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Abstract — In order to enable the real-time image mosaic 

in mobile devices that have very limited computing power and 
memory, we propose an efficient image mosaic algorithm with 
integer arithmetic. The proposed algorithm is focused not only 
on the computational efficiency, but also on the performance 
improvement of image mosaic. For the efficient projection 
without transform estimation, we obtain successive images 
through the semitransparent view finder which shows the fixed 
amount of right part of previously captured image. We project 
each images onto cylindrical surface by the proposed 
projection equation and integer arithmetic. We align the 
projected images by hierarchical hexagon search and a 
matching measure that is robust to illumination changes 
caused by different exposures and vignette distortion. Finally, 
the images are naturally blended using color compensation 
and dynamic programming based stitching. The proposed 
mosaic algorithm is embedded and tested in mobile phone 
systems. According to various tests and experiments, the 
proposed algorithm shows good panorama composition in 
real-time compared with the other PC-based methods1. 
 

Index Terms — Embedded panorama mosaic, color 
compensation, integer arithmetic, stitching 

I. INTRODUCTION 
When we see splendid scenes, such as sea horizons, 

mountains, and prospects from the top, we wish to capture 
them in a single photograph. However, the usual cameras have 
relatively narrow view angles to capture the scenes at once. 
We have no choice but to take a picture as small as the scenes 
are included in a camera view, which diminishes the objects in 
size to be indistinguishable and results in reduced image 
resolution. Panoramic image mosaic is a solution to capture 
the scenes in a single image of high resolution [1]. It 
composes wide view images from multiple images which 
include the same scenes partially at the slightly different 
viewpoints. The image mosaic needs many image processing 
topics, such as feature extraction, transform estimation 
between images, image warping onto mosaic surfaces, local 
alignment of warped images, boundary stitching, blending, 
and so on. 

Many algorithms on image mosaic have been developed so 
far. The most important and classical works are related with 
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feature extraction and transform estimation between images. 
Szeliski considered spatial transform between images as an 
8-parameter perspective motion model, and used Levenberg-
Marquardt algorithm to find image correspondences [4]. 
Some researchers thought spatial transform as a 3-parameter 
rotational motion model. Szeliski and Brown estimated the 
spatial relation between images by updating rotational 
matrices [8], [9]. Lowe used scale invariant feature transform 
(SIFT) features to estimate the transformation between 
images [10], [14]. After obtaining the motion model 
parameters and transformations between images, each image 
is transformed and projected onto the common mosaic 
surface. Most of the image mosaic algorithms select 
cylindrical or spherical surfaces as the mosaic surface, and 
project images onto the surface by the estimated 
transformations and motion models. Then, the projected 
images are composed into a single image seamlessly. To 
synthesize multiple images into a single large one, Freeman 
stitched the images using dynamic programming on the 
mosaic surface [7]. Feathering [6], multi-band blending [3], 
[10], and image gradients [11], [12] were used to make the 
boundaries between the projected images smooth. Some 
approaches to get rid of exposure difference and radiometric 
distortion were also proposed. Uyttendaele compensated the 
exposure differences using block-based exposure adjustment 
[6]. Goldman eliminated vignette aberration by introducing 
anti-vignette functions [13]. 

The mosaic algorithms presented above show good 
performances in the usual scenes. However, since all of the 
works on image mosaics are developed and implemented on 
general personal computer (PC) environments, we have to 
transmit the captured images to a PC for generating mosaic 
images. 

This paper proposes and optimizes an embedded panorama 
mosaic algorithm for mobile camera systems like digital 
cameras and mobile phone cameras. The PC-based mosaic 
algorithms described before do not work well on the mobile 
camera systems because of the limitations of computational 
power and memory of hand-held devices. The proposed mosaic 
algorithm operates on the usual mobile camera systems in real-
time. We can verify the mosaic results right after all the images 
are acquired by the mobile imaging systems. 

In order to enable the real-time panoramic mosaic in 
mobile camera systems, we propose an efficient image 
mosaic algorithm with integer arithmetic and programming 
optimization. The proposed algorithm is focused not only on 
the computational efficiency, but also on the performance 
improvement of each step needed for image mosaic. We 
consider spatial transform between images as 3-parameter 
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rotational model, and use semitransparent panoramic viewer 
to capture the successive images. Since the images acquired 
through the panoramic view finder have a predetermined 
rotational transformation, we don’t have to perform the 
estimation of correspondences and transforms which need 
much computational load. For the fast projection of images 
onto the mosaic surface, we do not use the conventional 
transforms which contain trigonometric functions, but 
modify the transformations into integer functions. The 
projected images onto the mosaic surface are well aligned by 
a robust error metric and fast hexagon-based search in the 
integral image space. The exposure differences and color 
distortions are also compensated in synthesizing projected 
images. Finally, we stitch the images by using dynamic 
programming and blend the image boundaries linearly. The 
proposed technique optimizes the mathematical operations 
for image mosaic with integer arithmetic, and is operated 
real-time in portable camera systems without loss of 
performance. The users can check the mosaic results as soon 
as images are acquired using the proposed mosaic system. 

The rest of paper is organized as follows. We describe the 
camera motion model and panoramic view finder in Section 
2. Section 3 explains the proposed image mosaic algorithms 
and optimization methods in detail. Experimental results 
with mobile phones are shown in Section 4. Finally, we 
conclude the paper in Section 5. 

II. MOTION MODEL OF CAMERA 
For fast and stable mosaic results, we have to simplify 

some procedures in the mosaic algorithm. Especially, since 
feature points extraction and transform estimation require 
much nonlinear floating point computation and are unstable 
in some cases, it is desirable to omit the processes under 
reasonable constraints. We assume that the users move their 
cameras to capture overlapped scenes only in one direction. 
In other words, the mosaic system generates the horizontal 
(or vertical) panoramic views. The camera motion and 
transformations between successive images can be modeled 
as a specific form under the assumption. Then, the camera 
motion is described as horizontal (or vertical) rotation with 
fixed angle θ  and focal length f . The following 
subsections relate the camera motion with transform function 
in the image coordinates.  

A. Camera Motion and Panoramic View Finder 
The successive images for image mosaic should be 

captured with some overlapped regions. The 
correspondences between overlapped regions are exploited to 
estimate transformations of images and to align the warped 
images. When there is no overlapped region or 
correspondences between images, the mosaic is not 
performed. To get the constant overlapped area between 
captured images in the case of horizontal panorama 
composition, the camera must be rotated by a fixed angle 
along the y-axis. We set the rotation angle along the y-axis 
using image dimension. 

 

 
Fig. 1.  Top view of geometry of camera motion. Two successive images 
are captured by rotating a camera along the y-axis. When we fix the 
amount of overlapped area between two images, the rotation angle θ  is 
determined by the focal length of camera and image width. 

 
Let a  and b  in Fig. 1 be the first and second images 

respectively. The rotation angle of camera is θ  and the focal 
length is f . Since the camera rotates only in the horizontal 
direction, the cylindrical surface is the most suitable one for 
the projection and composition of panoramic images. The 
images are projected onto the cylindrical surface that has a 
radius of ,R  and the projected images, A  and B  are 

generated. The arc C  in Fig. 1 is the overlapped part of two 
projected images. Let φ  be the half of view angle. Then, it is 

determined by camera parameters, W  and f ,  
 

                                
/ 2arctan( )W
f

φ = , 

 
where W  is the width of image. Let τ be the ratio of 
overlapped area in the projected images. Since the angle of C  
becomes 2φ θ−  and the arc length of C  is (2 ),R φ θ−  τ  
is derived as 

 
2 1 .

2 2
R R

R
φ θ θτ
φ φ
−

= = − (1) 

 
When the ratio τ  is set, the angle of camera rotation θ  is 
determined as 
 

2 (1 ),θ φ τ= −  (2) 
 
which is a main parameter of perspective projection 
matrices between successive images. Thus, we can obtain 
transformations without feature correspondences when we 
know the rotation angle θ . We make a panoramic view 
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finder to acquire the successive images of horizontal 
rotation with fixed overlapped area. As shown in Fig. 2, we 
warp a part of previously acquired image onto LCD to 
guide users to take pictures with horizontal rotation of 
fixed angle. Users acquire the next image when the real 
image through camera view finder is almost matched to the 
warped image part. The warping is performed by the 
specific transformation matrix described in the next 
subsection. By the panoramic view finder, we can omit the 
process of feature extraction, estimation of 
correspondences and transformations, which need large 
amount of computation.  

It should be noted that the part of previously captured 
image on LCD is the projected (rotated) image along the 
camera motion, not the original part as it was.  Since the same 
scene becomes warped and transformed with respect to the 
different viewpoints, we should consider the current and 
previous images at the same viewpoint when we match them. 
Thus, the previous image part is transformed with respect to 
the camera motion so that the viewpoints of images are 
equivalent.  

 
 

 
(a)                                                            (b) 

Fig. 2.  Panoramic view finder. (a) part of previously acquired image to 
be warped (red quadrangle region), (b) next image to be taken using 
panoramic view finder. The white rectangle region is compared with the 
warped red quadrangle region in (a).   
 

B. Transforms between Images 
We assume that the focal length f  of camera is fixed for 

all of the images. If the focal length varies for each image, we 
have to estimate correspondences and transforms of images. 
This is the usual case in the PC-based mosaic algorithms 
which do not work well in the mobile camera systems. The 
transformation matrix between two images ( thi  and thj  
images) by the camera motion [9] is defined as  

 
1 1,ij i i j j

− −=H K R R K  (3) 

 
where the intrinsic camera matrix iK  for the thi  image is 
defined as 

0 0
0 0 .
0 0 1

i

i i

f
f

⎡ ⎤
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The rotation matrix is presented in the exponential form, 
 

i
i e= ΘR ,  
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0
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where 1iθ , 2iθ , 3iθ  are three rotation angles. By the 
assumption that camera rotates only in the y-axis and the 
focal length is fixed, we set if f=  in iK  and 

1 3 0i iθ θ= =  in .iR  Because the angle between successive 

images is set to be θ  in (2), the transformation matrix (3) 
between successive images is simplified as 
 

1

cos 0 sin
0 1 0 .
sin 0 cos

ij

f

f

θ θ

θ θ−

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥−⎣ ⎦

H                   (4) 

 

III. PROCEDURE OF GENERATING MOSAIC IMAGES 

A. Projection onto Mosaic Surface 
The acquired images are transformed using (4) before 

projecting the images directly onto the cylindrical surface. To 
project the transformed images onto the cylindrical surface, 
we convert 3 dimensional (3D) real coordinates into 2D image 
coordinates through the pinhole camera model 

 

( , ) ( , ),X Yx y f f
Z Z

=  (5) 

 
where ( , , )X Y Z  and ( , )x y  are points in 3D world 
coordinates and 2D image coordinates, respectively. Then, we 
project the points in the image coordinates onto the cylindrical 
surface. Let ( , )u v  be a point on the cylindrical surface with 

radius R  as shown in Fig. 3. The coordinate ( , )u v  is 

equivalent to ( , )R hϕ  in the cylindrical coordinates, 
  

( , ) ( , ),u v R hϕ=  
 
where ϕ  is the clockwise angle from the center axis and h  is 

a height from the origin. The world coordinates ( , , )X Y Z  is 
represented as  

 
( , , ) ( sin , , cos ).X Y Z R h Rϕ ϕ=                 (6) 

 
From (5) and (6), the transformation of ( , )u v  into ( , )x y  in 
2D image coordinates becomes 
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Fig. 3.  Cylindrical mosaic surface and its 3D coordinate system. Each 
image captured by a camera is projected onto the cylindrical surface. The 
real world coordinate is expressed as ( , , )X Y Z , image coordinate as 

( , )x y , and cylindrical one as ( , )u v .  

 
 

sin( , ) ,
cos cos

tan( ), .
cos( )

R hx y f f
R R

vf u R f
R u R

ϕ
ϕ ϕ

⎛ ⎞
= ⎜ ⎟
⎝ ⎠
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

(7) 

 
Equation (7) is the conventional way to project an image onto 
the cylindrical surface. However, it is difficult to perform the 
projection (7) with integer operations due to the trigonometric 
functions. We modify the projection equation (7) for integer 
arithmetic as  
 

2 2 2 2 2 2

2 2 2 2

( , ) tan( ),
cos( )

sin( ) ,
sin ( ) sin ( )

, ,

vx y f u R f
R u R

R u R vf f
R R u R R R u R

u vf f
R u R u

⎛ ⎞
= ⎜ ⎟
⎝ ⎠
⎛ ⎞
⎜ ⎟=
⎜ ⎟− −⎝ ⎠
⎛ ⎞

= ⎜ ⎟
− −⎝ ⎠

(8) 
where sin( )u R  is approximated to u R . We observe that  

u R�  is usually satisfied in our mosaic system (640x480 
images and 320R � ). Based on the observation of our 
mosaic system, we modify the usual projection equation (7) 
into (8) for fast operation. The proposed equation eliminates 
the trigonometric functions which consume much 
computational time in the mobile devices. The square root 

function 2 2R u−  in (8) can be calculated by the integer 
programming using fast Bresenham algorithm, which is 
developed for drawing circles [2]. In the experiments, we will 
show that the proposed projection equation (8) has little 
geometric distortion, while requiring very little computational 
complexity than the conventional equation (7).  

We can also save much memory and computations by 
using the symmetry of image coordinates. As shown in Fig. 4, 
the center of image is considered as the origin, and a quarter of 
input image is projected using (8) and integer arithmetic. Then, 
the rest 3 quarters of image are projected using the spatial 
symmetry. 

 
 

 

Fig. 4.  Symmetry of image coordinates when projecting a rectangle onto 
the cylindrical surface. We can save the computations and memories 
using the coordinates symmetry. The left upper quarter of image is first 
transformed using (8), and the other quarters are transformed by the 
spatial symmetry. 
 

B. Images Alignment 
  Though the successive images are acquired by the 

panoramic view finder, the users are prone to make errors in 
rotational motion and fitting the objects into the view finder. 
The errors cause the discrepancy between real camera motion 
and the fixed model of our assumption, which results in 
misalignment of successive images on the cylindrical mosaic 
surface. Hence, we need to align the projected images locally 
on the mosaic surface. The local alignment is performed by 
block-based motion search in the overlapped regions. We 
introduce a robust error measure for the better image 
alignment, and use hexagon-based search and an integral 
image [15] for fast operation.  

The integral image at ( , )x y=x  represents the sum of all 
the pixel values in a rectangular region such that 

int
,

( ) ( , )
i x j y

I I i j
≤ ≤

= ∑x  (see Fig. 5 (a)). Once the integral 

image is generated for every pixel in the image, the sum of 
pixels in a shaded block in Fig. 5 (b) can be calculated with 
four additions, int 4( )I x − int 2( )I x − int 3( )I x + int 1( ).I x  
The integral image calculates block-based error metric much 
faster. 
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(a)                                                           (b) 

Fig. 5.  Integral image. (a) Definition, (b) sum of pixels in the shaded 
region by using integral image.   

 
The proposed error metric considers the illumination 

difference due to exposure changes and vignette. It exploits 
illumination means of overlapped image regions, 

 
2

1 1 0 0( ) [( ( ) ( )) ( ( ) )] ,
ov

i

ov ov ov ov
i iE I I I I

∈

= + − − −∑
x R

u x u u x (9) 

where 0
ovI  and 1

ovI  are the overlapped image area in the 

successive two images 0I  and 1I . 0 ( )ov
iI x  is a luminance 

value at ,ix  and 0
ovI  and 1

ovI  are luminance means in the 

overlapped area. Note that 0
ovI  is a part of 0I , and moves in 

1I . Thus, the mean 0
ovI  is constant whereas 1

ovI  varies with 
the motion vector u . We search for the optimal locations of 
projected images such that u  minimizes the error metric,  

arg min ( ).E
u

u (10) 

1 ( )ovI u  must be calculated whenever u  varies, which 
requires too much computation. We use the integral image to 
reduce the computational complexity in motion search. And 
we utilize hexagon-based search for faster operation [5]. The 
integral image and hexagonal search enable the local 
alignment process faster with integer arithmetic. 

C. Color and Luminance Compensation 
If the exposure is fixed when taking pictures of the same 

scene, the overlapped areas of images have the same 
luminance and colors. However, since the exposure usually 
changes at the different viewpoints, there are brightness and 
color difference between images. For color and luminance 
compensation, we assume that the objects in the scene have 
Lambertian surfaces [18]-[20]. The radiance reflection from 
the object surface decides pixel color irrespective of camera 
viewpoints as 

( ).C CP f L= (11) 
We model the pixel color to be proportional to the light 
radiance as [17], [18]  

,C CP Lα= × (12) 

where CL  is the radiance of a color channel C  (R, G, and B), 
and α  is a proportional coefficient. Given an overlapped area 
of two images, the pixel color of x  can be described as 

0, 0 1, 1( ) , ( ) ,C C C CP L P Lα α= × = ×x x (13) 

where , ( )i CP x  is the pixel color at x  in the overlapped area 

of the thi  image. Hence, we can assume that two pixel values 
at the same position have a linear relation. Specifically, due to 
noise and erroneous local alignment, we use the mean in the 
overlapped area for the linear relation, 

(14) 

where ,i CP  is the mean value of the thi  overlapped image for 

channel .C   
The linear model is defined in the RGB color space 

whereas the color space of portable cameras is usually the 
YCbCr. In the case of Y component, it is the linear 
combination of R, G, and B components, and (14) is still 
satisfied, i.e., 

(15) 

In the case of color components, Cb and Cr, they are not the 
linear combinations of RGB, but their AC components are 
linear combination of RGB. We modify (14) and propose a 
color compensation technique in the YCbCR color space using 
luminance means as follows: 

 
1) Calculate 0,YP  and 1, ,YP  

1,1

0 0,

( ).Y

Y

P
P

α
α

= (16) 

 2) If the 1st  image is the reference and the 0th  image is 
compensated, compensate the luminance values in the  
0th  image,  

1
0, 0,

0

( ) ( ).Y YP Pα
α

′ = ×x x  (17) 

   3) Compensate two chrominance components, 

1
0, ' 0, '

0

( ) ( ( ) 128) 128, ' { , }.C CP P C Cb Crα
α

′ = × − + ∈x x   (18) 

The color compensation process is performed in the whole 
image, not only in the overlapped region. Thus, the luminance 
and colors of images are globally regularized, which reduces 
abrupt changes between images and makes the image 
boundaries unseen. 

D. Stitching Using Dynamic Programming 
After aligning the projected images locally, we synthesize 

the overlapped areas to make a mosaic image. If the pixels in 
the overlapped areas are synthesized by weighted sums as in 
the conventional panorama methods, there are some blurring 
and boundary artifacts as shown in Fig. 6 (a). This is caused 
by the misalignment in the subpixel accuracy in spite of the 
local alignment process. In order to alleviate the blurring and 
artifacts, we find a plausible boundary between images in the 
overlapped region by using dynamic programming method. 

1
1, 0,

0

,C CP Pα
α

×;

1
1, 0,

0

.Y YP Pα
α

×;
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The resulting stitched image is shown in Fig. 6 (b). Dynamic 
programming consists of 3 steps, initialization, matrix filling 
(scoring), and trace back (alignment) as follows: 

 
1)  Initialization 

 Initialize the cost matrix ( , )C x y  for ( , )x y∀  as 

0 1( , ) ( , ) ( , ) ,ov ovC x y I x y I x y= −% %             (19) 

  which stores the difference of two color-compensated  
images in the overlapped region. 
2) Matrix filling (Scoring) 
Make a matrix with the same size of the cost matrix and  
fill it with the minimum cumulative difference along 
several paths from top to bottom. 

 • 0y = : ( , ) ( , )C x y C x y′ =  

 • 1, 2,3,y = L : 

( , ) min[ ( 1, 1), ( , 1),
( 1, 1)] ( , ).

C x y C x y C x y
C x y C x y

′ ′ ′= − − −
′ + − +

 

3) Trace back (Alignment) 
The optimal boundary is found by tracing back the path 
with minimum cost from bottom to top.  
• Last row 

opt opt ,
( , ) arg min ( , )

x y
x y C x y′= . 

• The next upper row 
If opt opt opt opt opt( , 1) ( , ) ( , ),C x y C x y C x y′ ′− = −  

where opt opt opt{ 1, , 1}x x x x∈ − + , 

then, opt opt opt( , ) ( , 1).x y x y= −  

• Repeat the next upper row until the first row 
 

 

 
(a)                                                           (b) 

Fig. 6.  Comparison of overlapped region. (a) weighted average of two 
overlapped images, (b) separating two overlapped images by image 
stitching. We see clearer and sharper ridges of mountain in (b).   

 

E. Linear Blending 
The last step of panorama mosaic is to blend stitched 

boundaries. Because the color compensation and stitching 
reduce blurring and boundary artifacts enough, we use just 

linear blending. 16 pixels of each side from the stitched 
boundary are used for linear blending. 

 
 

TABLE I 
TEST DEVICE SPECIFICATION 

CPU Intel PXA272 520MHz 
OS Windows Mobile 2003 SE Edition 

MEMORY 128MB ROM, 64MB RAM 
DISPLAY 2.8” 65K TFT LCD 
CAMERA 1.3 megapixel CMOS 

 
 

 
Fig. 7.  Comparison of projection errors. (dash curve) conventional 
equation, (solid curve) proposed projection equation.  

 

IV. EXPERIMENTAL RESULTS 
The proposed image mosaic algorithm is applied to a PDA 

phone with the specification in Table I. The image size is 
640×480, and the focal length of test images is 690 pixels. The 
radius of cylindrical mosaic surface is 760 pixels, which is 
related with the focal length. First, we evaluate the proposed 
projection equation (8) which is the approximation of exact 
one (7). The projection error is shown in Fig. 7, where dashed 
and solid lines represent the projections by (7) and (8) 
respectively. The x-axis in Fig. 7 represents x coordinates of 
the captured original image, and the y-axis indicates the 
corresponding location in the projected image. Fig. 7 shows 
that the proposed projection equation causes errors by 10 
pixels at maximum when 640×480 image is projected. The 
proposed method approximates the usual conventional 
formula based on the assumption of .R u�  Thus, as u  
increases, the projection error also increases. However, this 
distortion is not visible in the projected images. Fig. 8 shows 
the images projected by the conventional one and the proposed 
one with a test image. As shown in Fig. 8, the proposed 
method projects the image without noticeable distortions 
compared with (7). Because the error is not noticeable in the 
VGA images, there is no problem for the smaller images. 
Therefore, the proposed equation (8) is a reasonable 
approximation for fast projection. The proposed projection 
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takes 0.039 seconds whereas the conventional one requires 
2.696 seconds on the same test device. 

 
 

 
(a)                                      (b)                                      (c) 

Fig. 8.  Projected images. (a) Original image (640×480), (b) conventional 
projection, (c) proposed projection.  

 
 

 
(a)                                                            (b) 

Fig. 9.  Test images for the comparison of performances of error metrics.   
 
 

 
(a) 

 
(b) 

Fig. 10.  Local alignment results and their zooming. (a) SAD, (b) the 
proposed metric.   
 
 

Second, we evaluate the proposed error metric (9). Fig. 9 
shows test images with prominent exposure difference, and 
Fig. 10 shows the results of local alignment by the error 
metrics. As shown in Fig. 10, if images have exposure and 
brightness differences, they are not well aligned by SAD or 
SSD metric, whereas the proposed error measurement aligns 
the images better by the luminance compensation. 

Third, we evaluate the proposed color compensation with 
test images in Fig. 9. Fig. 11 compares the proposed method 
with multi-band blending [16]. Fig. 11 (a) shows natural 
connection in the overlapped areas, but still some exposure 
difference in the non-overlap areas. Fig. 11 (b) shows natural 
connection in the overlapped regions with less exposure and 
color differences. 

 
(a) 

 
(b) 

Fig. 11.  Evaluation of color compensation. (a) multi-band blending [16], 
(b) the proposed color compensation followed by linear blending. 
 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 12.  Comparison of mosaic image results by (a) autostitch [16] and 
(b) proposed mosaic system.   
 
 

Finally, the mosaic performance of proposed algorithm is 
compared with that of autostitch program which is a PC-based 
mosaic algorithm using SIFT features and multi-band blending 
[16]. Fig. 12 and Fig. 13 show the mosaic results for outdoor 
and distant indoor scenes. According to various tests, the 
proposed system shows good performance both for indoor and 
outdoor scenes. The proposed mosaic system takes 1.2 seconds 
for four 640×480 images within 4M bytes memory, whereas the 
autostitch algorithm at 3GHz Pentium PC takes 5-6 seconds 
with much more memory. Furthermore, the proposed mosaic 
algorithm is robust for such simple scenes that there are little 
feature correspondences. Fig. 13 shows the robustness of 
proposed mosaic system, where the autostitch program does not 
work well because of no SIFT feature matching. Fig. 14 shows 
some mosaic results by the proposed system. 
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(a) 

 
(b) 

 
(c) 

Fig. 13.  Comparison of mosaic images. (a) Four original images, (b) 
autostitch [16], (c) proposed mosaic system.  The fourth image in (a) is 
not stitched by autostitch [16] because of no SIFT feature matching.   

 

 

 

 

 

 
Fig. 14.  Panorama results by the proposed mosaic system. 

 

V.  CONCLUSION 
This paper has proposed embedded panorama mosaic 

algorithms for mobile camera systems. The algorithms for 
mosaic processes are optimized by integer programming so 
that they operate real-time in the usual potable camera 
systems. The proposed system consists of panoramic view 
finder, approximated projection onto cylindrical surface, 
hexagon-based image alignment using robust error 
measurement and integral image, color compensation, image 

stitching based on dynamic programming, and linear blending. 
The proposed mosaic system is embedded and tested in actual 
mobile phone systems. According to various tests and 
experiments, the proposed algorithm shows fast and good 
panorama composition compared with the other PC-based and 
embedded algorithms. The proposed mosaic system is 
expected to be embedded in the commercial mobile phones 
and camera systems. 

REFERENCES 
[1] R. Szeliski, “Image alignment and stitching: A tutorial,” Preliminary 

draft, Jan. 2005. 
[2] J. E. Bresenham, “A linear algorithm for incremental digital display of 

circular arcs,” Commun. ACM, vol. 20, pp. 100-106, Feb. 1977. 
[3] Y. Xiong and K. Turkowski, “Registration, calibration and blending in 

creating high quality panoramas,” IEEE Workshop on Applications of 
Computer Vision, pp. 69-74, Oct. 1998. 

[4] R. Szeliski, “Video mosaics for virtual environments,” IEEE Computer 
Graphics and Applications, pp. 22-30, Mar. 1996. 

[5] C. Zhu, X. Lin, and L. Chau, “Hexagon-based search pattern for fast 
block motion estimation,” IEEE Trans. Circuits and Systems for Video 
Technology, vol. 12, no. 5, May 2002. 

[6] M. Uyttendaele, A. Eden, and R. Szeliski, “Eliminating ghosting and 
exposure artifacts in image mosaics,” Proc. Computer Society Conf. 
CVPR, vol. 2, pp. 509-516, Dec. 2001. 

[7] A. A. Efros and W. T. Freeman, “Image quilting for texture synthesis 
and transfer,” ACM SIGGRAPH, pp. 341-346, Aug. 2001. 

[8] H. Shum and R. Szeliski, “Systems and experiment paper: Construction 
of panoramic image mosaics with global and local alignment,” Int. 
Journal of Computer Vision, vol. 36, pp. 101-130, Feb. 2000. 

[9] R. Szeliski and H. Shum, “Creating full view panoramic image mosaics 
and environment maps,” ACM SIGGRAPH, pp. 251-258, Aug. 1997. 

[10] M. Brown and D. Lowe, “Recognising panoramas,” Int. Conf. Computer 
Vision, vol. 2, pp. 1218-1225, Oct. 2003. 

[11] A. Levin, A. Zomet, S. Peleg, and Y. Weiss, “Seamless image stitching 
in the gradient domain,” Eur. Conf. Computer Vision, vol. IV, pp. 377-
389, May 2004. 

[12] A. Zomet, A. Levin, S. Peleg, and Y. Weiss, “Seamless image stitching 
by minimizing false edges,” IEEE Trans. Image Processing, vol. 15, no. 
4, Apr. 2006. 

[13] D. B. Goldman and J. Chen, “Vignette and exposure calibration and 
compensation,” Int. Conf. Computer Vision, vol. 1, pp. 899-906, Oct. 
2005. 

[14] D. G. Lowe, “Distinctive image features from scale-invariant 
keypoints,” Int. Journal of Computer Vision, vol. 60, pp. 91-110, Nov. 
2004. 

[15] P. Viola, M. Jones, “Rapid object detection using a boosted cascade of 
simple features,” IEEE Computer Society Conf. on CVPR, vol. 1, pp. 
511-518, Dec. 2001. 

[16] M. Brown and D. Lowe, Autostitch home page, http://www.autostitch.n- 
et, 2005. 

[17] D. A. Forsyth and J. Ponce, Computer Vision: A Modern Approach, 
Prentice Hall, 2003. 

[18] Wikipedia: Lambertian reflectance, http://en.wikipedia.org/wiki/Lambe- 
rtian_reflectance, Oct. 2006. 

[19] S. Lin and S. W. Lee, “Estimation of diffuse and specular appearance,” 
Int. Conf. Computer Vision, 1999. 

[20] S. Shafer, “Using color to separate reflectance components,” Color 
Research and Application, vol. 10, pp. 210-218, 1985. 

 
 
 

Seong Jong Ha was born in Seoul, Korea, on December 1, 
1978. He received the B.S. and M.S. degrees in electrical 
engineering from Seoul National University, Seoul, Korea, 
in 2005 and 2007, respectively. He is currently a researcher 
in Institute of New Media & Communication, Seoul, Korea. 
His research interests include panorama and super-
resolution. 



S. J. Ha et al.: Panorama Mosaic Optimization for Mobile Camera Systems 1225

Hyung Il Koo was born in Daegu, Korea, on October 27, 
1977. He received the B.S. and M.S. degrees in electrical 
engineering from Seoul National University, Seoul, Korea, 
in 2002 and 2004, respectively. He is currently working 
toward the Ph.D. degree in electrical engineering at Seoul 
National University. His research interests include 
computer vision, and speech enhancement.  

 
Sang Hwa Lee received the B.S., M.S., and Ph.D. in 
electrical engineering from Seoul National University, 
Seoul, Korea, in 1994, 1996, and 2000, respectively. His 
research interests include image processing, video coding, 
computer vision, computer graphics, and pattern 
recognition. 

 

Nam Ik Cho received the B.S., M.S., and Ph.D. degrees in 
control and instrumentation engineering from Seoul 
National University, Seoul, Korea, in 1986, 1988, and 
1992, respectively. From 1994 to 1998, he was with the 
University of Seoul, Seoul, Korea, as an Assistant Professor 
of Electrical Engineering. He joined the School of 
Electrical Engineering, Seoul National University, in 1999, 

where he is currently a Professor. His research interests include speech, 
image, video signal processing, and adaptive filtering. 
 

Soo Kyun Kim received Ph. D. in Computer Science & 
Engineering from Korea University, Seoul, Korea, in 2006. 
He joined Telecommunication Network Business at 
Samsung Electronics Co., Ltd. from 2006. His research 
interests include mobile graphics, geometric modeling, and 
interactive computer graphics.  
 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Academy
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Alba
    /AlbaMatter
    /AlbaSuper
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BabyKruffy
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chick
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Croobie
    /CurlzMT
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Fat
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Freshbot
    /Frosty
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GlooGun
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jenkinsv20
    /Jenkinsv20Thik
    /Jokerman-Regular
    /Jokewood
    /JuiceITC-Regular
    /Karat
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Poornut
    /PoorRichard-Regular
    /Porkys
    /PorkysHeavy
    /Pristina-Regular
    /PussycatSassy
    /PussycatSnickers
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /Square721BT-Roman
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /WeltronUrban
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


