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Abstract

Aiming at motion analysis and compensation, it is essential to conduct motion detection with
images. However, motion detection and tracking from low-altitude images obtained from an
unmanned aerial system may pose many challenges due to degraded image quality caused by
platform motion, image instability and illumination fluctuation. This research tackles these
challenges by proposing a modified joint transform correlation algorithm which includes two
preprocessing strategies. In spatial domain, a modified fuzzy edge detection method is
proposed for preprocessing the input images. In frequency domain, to eliminate the
disturbance of self-correlation items, the cross-correlation items are extracted from joint
power spectrum output plane. The effectiveness and accuracy of the algorithm has been tested
and evaluated by both simulation and real datasets in this research. The simulation
experiments show that the proposed approach can derive satisfactory peaks of
cross-correlation and achieve detection accuracy of displacement vectors with no more than
0.03pixel for image pairs with displacement smaller than 20pixels, when addition of image
motion blurring in the range of 0~10pixel and 0.002variance of additive Gaussian noise.
Moreover,this paper proposes quantitative analysis approach using tri-image pairs from real
datasets and the experimental results show that detection accuracy can be achieved with
sub-pixel level even if the sampling frequency can only attain 50 frames per second.
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1. Introduction

With rapid development of unmanned aerial vehicles(UAVs), more and more UAVS are
equipped with devices such as still or video cameras, communication tools and other sensors
to conduct many activities across different fields such as surveillance and object tracking,
environmental monitoring, agriculture operation, photogrammetric mapping and remote
sensing, scientific research and so on[1-5]. In photogrammetric and remote sensing
applications, it is essential to conduct motion detection aiming at motion compensation and
even navigation using real time or off-line processing techniques. For traditional aerial or
satellite remote sensing and photogrammetry applications, accurate motion detection can be
realized by expensive POS(Position and Orientation System) integrated with GPS and IMU
sensors onboard flying platforms[6-8]. With development of images sensors, vision-based
approaches have been attractive alternatives for motion measurement[9-15]. As one of the
most robust and effective vision-based methods, Joint Transform Correlation(JTC) based
algorithms have shown remarkable promise for motion detection from consecutive image
frames and proved by simulation tests in airborne and satellite remote sensing as well as some
other applications[9,10,11,12]. However, the computability, accuracy and robustness of
conventional JTC algorithm may be influenced by images with degraded image quality,
complex background or low-contrast texture, etc. Previous research works on improvement of
conventional JTC algorithm can be divided into two categories, namely, preprocessing of
input images with conventional edge detection methods[12]in spatial domain and joint power
spectrum with enhancement , subtraction or binarization methods in frequency
domain[16][17]. To overcome the problems of huge amount of calculations, specified optical
devices known as Joint Transform Optical Correlators (JTOCs)[9-12,17,18] have been
developed and even incorporated with the above improvement techniques in simulation,
laboratory and ground tests.

Due to limitation of payload , small size capility of most UAV systems and complex
installation of hardware devices, the existing JTOCs can’t be installed on UAV-based camera
systems for in-flight motion detection. Indeed, it is also suitable to realize off-line motion
detection for off-line motion analysis with low altitude images for aerial photogrammetric and
remote sensing applications. However, platform motion and complex vibrations during aerial
photographing may cause image blurring, what results in degradation of the modulation
transfer function (MTF) and geometrical distortions of the obtained images from high
resolution cameras, which allow in principle a ground pixel resolution of less than 0.10 meter
at 500m above ground [1-3][19]. Such a topic, due to illumination fluctuation, motion blurring
and background disturbance in low-altitude images, conventional and the conventional
improved JTC may be invalid .

To deal with above problems, this paper proposed an alternative modified JTC method by
employing the following preprocessing methods. Firstly, due to low-altitude images generally
may contain edges with different levels of blurring, conventional Gradient-based methods of
edge detection [11][20][21] face the problem due to edge localization in the images that
exhibit smooth transition in gray level. To deal with this ambiguity and vagueness in edge
structures, a novel fuzzy edge detection method is proposed and applied to preprocess the
input images for joint transform correlation in this paper. Secondly, cross-correlation power
spectrums are extracted by eliminating the disturbance of self-correlation items from joint
power spectrum in frequency domain and transformed by inverse two-dimensional discrete
Fourier transform so as to produce quite sharp cross-correlation peaks.
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Then, location of peaks at integer pixel level can be refined at sub-pixel level with the
weighted centroid descriptor .Experiments with simulation and realistic datasets are carried
out using stereo-image pairs and tri-image pairs, respectively. Quantitative analysis is given to
evaluate the performance of the developed method. The rest of the paper is organized as
follows. Section 2 briefly reviews some works related to displacement detection from joint
transform correlation principle. Section 3 presents conventional joint transform correlation
principle and proposes an improved joint transform correlation algorithm. Section 4 evaluates
the performance of the improved algorithm through experiments with simulation and real
low-altitude images. Section 5 analyzes the proposed motion detection method. At the end,
Section 6 concludes the whole article and presents outlooks of our future works.

2. Related Work

Over the past two decades, considerable research efforts have been devoted to improve JTC
techniques and develop sensors of JTOCs with extremely fast processing ability in many
research fields and industrial areas aiming at motion measurement by detailed investigations
and simulation testing [9-12,16,17,18,22,23]. In[9,12,18],the techniques of in-situ focal plane
image motion measurement based on joint transform correlation have been proposed and
proved by detailed investigations and experimental airborne testing. In [10], the authors
proposed to determine image motion with an onboard optical correlator and used the image
motion data as visual feedback signal for navigation purpose and presented preliminary
performance results based on a high fidelity simulation of the complete optical processing
chain. In[24], measurement of vibration using images was performed in real-time way with a
embedded optical and electronic device based on a refined phase-correlation method and
verified in laboratory tests. In principle, the vector of mutual shift between two images can be
determined by locating the bright correlation peaks in the correlation image. To generate sharp
peaks even for low SNR (signal to noise ratio) dark images, many modified JTC-based
approaches have been focused on preprocessing of input images and joint power spectrums.
On one hand, Qian et al.[11] proposed a JTC-based system by extracting the edge of the
input images based on Canny operator and has verified with simulation data and achieved
satisfactory results with precise edge location and strong reliability for satellite images.
However, it is difficult to derive suitable Gauss parameters and dual threshold needed by
Canny operator[20] for edge detection of images with blurring. The false edges may be
produced and details for true edges may disappear, which causes failure in motion detection
from images. In order to extract image edges with blurring, it is suitable to apply fuzzy theory
based edge detection method which own the ability to handle the edge with the ambiguity
caused by blurring. In [25], Pal and King proposed fuzzy edge detection algorithm based on
fuzzy sets theory and it has been applied to many applications in image processing. The central
idea is to increase the use of fuzzy Enhancement contrast between different regions, which can
extract fuzzy edges. Many research works are still going on in this area to make improvements
of conventional Pal-King algorithm. Pushpa et al. [26]proposed an adaptive approach of
contrast enhancement with simple membership function for fuzzy transformation. Madasu et
al. [27] proposed Gaussian membership function for fuzzification and general intensification
operator (GINT) for modification of property plane. Loo et al. [28] proposed a fuzzy edge
detection method by adopting logarithmic function for mapping pixel image to fuzzy image
and trigonometric function for property domain modification. Considering that edge detection
results may vary by using different fuzzy theory based methods and it is difficult to be
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evaluated, this paper proposed a modified Pal-King algorithm to deal with edge extraction of
low-altitude images and applied in the proposed virtual sensor system.

On the other hand, to preprocess joint power spectrum, various techniques, such as Fourier
plane enhancement[16], correlation plane subtraction and phase-shift power spectrum
subtraction, have been found to be able to avoid disturbances from self-correlation and
produce better correlation performance when compared to conventional JTCs or JTOCSs. In
[28],the fringe-adjusted filter devices are incorporated in JTOCs for the case of noise-free
single and multiple target detection under varying illumination conditions of the input scene.
As far as the virtual sensor is considered in this paper, self-correlation disturbance can be
easily eliminated by only using the power spectrum of cross-correlation parts. Although many
research have investigated a wide range of modifications for JTC or JTOCs, the majority have
achieved satisfactory performance with simulation datasets . Very limited research for
real-time motion detection using JTC based algorithms has been conducted with images
recorded by UAVs , simply because the limited size payload ,power energy and
communication chains of UAVS .

In this paper, to ensure the image quality for photogrammetric and remote sensing
applications, this paper developed a modified JTC algorithm to conduct motion measurement
along forward flight direction for supplying reliable techniques needed by further motion
compensation.

3.JTC-based Methods

Supposing that two images with overlapping areas taken with a camera at two close time
instants during motion, the second image will be shifted with respect to the first by a
displacement vector. In principle, the vector can be effectively determined by JTC approach
using two subsequent 2D-Fourier transforms. As described in above two sections, JTC
approach can be realized by optical and electronic devices, namely, JTOC sensors. In this
paper, conventional JTC algorithm and modified JTC algorithm were realized through
software and used in off-line photogrammetric and remote sensing applications, which were
named as virtual sensors. After introduction of conventional JTC algorithm, the modified
strategies would be proposed and applied in motion detection with low-altitude images from
UAYV systems in this section.

3.1 Conventional JTC algorithm

Conventional JTC algorithm can be realized in two steps. In spatial domain, supposing that
input image is composed of reference image f, (x, y)and target image f,(x, y)centered at

positions (-a,0)and (a, 0),respectively.
Let (AX, Ay )represent displacement vector of fz(x, y) relative to fl(x, y), joint input

image f (x, y) can be expressed as :
f(xy)="f(x+ay)+f,(x—a-Ax,y—-Ay) 6))

The Fourier transform of f (x, y) can be derived as follows:
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T(u,v):ff[fl(x+a,y)+fz(x—a—Ax,y—Ay)}exp[—jZn(XUJryv)}dxdy o
:Tl(u,v)-exp(j27zua)+T2(u,v)-exp{—jZn[u(a+Ax)+vAy]}

Where (u, v) are frequency coordinates, * denotes convolution operation; Tl(u,v) ,

T,(u,v)and T (u,V)represent discrete Fourier transform of image f,(x,y), f,(X,y) and

f (x, y)respectively. In frequency domain ,the joint power spectrum (JPS) of Equation (2)
can be calculated as following:

T(u,v 2:T1 u,v 2+T2 u,v 2+TS u,v)° (3)
(U =T (V)] +[T (U V)] +[T (u,v)

Where
2 *
‘Tl(u,v)‘ =T, (uv) T, (uv)

‘Tz (U,V)‘z =T2(U,V)'Tz*(U,V)
T, (00 =T, (0¥) T, (wv)exp i2eu(2a + 4)+ uy T (uv)-T, (w.v)exp - j2r  u(2a + 4x) +vay |

Then, joint correlation output C(x, y) which consists of pairs of cross-correlation output and

self-correlation output can be derived in spatial domain by the second Fourier transformation
of JPS as follows:

c(x, y):J'J'|Tl(u,v)|2+|T2(u,v)|2+
=C, (X, Y)+C, (X, y) +C (X y) +C, (X, )
Where ¢,(x,y) = f, (X, y)® f.(X,Y)
c,(X,y)= fz(x’ Y)® fz(xv y)
C(x, )= f.(X,y)®f,(X,y)*5(x—2a—Ax,y—Ay)
c, (%, y) = f,(x, y)® f,(x,y)*5(x+2a+Ax, y+Ay)

in which ¢ is the delta-like function;® denotes correlation operation; * denotes convolution
operation; the first two items represent the self-correlation parts centered at the origin point;

the third and the fourth items represent the cross-correlation output centered at (2a+Ax, Ay)

T, (u, V)|2 EXIO[— j27m (ux+ vy)] dudv

(4)

and (-2a-Ax,-Ay) respectively .

Finally, the motion vector between two images can be determined by finding the
displacement of location of the maximum cross-correlation peak. Then, a virtual sensor based
on conventional JTC algorithm can be realized through software, namely, VCJTC. However,
as shown in Fig.1, the lower quality of input images may produce correlation output with
broad self-correlation parts and a pair of cross-correlation output without obvious peaks from
conventional JTC algorithm , which can affect accurate detection of cross-correlation peaks.
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Fig. 1. Workflow of VCJTC. (a)Original input image;(b) joint power spectrum;(c) 3-dimensional
output of self-correlation and cross-correlation.

3.2 A modified JTC algorithm

In order to overcome the limitation of conventional JTC algorithm, a modified JTC
algorithm is proposed by introducing improved strategies. In spatial domain, the input images
are preprocessed by extracting the edge of input images with a proposed fuzzy edge extraction
approach. In frequency domain, to verify the sharpness of cross-correlation peaks, only
cross-correlation power spectrum are extracted by eliminating the disturbance of
self-correlation items from joint power spectrum. Finally, location of cross-correlation peaks
at integer pixel level can be refined at sub-pixel level by weighted centroid descriptor. The
modified JTC algorithm can also be realized with software ,namely,VMJTC(see Fig. 2).

Fig. 2. Workflow of VMJTC. (a)input image;(b) 3-dimensional output of correlation peaks;
(c)detection of central points for cross- correlation peaks

3.2.1 An impoved fuzzy edge detection method

Main steps in image processing using the concept of fuzzy sets includes the fuzzy
processing from spatial domain to fuzzy domain by fuzzy membership function, enhancement
processing on the fuzzy plane and inverse transform from the fuzzy plane to pixel plane.

Let X be an image of size MxN with gray levels and x(i,j) represents intensity element of
the (i,j) th pixel which has to be mapped to fuzzy characteristic plane in the first step. Image X
can be expressed as follows:

X = {ﬂijvxij}
Wherei=1,2,...M,j=1,2,....N,0< K <1,and K represents the membership grade
of the (i, j) th pixel intensity X; in the input image. Thus, in the fuzzy image plane

representation, pixel values between 0 to 255 are mapped between 0 to 1. In order to perform
transformation, different membership functions have been developed in[25-28].
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In [25], S.K. Pal and R.A. King firstly applied the fuzzy logic theory to the image edge
detection and proposed the membership function as follows:

—Fe
4 =G(xﬂ)={1+—xw ;H"} ©)

Where F; and F, represent the adjusted parameters, X, is the maximum gray level

X

and X; the (i, j) th pixel intensity. It can be seen that the gray values in spatial domain from

Xnin t0 X, are transformed to the values of fuzzy domain between “a” to 1 by the
membership Equation 5, in which *“a” approximates to zero .In this way, some low gray levels
would be roughly neglected and defined as zero. In [26],a simple function is adopted for the

conversion of spatial domain into the fuzzy domain in Equation 6.

X

Hi ZG(XiJ'):i ©)

In [29], another simple S-shape function for fuzzification is introduced as follows

2
l{ Xij — Xmin }
2| T =X,
My = G (Xij ) = ™ 9 (7)
1 L) % ™ X
2| T =Xy
Where T represents the threshold . However, the simpler membership functions may
decrease the hierarchical structure of complex objects in aerial images, which cannot meet the

demand of different types of aerial images. Thus, the current study proposed the modified
Pal-king fuzzy membership function with equation 8.

Xi' Xmin a\le
My =G0x) = [|092(1+(XJT) )] Xinin < Xij < Xina (8)

max min

Where z; represents the membership grade of pixel ( I, j ) intensity value
Xj 1=12.M;j=12N; X, is the minimum gray level; X, is the maximum gray level;
ais the exponential factor, where ¢ > 2. It can be seen that pixel values between X to

X_.. in spatial domain are mapped between 0 to 1 in fuzzy domain. The relationship between

max
spatial domain and the corresponding fuzzy domain from four membership transformation
functions are shown in Fig. 3.
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Fig. 3. Relationship between spatial domain and fuzzy domain

Where f;represent the function proposed by S.K. Pal and R.A. King [25], f, the simple

ramp membership function [26] , the simple S-shape membership function f, [29]and f,the

membership function proposed in this paper. It can be seen that the shape of proposed function
is more similar to that of Pal-king algorithm, so the advantages of Pal-King membership
function can be acquired . In the same time, the value domain of the proposed membership
function ranges from 0 to 1 , the drawbacks of Pal-King fuzzy membership function can be
avoided in ensuring all gray levels being transformed to fuzzy domain. Then, the same as
Pal-King algorithm , transformation processing is built up by applying iteration function and
intensification operator[25]. The iteration function can increase the enhancement with
parameter r as following .

ﬂi} =T, (ﬂij):Tl(Tr—l(/uij )) r=123..
where ,ui'j is the membership function which had been enhanced, I'is the iteration times

of the fuzzy enhancement function T, .Aiming at enhancement of the contrast of gray level,
the fuzzy enhancement model can be defined as follows:

Tr(/uij)zluij% 1osluijglue

e

Hij (Z_ﬂij)_ﬂe
T,( ij)=

i, < <1 (9)
1—/18 zue luu

where u, represents the crossover parameter in fuzzy domain and can be derived

by u, = G(X,),in which X, represents the crossover point of an image in spatial domain and

can be determined based on the region segmentation of Otsu[30] algorithm. Second, the
inverse model is proposed to transform fuzzy feature space into space domain as follows.

! =Im "Ua Va
X5 "= G (1) = X + (X = X [(2257 " =1) ] (10)
Where X; "represents the enhanced gray value of image pixel (i, j). Finally, the edges

are extracted by "Min" or "Max" operator [25].After edge detection processing, the images
will be transformed by joint transform correlation method.
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3.2.2 Detection of motion displacement with sub-pixel accuracy
To eliminate the disturbances caused by the zero-frequency components, Fourier plane image
subtraction method is often employed for joint power spectrum in frequency domain. For the
proposed modified joint transform algorithm in this paper, only the cross-correlation power
spectrum items were converted back to spatial domain as equation(11) directly:
c(xy)=f(xy)® T, (xy)x6(x-2a-Ax,y-Ay)+ f,(x,y)® f,(x,y)*5(x+2a+Ax y+4y)  (11)
Then, the location of the cross-correlation peak can be acquired by with integer pixel level by
searching the maximum value in the cross-correlation output matrix . As shown in Fig. 2,
depending on the above proposed edge detection method and elimination of zero-order
correlation items, the peaks of cross-correlation can be quite sharp and without disturbances
from self-correlation. Because the zero order self-correlation parts have been removed, pixels

in the local region of (M/2,N/2) around the peak point (i, j, ) in cross-correlation output

plane are choosed to compute the centriod (X, , Y, ) as follows.

W +H/2 W /2 i +H/2 W /2
2 2 clip)*] Y > cij)*i
s M2 j=j W /2 s —H/2 j=j W2
Xk - kik+H/2 kjkﬁ-WIZ Yk = kik+H/2 ;k+W/2 (12)
2 2, i) > > i)
=iy —H /2 j=j W/2 =i, —H/2 j=j W/2

Where M and N are the width and height of the kth(k=1,2 ) cross-correlation output,
respectively; c(i, j) is the cross-correlation output value of the (i, j)th pixel; (i, , j, ) and

(X.,Y, ) represent the location of the peak at integer pixel level and sub-pixel

level ,respectively. Finally, the sub-pixel level displacement vector can be eventually obtained
from a pair of cross-correlation peak points as follows:

1 1
AX:E(X1+X2) ,Ay:E(y1+y2) (13)

4 Experiments and discussions

Experiments on simulation and real data were carried out to evaluate the performance of the
proposed the virtual sensor of VMJTC and VCTJC. As shown in Fig. 4, an aerial image was
derived from the UAV-based aerial camera with size of 4368 X 2912pixel. The simulation
images were achieved with a fixed-size bounding box (window) sliding over the entire image.
Every time the bounding box moved, the portion of the image within its domain was extracted
as a sub-image. The bounding box started with a selected area of the image and moved 1.0
pixel horizontally at each step until 40 sequential sub-images were achieved as simulation
images .
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(a (b

Fig. 4. Low altitude image.(a) original image
(b) a pair of sub-images and the simulated images with noise and forward motion blurring

Every two images B, P, (i =1,2..20; j = 21,22..40)with forward motion displacement of 20

pixels in x-direction were taken as an image pair. Total 20 image pairs were collected and
Gaussian noise at 0.002 variances was added to each image. Supposing that the flight direction
was along x direction, image blurring caused by forward motion with bl (bl =1,2..10) pixels

was added to all images. In this way, total 200 stereo-image pairs were simulated with
different noise and motion blurring. Firstly, two sets of displacement vectors can be computed
from 20 stereo-image pairs with ideal (full) image quality(without the addition of Gauss noise
and motion blurring) based on VM JTC and VCJTC, respectively. As shown in Fig. 5,both of
the two virtual sensors clearly obtained similar better results from each stereo-image pair, the
measurement residual errors computed from differences between the value of true vector
(20.0,0.0) pixel and that of the detected vector was no more than 0.03pixel in x-direction and
0.01pixel in y-direction . As shown in Fig. 1(in section 1.1) , experimental results without
sharp cross-correlation peaks from VCJTC were produced from an image pair with Gauss
noise variance of 0.002 and motion blur of 1.0pixel in x-direction. However, as shown in Fig.
2, it can be seen that the cross-correlation peaks for the same image pair were sharp enough to
be detected easily and the accuracy of displacement measurement attains 0.026pixel in
-direction and 0.01pixel in y-direction ,respectively.As far as 20 stereo-image pairs with the
addition of Gauss noise of 0.002 variances and motion blurring of 1.0pixels were considered,
residual errors of displacement measurement with VCJTC varied from -16.5pixels to
14.8pixels in x-direction and -14.9pixels to 15.1pixels ,which can be seen in Fig. 6(a).
However, Fig. 6(b) shows that displacement residual errors varied around zero for all image
pairs even with Gauss noise variance of 0.002 and motion blurring of 10.0pixels.The accuracy
can be still within 0.1pixel in x- , y-direction respectively and did not significantly vary with
degraded image quality .
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Fig. 5. Measurement accuracy from VMJTC and VCJTC for low-altitude images without addition of
noise and motion blurring. (a)in x-direction (b) in y-direction

Besides, due to the limitation of size and payload, the camera system is installed on the UAV
platform with low-weight structure. This brings irregular motion and vibration of low, high
and medium frequency during aerial photographing. Therefore, it is more complex and
difficult to generate simulation images similar to the low-altitude images with degraded image
quality. The feasibility of the proposed VMJTC sensor for displacement detection is further
verified by real data.
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Fig. 6. Measurement accuracy for low-altitude images with addition of noise and motion blurring
(a) resultsfrom VCJTC ( b) resultsfrom VMJTC
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Further, experiments were conducted using two aerial digital videos captured by a HD video
camera with size of 1920x 1080 pixel and sampling frequency of 50 frames per second
mounted on a quad-rotor for three flight tests about 200 to 300 m above the ground. As shown
in Fig. 7, 50 adjacent frame images of each video were transformed and sub-images with size
of 256 x 256pixels at the same location per frame image were extracted

Different from simulation tests, true displacement values were unknown for real images.
Therefore, each three adjacent sub-images were combined together to set up a tri-image pair
and its relative residual error was defined to assess the accuracy and reliability of VMJTC

sensor . We assume that the image f, (X, y) was moving towards the object image f;,, (X, y)
AY; i) with j=1,2..49 and

k =1, 2 .The relative residual errors for motion displacement of the j™ tri-image pair can be
computed based on equation (14) .

according to the calculated displacements (AX; .,

Vg =AX i + A 0 = BX a0 Vo =AY T AY e — AY 2 (14)

Where v,; and v,; represent the residual errors in x- and y-direction, respectively and would

be zero with ideal (full) detection conditions. In this way, total 49 tri-image pairs of each
dataset were collected and used for comparison experiments. To further evaluate performance
of all tri-image pairs, the root mean squared error(RMSE) was introduced as Equation(15).

1 n
o, = /Hzl(vsz +v,i%) (15)
j=

Where o, refers to the displacement measurement accuracy of n pairs of tri-images. As seen

in Fig. 7, the value of accuracy may vary with the image quality and even decrease in
long-displacement (the first and the third image in a tri-image pair) measuring conditions.
Figure 8 shows displacement measurement results of all tri-image pairs in two datasets using
VMJTC sensor.
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(b
Fig. 7. Two test datasets of sub-images extracted from the original low-altitude images.
(a) ten images in the first dataset (b) ten images in the second dataset
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Fig. 8. Residual errors of tri-image pairs in the first dataset (a) in x-direction; (b) in y-direction
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Fig. 9. Residual errors of tri-image pairs in the second dataset (a)in x-direction; (b) in y-direction
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Fig. 10. Results of Tl from two sensors. (a) edge detection using the proposed method;
(b) 3D cross-correlation from VMJTC sensor (c) cross-correlation from VCJTC sensor.
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The tri-image pairs with residuals twice root mean square errors were considered as outliers
caused by large displacement or angular motion. After the gross errors were removed from Fig.

8 and Fig. 9, RMSE of the first dataset achieved o, =1.8151pixels , RMSE of the second

dataset with o, =1.2107pixels . The accuracy can be improved by using images from video

cameras with higher sampling frequency in the future work. In fact, without deriving sharp
peaks of cross-correlation output , the VJTC sensor have failed to extract displacement
information for all image pairs in two datasets. Fig. 10 illustrates displacement measurement

results on two sensors for the tri-image pair T, of the first threeimagesC I, I,, 1;)in Fig. 7(a)

from the first datasetand T, " of 1., 1,",1,"in Fig. 7(b) from the second dataset.
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Fig. 11. Results of Tl' from two sensors. (a) edge detection using the proposed method; (b)
3D cross-correlation from VMJTC sensor (c) cross-correlation from VCJTC sensor.
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It can be seen that cross-correlation peaks produced by VMJTC sensor were sharp enough to
be detected accurately. Then, measurement accuracy can be computed with -0.94876pixel in

x-direction and 0.02542pixel in y-direction for T, , -0.9162pixel in x-direction and
0.09542pixel in y-direction for T, *. However, as shown in Fig. 10 and Fig. 11, the obtained

cross-correlation output from conventional VCJTC sensor did not posses single and shaper
peaks compared with the results from VMJTC sensor. The above experimental results show
that the VMJTC sensor can be used to detect motion displacement for real low-altitude images,
which is proven to be more suitable ,reliable and accurate than VCJTC sensor based on
conventional joint transform correlation algorithm. In this paper,the low-altitude images were
taken with vision sensors at a frequency sampling of 50 Hz. Future works will adopt vision
sensor of high frequency sampling over 100 Hz to improve the accuracy of the proposed
algorithm.

5. Conclusions

This study proposes a modified joint transform correlation algorithm aiming at off-line motion
detection with low altitude images in aerial photogrammetry and remote sensing applications.
Compared with traditional two-step algorithm, the modified joint transform correlation
algorithm can be realized in four steps. In the first step, a novel fuzzy edge detection method
was proposed and applied to deal with edge extraction of two adjacent low-altitude images.
Then, two images only with edge information were combined to form a joint image. In the
second step, similar to conventional joint transform correlation algorithm, the joint image in
spatial domain was transformed to frequency domain with Fourier transformation. In the third
step, the joint power spectrum was derived and then only cross-correlation items were
extracted. Finally, cross-correlation power spectrums in frequency domain were transformed
back to spatial domain with Fourier transformation to produce a pair of cross-correlation
output. Then, locations of the maximum cross-correlation peaks in local region can be
computed with centriod algorithm easily and motion displacement can be achieved at
sub-pixel level. From the tests with simulation datasets and experiments with real datasets, it
can be seen that the proposed joint transform correlation algorithm presented higher and more
reliable displacement measurement results than the traditional algorithm .

In principle,the displacement measurement accuracy using joint transform correlation
methods depends on the ability to quantify the degree of similarity between input images.
However, when the UAV flies in a complex low-altitude scene with high veclocity, JTC
techniques may produce false detections without considering relative larger displacement and
rotation factors in the transform equations.Thus, future works will focus on improving the
accuracy and robustness by introducing an efficient priori rotation and velocity estimation
scheme into the proposed algortithm.
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