The
architecture of this setup is based on an optical Fourier
transform where an electronically addressed SLM
(EASLM) placed in the front focal plane of the Fourier
transforming lens L1 is used to display an input image to
be processed, while the CCD1 placed at the back focal
plane of the lens is used to capture its Fourier transformed
output. In this setup, a set of reference images and their
corresponding power spectra are prepared and stored into
a computer system prior to detection. The power spectrum
is optically generated by taking Fourier transform of the
reference image displayed onto the EASLM. The generated
power spectrum at the back focal plane of the lens is cap-
tured by the CCD1 and stored into the computer system.
In order to detect the target image t(x,y), the input scene
is captured by using the CCD2. After storing the captured
target image into the computer, its power spectrum is gen-
erated and stored in the same way as the reference image.
Subsequently, the reference r(x,y) and the target t(x,y)
are displayed side-by-side on the EASLM with a separation
of 2x0 to form a joint input image, which can be mathemat-
ically expressed as

f ðx; yÞ ¼ rðx� x0; yÞ þ tðxþ x0; yÞ: ð1Þ
When the input target image is corrupted by an additive
Gaussian noise n(x,y) and the contrast of the reference
and the target images is different, the joint input image
can be rewritten as

f ðx; yÞ ¼ rðx� x0; yÞ þ cTtðxþ x0; yÞ þ nðxþ x0; yÞ; ð2Þ
where cT is the ratio of the amplitude of the target image to
the reference image. The factor cT is greater than, equal to,
or smaller than 1 when the contrast of the reference image
is lower than, equal to, or higher than that of the target,
respectively [7].
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Fig. 1. Schematic diagram of optical setup for implementing real-time
modified AMJTC.
By illuminating perpendicularly the EASLM placed in
the front focal plane of a lens L1 with a coherent plane
wave, the joint Fourier spectrum appears at the back focal
plane of the lens L1. Capturing the intensity of this spec-
trum by using CCD1 yields the JPS which is mathemati-
cally given by

jF ðfx; fyÞj2 ¼ jRðfx; fyÞj2 þ c2
TjT ðfx; fyÞj2 þ jNðfx; fyÞj2

þ cT½T �ðfx; fyÞNðfx; fyÞ þ T ðfx; fyÞN �ðfx; fyÞ�
þ cT½Rðfx; fyÞT �ðfx; fyÞ expð�j4pfxx0Þ
þ T ðfx; fyÞR�ðfx; fyÞ expðj4pfxx0Þ�
þ Rðfx; fyÞN �ðfx; fyÞ expð�j4pfxx0Þ
þ Nðfx; fyÞR�ðfx; fyÞ expðj4pfxx0Þ: ð3Þ

Here, R(fx, fy), T(fx, fy) and N(fx, fy) are the Fourier trans-
forms of the reference, the target and the noise, respec-
tively. fx and fy stand for the spatial frequency
coordinates in the x and the y directions, respectively, at
the Fourier plane. To overcome the problems of a compli-
cated strong zero-order term and the noise terms, the
power spectra of the reference and of the noise-corrupted
input target that correspond to the first five terms of Eq.
(3) are digitally subtracted from Eq. (3) by computer [3].
The subtraction gives

Uðfx; fyÞ ¼ jF ðfx; fyÞj2 � fjRðfx; fyÞj2 þ c2
TjT ðfx; fyÞj2

þ jNðfx; fyÞj2 þ cT½T �ðfx; fyÞNðfx; fyÞ
þ T ðfx; fyÞN �ðfx; fyÞ�g
¼ cT½Rðfx; fyÞT �ðfx; fyÞ expð�j4pfxx0Þ
þ T ðfx; fyÞR�ðfx; fyÞ expðj4pfxx0Þ�
þ Rðfx; fyÞN �ðfx; fyÞ expð�j4pfxx0Þ
þ Nðfx; fyÞR�ðfx; fyÞ expðj4pfxx0Þ: ð4Þ

As can be seen from Eq. (4), the dc and some noise terms
are eliminated. To enhance the performance of the system,
the resultant JPS is modulated by the AMF defined as [3]

H AMFðfx; fyÞ ¼
TH=jRðfx; fyÞj2 when jRðfx; fyÞj2 P TH

1 when jRðfx; fyÞj2 < TH;

(

ð5Þ
where TH is the threshold value used to determine the
transfer function of the AMF. Since for a given threshold
value TH the second condition of Eq. (5) can be satisfied
by several frequency components of the reference image,
the synthesized AMF may contain several cutoff frequen-
cies. Therefore, the transfer function of the AMF is not a
smooth function. Below the cutoff frequency, the frequency
component of the input signal is attenuated by a factor
TH/jR(fx, fy)j2, while the higher ones will not be affected.
In comparison with low threshold value, the AMF synthe-
sized by using high threshold value attenuates narrow band
of low frequency components around the dc frequency.
When the threshold value becomes lower, the attenuation
extends to wider band of frequency components. There-
fore, for a low threshold, only high frequency components



Fig. 2. Test images: (a) high-contrast fingerprint, (b) high-contrast human
face, (c) low-contrast fingerprint and (d) low-contrast human face.
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can pass the filter without attenuation. The modified ampli-
tude modulated JPS can be mathematically rewritten as

HAMFðfx; fyÞUðfx; fyÞ
¼ H AMFðfx; fyÞfcT½Rðfx; fyÞT �ðfx; fyÞ expð�j4pfxx0Þ
þ T ðfx; fyÞR�ðfx; fyÞ expðj4pfxx0Þ�
þ Rðfx; fyÞN �ðfx; fyÞ expð�j4pfxx0Þ
þ Nðfx; fyÞR�ðfx; fyÞ expðj4pfxx0Þg: ð6Þ

By taking the property of the AMF into account, Eq. (6)
can be mathematically regarded as a process of attenuating
the spectrum components of the modified JPS below the
cutoff frequency of the AMF by the factor TH/jR(fx, fy)j2.
Since higher frequency spectrum is not affected, this is
equivalent to an edge enhancement process. By displaying
the modified JPS into the EASLM, its optical Fourier
transform produces the correlation output, called the mod-
ified AMJTC, at the back focal plane of the lens L1 as

cðx; yÞ ¼ F �1fH AMFðfx; fyÞUðfx; fyÞg
¼ cThAMFðx; yÞ � rðx; yÞ � tðx; yÞ � fdðx� 2x0; yÞ
þ dðxþ 2x0; yÞg þ hAMFðx; yÞ � rðx; yÞ � nðx; yÞ
� fdðx� 2x0; yÞ þ dðxþ 2x0; yÞg; ð7Þ

where �, * and F�1 denote the convolution, the correlation
and the inverse Fourier transform operators, respectively.
hAMF(x,y) corresponds to the impulse response of the
AMF. Besides being scaled by the contrast ratio, the first
term of Eq. (7) is the correlation between the reference
and the target, while the second term of Eq. (7) is the cor-
relation between the reference and the noise. Both terms
are convolved with the impulse response of the AMF
hAMF(x,y). These pairs of correlation appear at the posi-
tion ±2x0. When the threshold value of the AMF is prop-
erly selected, the noise will be lowered and the correlation
width is sharpened.

3. Computer simulation

To investigate the effects of threshold on single-target
detection by using the modified AMJTC, the fingerprint
and the human face images were used as the test scenes
having high- and low-spatial-frequency contents. They
consisted of 124 · 186 pixels with 8-bit gray levels.
Fig. 2a and b show the high-contrast test scenes, while their
low-contrast images are illustrated in Fig. 2c and d. Note
that measurements of the contrast of the two images by
using the contrast function can be found in our previous
work [7]. The averages of the contrast function were calcu-
lated and are 0.28 · 10�2 and 0.11 · 10�2 for Fig. 2a and b,
respectively, while they are 0.29 · 10�3 and 0.70 · 10�3 for
Fig. 2c and d, respectively. In our study, the joint input
image was constructed by separating the reference and
the target images with a distance 2x0 = 248 pixels in the
area of 832 · 624 pixels. The simulation was performed
by using Matlab 6.0 run on a Windows-based personal
computer. The FFT2 and the IMNOISE commands were
used to calculate the two-dimensional Fourier spectrum
of the images and to add the Gaussian noise to an image,
respectively. After digital subtraction of the power spectra
of the reference and of the target images that were stored in
the computer, the modified JPS was then digitally multi-
plied with the AMF that was generated by a computer in
the following steps:

• A moving average of the power spectrum of the refer-
ence image is computed.

• From the averaged spectrum, several points separated
by equal interval are selected between the zero and the
highest spatial frequencies along one of the axis of the
power spectrum. In our study, we used 8 points between
the zero and the highest spatial frequencies of the image.

• The value of the power spectrum at each selected point
was used as the threshold value to generate the corre-
sponding AMF.

In order to obtain results applicable to more general
images, the threshold value is related to the percentage
number of pixels of the power spectrum having value less
than the threshold defined as
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N ¼Number of pixels with value less than the threshold value

Total number of pixels of the power spectrum
:

ð8Þ

According to Eq. (5), the pixels of the power spectrum with
value less than the selected threshold value correspond to
the pixel of the AMF having a unit amplitude. Hence,
Eq. (8) can be rewritten as

N ¼ Number of pixels of the AMF with value 1

Total number of pixels of the AMF
: ð9Þ

Since, high and low values of the percentage N can be asso-
ciated with the AMF generated by using high and low
threshold values, respectively, the percentage N represents
the extent of attenuation of the modified JPS. When the
percentage N is high, the attenuation occurs in narrow
band of low-spatial frequencies, while lower value affects
wider band of spatial frequencies.

By calculating the inverse Fourier transform of the prod-
uct of the modified JPS and the AMF, and then taking the
square modulus of the result, the correlation peak intensity
was obtained as the final result. The ratio of the correlation
peak to the correlation deviation (PCD) defined as [8]

PCD ¼ Iði; jÞmax

1
K�L

PK�1
i¼0

PL�1
j¼0 ½Iði; jÞ � EfIði; jÞg�2

n o1=2
ð10Þ

was used to measure the quality of the correlation output.
I(i, j) is the maximum intensity of the correlation output
Fig. 3. Autocorrelation outputs of noise-free high-contrast fingerprint pre-p
correlation outputs of noise-free high-contrast fingerprint reference and no
N = 64.7% and (d) N = 99.8%.
and E{I(i, j)} is the mean of the correlation intensity. When
the target matches with the reference the PCD of Eq. (10) is
large, because the correlation output is sharp and its stan-
dard deviation is small. However, when the target does not
match with the reference, the PCD is small because the cor-
relation output is broad and its standard deviation is large.
In order to compare with the detection performance of the
classical JTC, the PCD obtained from the modified
AMJTC was normalized by the PCD of the classical
JTC. It is expected that the normalized PCD will be greater
than 1, because the performance of the modified AMJTC is
better than that of the classical JTC. The quality of the cor-
relation output is also measured by the full area at half
maximum (FAHM).

3.1. High-contrast fingerprint as the reference image

The 3D plots of the autocorrelation of the noise-free
high-contrast fingerprints which were pre-processed by
using the AMF with N = 64.7% that corresponds to low
threshold and N = 99.8% that corresponds to high thresh-
old are shown in Fig. 3a and b, respectively. Their correla-
tion peaks are sharp with the FAHMs always equal to 1 · 1
pixel. However, it can be seen that the correlation peak
intensity of Fig. 3a is about two orders of magnitude lower
than that of Fig. 3b, because the AMF with low threshold
value eliminates the low-spatial-frequency components of
the JPS. Since most energy of the signal concentrates on
low-frequency components, this elimination reduces the
correlation peak. In contrast, besides producing high corre-
rocessed by the AMF with (a) N = 64.7% and (b) N = 99.8%. Cross-
isy high-contrast fingerprint target pre-processed by the AMF with (c)
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lation peak the pre-processing by the AMF with high
threshold causes the correlation plane to be noisy. This is
because this AMF attenuates less low-frequency compo-
nents of the JPS than that with low threshold.

Fig. 3c and d show the 3D plots of the correlation out-
puts of the noisy high-contrast fingerprint with noise vari-
ance r2 = 1 pre-processed by using the AMF with
N = 64.7% and N = 99.8%, respectively. This variance
value corresponds to strong noise level which was used in
our previous work [7]. It is obvious that the desired corre-
lation peaks are still sharp with the FAHMs of 1 · 1 pixel.
In comparison with Fig. 3a and b, the presence of noise in
the input plane causes simultaneously the decrease in the
peak intensities by about one order of magnitude and the
increase in noise in the correlation plane. Since the spec-
trum of the noise extends over the entire frequency domain,
however, the use of the AMF with low threshold cannot
reduce totally the noise. As a result, the noise in the corre-
lation plane and the peak intensity of Fig. 3d are higher
than those of Fig. 3c.

The correlation outputs of the modified AMJTC of the
noise-free low-contrast fingerprint target pre-processed by
the AMF with N = 64.7% and N = 99.8% are plotted in
Fig. 4a and b, respectively. In comparison with Fig. 3a
and b, similar correlation outputs with lower peaks are
obtained, because the contrast ratio cT, which is smaller
than 1, reduces the output of the first correlation term of
Eq. (7). The correlation outputs of the noise-corrupted
low-contrast fingerprint targets pre-processed with N =
Fig. 4. Cross-correlation outputs of noise-free high-contrast fingerprint referen
with (a) N = 64.7% and (b) N = 99.8%. Cross-correlation outputs of noise-free h
pre-processed by the AMF with (c) N = 64.7% and (d) N = 99.8%.
64.7% and N = 99.8% are shown in Fig. 4c and d, respec-
tively. The further decrease in the correlation peaks and
the increase in noise in the correlation plane are caused
by the noise, which is stronger than the luminance of the
low-contrast fingerprint target [7,9]. As a consequence,
the first correlation term of Eq. (7) is smaller than the sec-
ond term. Thus with the same noise level, Fig. 3c and d
contain higher correlation peaks.

Fig. 5 shows the variation of the normalized PCDs as a
function of the percentage N for different targets detected
by using high-contrast fingerprint reference. The normal-
ized PCDs of the noise-free high- and low-contrast finger-
print targets coincide, because scaling of the first
correlation term of Eq. (7) by the contrast ratio affects both
the correlation peak and the standard deviation of the cor-
relation intensity. It is obvious that when the percentage N

reduces, the normalized PCDs increase gradually. This
occurs because at high percentage N the AMF attenuates
less low-spatial-frequency components than that at low
percentage. As a consequence the standard deviation of
the correlation intensities at high percentage N is much
higher than that at low N. Therefore, the normalized
PCD at small percentage N is higher than that at high
percentage.

As can be seen in Figs. 3 and 4, when the input targets
are corrupted by strong noise such as with variance
r2 = 1, the desired correlation peak decreases and the noise
in the correlation plane increases. It is found that the stan-
dard deviation of the correlation intensities is always lower
ce and noise-free low-contrast fingerprint target pre-processed by the AMF
igh-contrast fingerprint reference and noisy low-contrast fingerprint target
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than the correlation peak regardless of the threshold val-
ues. As the percentage N reduces the standard deviation
decreases at a slower rate compared to the decrease of
the correlation peak. This is because the noise cannot be
totally eliminated by the AMF with low percentage N.
For this reason, the normalized PCD of the detection of
the noisy high-contrast fingerprint at low percentage N is
lower than that at high percentage.
Fig. 6. Autocorrelation outputs of noise-free low-contrast fingerprint pre-p
correlation outputs of noise-free low-contrast fingerprint reference and noisy low
and (d) N = 99.8%.
Unlike the noisy high-contrast fingerprint, in the detec-
tion of the noisy low-contrast target the modified AMJTC
is not robust to noise. As the variance of the noise increases
to 1, the normalized PCD reduces sharply to less than 0.4.
As shown in Fig. 4c and d, this is mainly caused by the
decrease in the first correlation term of Eq. (7) and the
presence of noise. As the threshold value becomes higher,
the desired correlation peak increases. Consequently, the
normalized PCD at high percentage N is slightly higher
than that at low percentage. Therefore, the detection of
the low-contrast fingerprint target by the modified AMJTC
depends on the noise level in the input plane. In the case of
the presence of strong noise, the detection of the low-con-
trast target may not be accomplished. In order to obtain
high normalized PCDs, the detection of the noise-free tar-
get should be done by using the AMF with low threshold
while, for the detection of the noisy high-contrast finger-
print target, the threshold value should be high.

3.2. Low-contrast fingerprint as the reference image

Fig. 6a and b show the 3D autocorrelation outputs of
the noise-free low-contrast fingerprint targets pre-pro-
cessed by using the AMF with N = 64.7% that corresponds
to low threshold and N = 99.8% that corresponds to high
threshold, respectively. In comparison with Fig. 3a and b,
the results are similar in that the autocorrelation width of
the low-contrast fingerprint detection is as sharp as that
of the high-contrast fingerprint. Due to the low contrast
rocessed by the AMF with (a) N = 64.7% and (b) N = 99.8%. Cross-
-contrast fingerprint target pre-processed by the AMF with (c) N = 64.7%
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of the image, however the correlation peak intensities are
reduced by about two orders of magnitude. At high thresh-
old value of the AMF, the correlation plane also appears to
be noisy. The correlation outputs of the noisy target with
variance r2 = 1 are shown in Fig. 6c and d. It is obvious
that the correlation peaks become lower and the correla-
tion planes of Fig. 6c and d become less noisy compared
to Fig. 4c and d. This occurs because the correlation of
the low-contrast reference and the noise produces smaller
output intensity than that of high-contrast image.

The 3D correlation outputs of the detection of the noise-
free high-contrast fingerprint target pre-processed by the
AMF with N = 64.7% and N = 99.8% are shown in
Fig. 7a and b, respectively. Since the contrast ratio is
greater than unity, the first correlation term of Eq. (7) pro-
duces higher correlation peaks than the autocorrelation
outputs of the noise-free low-contrast target shown in
Fig. 6. Following the preceding discussion, the differences
of the peak intensities and the noise in the correlation plane
between Fig. 7a and b are caused by the effect of the thresh-
old. Fig. 7c and d show the correlation outputs of the noisy
high-contrast target. Since the luminance value of the tar-
get image is higher than the noise, the desired correlation
peak that is one order of magnitude lower than that of
the noise-free case is still distinguishable. In this detection,
the FAHM of the correlation signal does not change.

From the computation of the normalized PCDs for dif-
ferent targets detected by using the low-contrast fingerprint
reference as a function of the percentage N, it is found that
the resultant normalized PCDs are the same as the simula-
Fig. 7. Cross-correlation outputs of noise-free low-contrast fingerprint referenc
with (a) N = 64.7% and (b) N = 99.8%. Cross-correlation outputs of noise-free l
pre-processed by the AMF with (c) N = 64.7% and (d) N = 99.8%.
tion results produced by using the high-contrast fingerprint
reference. This occurs because of the same reason as dis-
cussed in Section 3.1. Besides having the same conclusion
as the ones drawn in the preceding section, this result
reveals that the performance of the modified AMJTC by
using high-spatial-frequency reference images does not
depend on the contrast of the reference, but is determined
by the contrast of the target image and the noise present in
the input plane.

3.3. High-contrast human face as the reference image

The autocorrelation outputs of the noise-free high-con-
trast human faces pre-processed by the AMF with
N = 96.3% that corresponds to low threshold and
N = 99.9% that corresponds to high threshold are illus-
trated in Fig. 8a and b, respectively. In comparison with
the results of the fingerprint detection, the autocorrelation
peak of the human face image is broader because the human
face image contains less high-spatial-frequency compo-
nents. By using the human face as the reference, the impulse
response of the JTC becomes broader than that of the fin-
gerprint reference [7]. As shown in Fig. 8a, the use of the
AMF with low threshold gives sharper and lower correla-
tion peak than that of Fig. 8b. This is the result of the edge
enhancement of the AMF in which low-spatial-frequency
components of the modified JPS are attenuated. Figs. 8c
and d are the correlation outputs of the detection of the
noisy high-contrast human face targets with variance
r2 = 1 by using the AMF N = 96.3% and N = 99.9%,
e and noise-free high-contrast fingerprint target pre-processed by the AMF
ow-contrast fingerprint reference and noisy high-contrast fingerprint target



Fig. 8. Autocorrelation outputs of noise-free high-contrast human face pre-processed by the AMF with (a) N = 96.3% and (b) N = 99.9%. Cross-
correlation outputs of noise-free high-contrast human face reference and noisy high-contrast human face target pre-processed by the AMF with
(c) N = 96.3% and (d) N = 99.9%.
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respectively. Although the preceding results show that the
pre-processing of the JPS of the noisy target by using the
AMF filter with high threshold gives noisy correlation out-
put, the correlation planes of Fig. 8b and d do not appear to
be noisy. This occurs because the noise components are
smoothed out by the broad impulse response. However in
the case of pre-processing by the AMF with low threshold,
the edge enhancement effect sharpens the noise
components.

Fig. 9a and b present the correlation outputs of the
low-contrast human face detections obtained by using the
AMF with N = 96.3% and N = 99.9%, respectively. The
widths of the correlation signals become as broad as
Fig. 8a and b, while, their peak intensities are lower. This
is because the target has a lower contrast compared to
the reference. The desired correlation is scaled by the con-
trast ratio that is smaller than unity. Since the luminance of
the low-contrast human face is smaller than the noise with
variance r2 = 1, the detection of the corrupted low-con-
trast target produces noisy correlation plane as shown in
Fig. 9c and d.

Fig. 10 shows the FAHMs of the modified AMJTC by
using high-contrast human face reference as a function of
the threshold percentage N for different targets. It is clear
that the FAHMs depend on the percentage N. When the
percentage number of pixels of the AMF with unity ampli-
tude is 99.9%, the FAHMs of the noisy high- and low-con-
trast human faces are the broadest because they contain the
summation of two broad correlation outputs. At the same
percentage N, the FAHMs of the detection of different
targets are smaller with almost the same values. When
the percentage N becomes 99.2%, all the FAHMs fall shar-
ply. This is mainly caused by the fact that the modified JPS
contains narrow band of frequency components whose
power decreases rapidly as the frequency becomes higher.
Although the percentage N reduces slightly, most low-spa-
tial-frequency components of the JPS is significantly atten-
uated. This sharpens the correlation peaks. As the
percentage N reduces further, the FAHMs reduce slowly,
because the variation of the power spectrum at higher spa-
tial-frequencies is insignificant. The attenuation of these
spatial-frequency components does not sharpen effectively
the correlation peaks.

Fig. 11 shows the normalized PCDs as a function of the
percentage N for different target scenes. For the same rea-
son as discussed in the preceding sections, the normalized
PCDs of the noise-free high- and low- contrast human face
targets are the same. The normalized PCDs at N = 99.9% is
1.5, because the standard deviation of broad correlation
width is much higher than that of the sharp ones. The nor-
malized PCDs increase to be 10 as the percentage N reduces
to 96.3%. Although their FAHMs are one order of magni-
tude greater than that of the noise-free fingerprint detection,
the highest value of the normalized PCDs is higher than that
of the fingerprint detection. This is because the value of the
PCD of the human face detected by the classical JTC is
smaller than that of the fingerprint. When the high-contrast
human face target is corrupted by the noise, its normalized
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Fig. 10. The FAHM as a function of the percentage N of high-contrast
human face reference.
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Fig. 11. The normalized PCD as a function of the percentage N of high-
contrast human face reference.

Fig. 9. Cross-correlation outputs of noise-free high-contrast human face reference and noise-free low-contrast human face target pre-processed by the
AMF with (a) N = 96.3% and (b) N = 99.9%. Cross-correlation outputs of noise-free high-contrast human face reference and noisy low-contrast human
face target pre-processed by the AMF with (c) N = 96.3% and (d) N = 99.9%.
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PCD at highest percentage N is approximately equal to that
of the noise-free detection results because the width of its
correlation output is nearly the same. The raise of the nor-
malized PCD to the highest value of 4.5 at N = 98.5% is fol-
lowed by a gradual decrease as the percentage N becomes
smaller. The high normalized PCD is obtained because
the correlation output is sharpened such that the decrease
in the standard deviation of the correlation intensity in
the correlation plane is greater than that in the peak inten-
sity. Since further decrease in the percentage N attenuates
more spatial-frequency components of the JPS, the normal-
ized PCD becomes lower. In the case of the detection of the
noisy low-contrast human face target, the degradation of
the performance of the modified AMJTC is more severe
than the noisy high-contrast target. When the low-contrast



Fig. 12. Autocorrelation outputs of noise-free low-contrast human face pre-processed by the AMF with (a) N = 96.3% and (b) N = 99.9%. Cross-
correlation outputs of noise-free low-contrast human face reference and noisy low-contrast human face target pre-processed by the AMF with
(c) N = 96.3% and (d) N = 99.9%.

Fig. 13. Cross-correlation outputs of noise-free low-contrast human face reference and noise-free high-contrast human face target pre-processed by the
AMF with (a) N = 96.3% and (b) N = 99.9%. Cross-correlation outputs of noise-free low-contrast human face reference and noisy high-contrast human
face target pre-processed by the AMF with (c) N = 96.3% and (d) N = 99.9%.

P. Kaewkasi et al. / Optics Communications 271 (2007) 48–58 57



Table 1
Optimization condition for the modified AMJTC

Reference images Condition of target images

Noise-free Noisy

High contrast Low contrast High contrast Low contrast

High-contrast fingerprint Low threshold Low threshold High threshold None
Low-contrast fingerprint Low threshold Low threshold High threshold None
High-contrast human face Low threshold Low threshold Intermediate threshold Intermediate threshold
Low-contrast human face Low threshold Low threshold Intermediate threshold Intermediate threshold
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human face target is corrupted by noise with variance
r2 = 1, its normalized PCD is never higher than 1.6 regard-
less of the percentage N. Since it is caused by the presence of
noise at the input, this detection performance is dependent
upon the noise level.

In order to optimize the detection results, the suitable
threshold of the AMF must be properly selected from
appropriate values of the normalized PCD and the FAHM.
For the noise-free targets, the AMF with low threshold
should be used for detection because the resultant FAHM
is the smallest and the normalized PCD is the highest.
However, unlike the fingerprint targets, the detection of
the noisy high-contrast human face cannot be done by
using the AMF with high threshold. The appropriate
threshold should be chosen from the sharp FAHM and
the highest normalized PCD.

3.4. Low-contrast human face as the reference image

Fig. 12a and b show the 3D autocorrelation of the noise-
free low-contrast human face target pre-processed by the
AMF with N = 96.3% that corresponds to low threshold
and N = 99.9% that corresponds to high threshold, respec-
tively. Since the image contrast is low, the correlation peak
intensities are lower by about three orders of magnitude
than Fig. 8a and b. However, their widths are the same.
The effect of using the AMF with low threshold which
sharpens and reduces peak of the correlation intensity
can be clearly seen from Fig. 12a. In the presence of strong
noise with variance r2 = 1, the correlation outputs are
degraded as shown in Fig. 12c and d. This is because the
luminance of the low-contrast human face image is lower
than the noise. According to Eq. (7), the second correlation
term is greater than the first term. Therefore, the desired
correlation peak illustrated in Fig. 12c is indistinguishable.

Fig. 13a and b shows the 3D correlation outputs of the
noise-free high-contrast human face target pre-processed.
Since the contrast of the target image is higher than that
of the reference, the correlation peak intensities are higher
than Fig. 12a and b. For this reason, the correlation peak
can be observed from Fig. 13c although the input target is
corrupted by strong noise.

For the same reason as discussed in Section 3.2, the
FAHMs and the normalized PCDs of the modified
AMJTC by using low-contrast human face reference are
the same as the results of the high-contrast reference.
4. Conclusions

We have investigated quantitatively the effects of thresh-
old on detection performance of the modified AMJTC by
using the PCD and the FAHM. In this study, fingerprint
and human face images were used as test scenes in the pres-
ence of noise and the contrast difference between the target
and the reference that may rise from unbalanced
illumination.

Of the four types of reference images, the normalized
PCD of the human face detection is greater than that of
the fingerprint. This is because broad correlation peak pro-
duced by the classical JTC yields smaller value of the PCD
of the human face detection compared to the fingerprint.
When the PCD of the human face detected by the modified
AMJTC is normalized by the resultant classical PCD, its
normalized PCD becomes larger than that of the fingerprint.
By taking the value of normalized PCDs into account, the
simulation results show that the detection of human face
can be improved greater than that of fingerprint. The effects
of threshold on single-target detection depend on the noise
level in the input, the contrast and the spatial-frequency con-
tent of the target. When the target is low-contrast image
with high-spatial frequency content, the modified AMJTC
is not tolerant to noise. Table 1 summarizes the optimization
condition for the modified AMJTC. It can be concluded
from this table that the detection performance can be opti-
mized by selecting appropriate threshold value, which
depends on the noise level in the input, the contrast and
the spatial-frequency content of the target.
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