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AUTOMATED IMAGE MOSAICKING

Victor Jung-Der Tsai* and Ying-Ting Huang

ABSTRACT

This paper developed and implemented automated image mosaicking procedures
to produce seamless and smooth mosaics from random sequences of digital aerial im-
ages and satellite images. The procedure employs automated algorithms for global
image registration, seam line extraction, radiometric adjustment, and composition of
overlap images. Results of the experimentation on mosaicking black and white ortho-
rectified aerial images and on mosaicking multi-resolution color infrared SPOT-2 and
Landsat-5 satellite images show that the implementation of automated conjugate point
extraction and image matching algorithms automates the establishment of geometric
registration among overlapped imagés, while the seam line selection and two-step look-
up table histogram matching approaches facilitate creating globally smooth and quali-
tative mosaics. The system developed in this paper makes complex composition of

multi-source multi-resolution multi-band images with different geometric and radio-'

metric characteristics an easy and efficient solution for producing reliable mosaic images.
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I. INTRODUCTION

Image mosaicking consists of compositing a col-
lection of images to form one continuous view of a
large area so that the seam boundaries among the
original images are not seen and the mosaic is radio-
metrically balanced. In general, digital approaches
in image mosaicking involve four major tasks: (1) glo-
bal image registration, (2) seam line extraction,
(3) radiometric adjustment, and (4) compositing of
adjacent images. Many researchers have published
various techniques in each individual step for
mosaicking geo-referenced images with overlapping
regions. For instance, Fonseca and Manjunath (1996)
presented a comprehensive study on the geometric
registration techniques for multisensor remotely
sensed images. Zobrist et al. (1983) proposed tech-
niques for geometric and radiometric corrections
along manuaily seiected seam lines for creating iarge
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mosaics of Landsat satellite images. Shiren et al.
(1989) further developed a two-dimensional seam-
point search algorithm which takes into account ver-
tical and horizontal edges for reducing artificial dis-
continuity in the mosaics. Recently, Afek and Brand
(1998) integrated global feature-matching algorithms
into the process of automatic seam-line selection,
margin zone triangulation, and radiometric correction
for creating mosaics of ortho-rectified aerial images.
Du er al. (2001) developed an objective radiometric
normalization procedure to create radiometrically nor-
malized image mosaics over a large area using six
geo-rectified Landsat Thematic Mapper (TM) images.
However, these individual procedures are not fully
automated in most commercial software, which usu-
ally requires tedious manual intervention at each step.
For example, the determination of a pair of images
containing overlapped coverage is usually done by
manual Jayout of the images, so is the selection of
control image points for establishing the transforma-
tion functions of geometric registration and radiomet-
ric adjustments.

This paper presents a robust approach to auto-
matic image mosaicking in order to reduce manual
intervention in mosaicking sequences of overlapping
images. Fig. 1 shows the flow chart of the automatic
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Fig. 1 Operations of the automated image mosaicking system

approach which includes four major steps: (1) image
registration, (2) seam line selection, (3) radiometric
adjustment, and (4) image composition. In the im-
age registration operation, feature points on each
image were extracted by applying interest operators.
A sufficient number of pairs of conjugate feature
points were then chosen automatically by applying
area-based image matching techniques to establish
corresponding geometric transformation functions be-
tween a pair of overlapping images, followed by
resampling the slave image in the pair using bilinear
interpolation. In the seam line selection operation,
the condition of finding the minimum sum of abso-
lute differences of gray values is used in determining
the seam line for merging both images together. In
the radiometric adjustment operation, a gray value
look-up table -of the buffer zones along the selected
seam line of both images was then established using
histogram matching for adjusting gray values of pix-
els in the slave image to get close to those of the
master image. Finally, in the image composition
operation, the master image and the adjusted slave
image are tailored together along the seam line to

create a seamless and patch-free mosaic with globally
smooth appearance. Details and schemes of the pro-
posed automatic approach and experimentation are
described in the following sections.

II. AUTOMATIC IMAGE REGISTRATION

The purpose of image registration is to orien-
tate two or more images with overlapped ground cov-
erage toward the same orientation and pixel sapcing
so that they can be combined together. It usually in-
volves three key steps in registering two images, named
master and slave images in this paper: (A) extracting
feature points in the images, (B) establishing func-
tions of geometric transformation between two im-
ages by finding common conjugate feature points in
an overlapping region, and (C) resampling the slave
image to match the orientation and pixel spacing of
the master image. This paper focuses on developing
an automatic process for registering blocks of over-
lapping images, in random sequence, without geo-
reference information. The key task is to determine
which two of the images overlap each other by fea-
ture extraction and image correlation for conjugate
pairs of interest points on adjacent images. Meanwhile,
should the images be 3-band color composites, the
intensity components of all images are used in steps
(A) and (B) for extracting and finding conjugate fea-
ture points to establish the geometric transformation
functions among overlapped images.

(A). Feature Point Extraction

The purpose of feature extraction is to extract ap-
propriate features in both master and slave images for
finding common points in both images from which cor-
responding geometric transformation functions can be
established. This paper implements automatic extrac-
tion of point features in digital images for use as con-
trols in the geometric transformation by adopting the
Lue interest operator (Lue, 1988), which is modified
from the Forstner operator (Forstner, 1984) and the
Moravec interest operator (Moravec, 1975) to reduce
its sensitivity to noise. Application of the Lue interest
operator includes (a) computing the 4-neighbor gradi-
ents of each pixel using a 3 by 3 window, and labeling
the pixel as candidate if at least two of the gradients
are larger than a user-given threshold; (b) computing
the interest value of the candidate pixels as the sum of

‘the absolute vatue of the 8-neighbor gradients; (c) fi-

nalizing the interest points with local maximum inter-
est value by applying the suppression of local non-
maximum method (Moravec, 1975) over a user-defined
window around each candidate pixel. Though depending
on the source images, default threshold of the gradient
in step (a) is set as the standard deviation of the input
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image and the size of the suppression window in step
(c) is set as 40 by 40 in the implementation.

(B). Conjugate Point Matching

The interest points in each pair of images are
exhaustively assessed to find conjugate points with
great similarity by applying one of the two area-based
image matching techniques at the user’s choice: the
normalized cross-correlation (NCC) matching tech-
nique and the least squares matching (LSM) technique
(Wolf & Dewitt, 2000). The NCC method is used for
images with similar geometric orientation and pixel
spacing due to its limitation in responding appropri-
ately to a number of geometrical and radiometric dis-
tortions in image acquisition. On the other hand, the
LSM method dominates significantly in matching
images with different properties in pixel resolution,
frame orientation, projection, and radiometric condi-
tions due to its flexibility and accuracy based on a
statistical estimation model. However, the NCC tech-
nique is much easier than the LSM technique in com-
putational complexity. Basic concepts of these two
matching techniques follow.

(i) NCC Technique

Detecting spectral similarity among pairs of
images by computing the correlation coefficient in
spatial convolution operations of the reference tem-
plate fin the master image over the search template g
in the slave image,

JIE

in which fis the reference template, with user-defined
size, in the master image, g is the search template,
with three times the size of f, in the slave image, m
and n are the size of the reference template, e.g., 11
by 11, F and g are means of templates f and g,
respectively, and r is the cross-correlation coefficient
as the similarity indicator between the master and the
slave image templates.

g (= F)g;—8)]

Uy f)HZ % ;- g)] v

r=
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(ii) LSM Technique

Minimizing the square sum of the remaining grey
value difference between the two homologous image
templates f and g by solving the transformation pa-
rameters in Eq. (2), that considers both geometric and
radiometric variations between the reference template
and the search template, using least squares in an it-
erative process (Gruen, 1996; Wolf & Dewitt, 2000).

f(x» y)=hoth g(ai+arxrasy,, bi+byx+bsy,)

=f(x, y)+V(x, y) (2)

in which hy and h, are parameters for radiometric
transformation, a,, a, as, by, b,, b3 are parameters
for geometric affine transformation, and V(x, y) is the
residual or the difference between f(x, y,) and
S y).

A threshold of similarity in each matching
method was applied for ensuring the determination
of appropriate conjugate image points, which are then
used to solve for the parameters of the geometric
transformation in a least squares solution. Geomet-
ric transformation such as conformal, affine,
polynomial, perspective projection and local rubber-
sheet warping can be applied at the user’s choice in
considering the imaging geometry of the source im-
ages compensating for various geometric distortions.
However, the number and distribution of conjugate
image points in the overlapping area control the qual-
ity of the geometric transformation. Therefore, the
root-mean-squared errors (RMSE) of the conjugate
points in the forward and backward geometric trans-
formations are further used as indicators for itera-
tively screening out inaccurate false-matched points
with large discrepancies in coordinates in the recur-
sive solution of the transformation parameters in both
directions. Thus, a reliable registration of the slave
image to the master image is assured.

(C). Slave Image Resampling

To register two images together not only re-
quires establishing the geometric transformation func-
tions of a slave image to a master image, but also
demands radiometric interpolation of the transformed
slave image. The latter is done in this paper by
resampling the pixel values in each band using bilin-
ear interpolation for a smooth appearance of the
resampled slave image, which should have the same
orientation and pixel spacing as the master image.

III. AUTOMATIC SEAM LINE SELECTION

Seam line selection is the process of searching
seam points in each row in the overlapping region to
produce the least amount of artificial edges (Shiren
et al., 1989). The artificial edge in image mosaics
corresponds to grey value differences between the two
overlap source images caused by different radiomet-
ric conditions during image acquisition. In this case,
the seam points in each row of the overlapping re-
gion in both master and slave images were chosen by
applying the minimum absolute grey difference sum
approach (Shiren ez al., 1989).
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Fig. 2 Seam line selection (f: master image, g: slave image)

Assume that the pixel grey values of the master
image and the resampled slave image are represented
by fand g, respectively, and the overlap region is N
pixels wide specified by the user. As shown in Fig.
2, the sums of the pixels absolute-grey-difference in
the j-th row over a u+1 pixels wide search area within
the overlap regions are computed using Eq. (3),

u/2
Vj,k=l.=zu/2‘ﬁ,k+i—gj,k+i (3

for k=1, 2, ---, N. The seam point position, i.e., k", is
determined for the j-th row by finding the minimum
value of v;;. However, the search of seam points in
this way is one-dimensional (1-D) and may find a suc-
cession of random points, with unrelated pixel
positions, which will introduce discontinuity between
adjacent rows. If the horizontal shift of seam points
in successive rows is significant, a horizontal artifi-
cial edge is eventually introduced into the mosaics.
In order to eliminate the horizontal edges, the range
for the candidate seam point in the (j+1)-th row is
limited in [k’-s, kK +s] where s is a function of v;;
(Milgram, 1975). Usually, default values of 20 and
30 for u and s of the seam point search area param-
eters would find the seam line without abrupt artifi-
cial edges. As with the image registration steps (A)
and (B), the intensity components are used to find
the seam line between the overlapped 3-band color
composite images.

IV. AUTOMATIC RADIOMETRIC
ADJUSTMENT

The purpose of radiometric adjustment is to di-
minish the discontinuities along the seam line and the
radiometric difference between the two images for
creating a smooth and seamless mosaic. The differ-
ence in contrast of images caused by various solar
conditions during image acquisition may lead to
patched mosaics with apparent seam lines between

I

! 1. Create grey-level LUT of buffer
i zones using histogram matching.
i

{

2. Adjust pixel intensities of the
slave image g by referencing
grey-level LUT.

Fig. 3 Two-step radiometric adjustment by histogram matching

two patches of image with different contrasts. In or-
der to reduce the radiometric difference between the
master and slave images, a linear stretch approach is
usually applied prior to the image registration to
match the average grey-levels of both images (Hord,
1982; Huang, 1992). On the other hand, a linear grey-
level interpolation approach has been widely used
over the buffer zones along the seam line to elimi-
nate vertical discontinuities (Murai et al., 1980;
Shiren er al., 1989; Afek and Brand, 1998). This
method can adjust the pixel intensities of the buffer
zones along the seam line for a continuous transition
from the left image to the right image. However, it
will further introduce two new vertical edges, i.e.,
boundaries of the buffer zones, to the mosaics even
if global image enhancement was used prior to the
mosaicking.

This paper implements two-step histogram
matching for creating a seamless mosaic with global
balance in radiometric intensities. As shown in Fig.
3, the histogram matching method in Richard and Jia
(1999) was applied to create a grey-value look up
table (LUT) of the buffer zones of w pixels wide along
the seam line in both images, band by band from the
resampled slave image g to the master image f. The
width of the buffer zone, i.e., w, can be set as the
width of the seam line search area, i.e., u+1, in the
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Fig. 4 Grey-level LUT generation using normalized accumulated
histograms

seam line selection step described above. Should the
overlap area be wide enough, a large value of w, e.g.,
200, should be chosen to accomplish the best global
radiometric balance. Fig. 4 shows the schematic pro-
cess of generating the grey-value LUT in which the
normalized accumulated histograms of the buffer
zones of the master and slave images are used in the
interpolation of output grey values. The grey-value
LUT was then used to globally adjust the pixel intén-
sities of the slave image to match the contrast of the
master image.

V. AUTOMATIC IMAGE COMPOSITION

Image composition of the master image and the
radiometrically adjusted slave image is done in a row-
wise operation along the selected seam line. As
shown in Fig. 5, pixels from the master image at the
left of the seam line and pixels from the adjusted slave
image at the right of the seam line in each row are
wrapped up together to form the final pixels of the
mosaic. Thus, a smooth and seamless mosaic with
radiometric integrity is produced.

VI. IMPLEMENTATION AND
EXPERIMENTAL RESULTS

The automatic approaches presented above were
implemented in a combined system using MATLAB®
programs on personal computers. Fig. 6 shows the
versatile patterns of image overlap that can be handled
in the computer implementation. The system auto-
matically determines the left image as the master
image and the right image as the slave image accord-
ing to their overlap relationship during the image reg-
istration process. To mosaic more than two images,
the four steps are repeated for appending the next
image found overlapping with the currently

Slave image

Master image 777

Fig. 5 Image composition along the seam line

3)
(M

(1 (2)

...]

(5 (6)

4)

(Do nothing)

Fig. 6 Cases of image overlap handled in computer implementa-
tion

mosaicked image, which is set as the master image
hereinafter. However, the user has to specify to the
system that the leftmost image is one of the first two
images to avoid blank image patches where pixels of
the resampled slave image are outside the slave im-
age in image registration.

A set of ortho-rectified black and white aerial
images as well as a group of geo-referenced SPOT-2
multispectral (XS) and Landsat-5 Thematic Mapper
(TM) color infrared satellite images were used to
verify the proposed algorithms in mosaicking grey-
level images and color images, respectively. Experi-
mental results and performance analysis of the sys-
tem are illustrated in the following.

(A). Black and White Aerial Images

Figure 7 shows the test images which are ortho-
rectified subsets of a stereo pair of aerial photographs
with different orientations and 80% endlap covering
an urban area in Taichung city, Taiwan. Table 1 shows
the results of the feature point extraction with gradi-
ent thresholds respectively set as 20, 30, and 40 for
the test aerial images on a Pentium IV-1.7 GHz Mitak
Notebook computer. From the results, the greater the
gradient threshold was, the smaller the number of
interest points extracted and the shorter the time used
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Table 1 Results of feature point extraction and conjugate image matching

Threshold 20 30 40
Image # IP* Time** #1P Time #1P Time
7(a) 77 11.161 28 5.882 7 0.603
7(b) 58 14.897 26 8.630 6 7.497
Matched conjugate points 15 28.468 10 5.206 0 0.241

Note: *Number of interest feature points.

**Elapsed seconds on a Pentium IV-1.7 GHz Mitac Notebook.

Table 2 NCC-matched conjugate interest points of the test aerial images with gradient threshold value of

30

; Image 7(a) Image 7(b) Errors in master image coordinates Cotiltos
Point B

row col row col don dcol \ m_&f;,; Coo
1 17 505 87 308 0.08 0.19 0.21 0.949
2 249 371 318 176 0.19 0.09 0.21 0.986
3 15 506 85 309 0.07 0.21 0.22 0.947
4 251 363 320 168 0.25 -0.01 0.25 0.989
5 252 362 321 167 0.26 -0.02 0.26 0.989
6 60 381 129 185 0.01 -0.34 0.34 0.981
7 29 460 99 263 0.42 -0.36 0.55 0.966
8 69 375 138 180 0.05 0.58 0.58 0.991
9 21 468 90 271 -0.65 -0.24 0.69 0.965
10 264 358 332 163 -0.70 -0.10 0.71 0.989

RMSE: 0.36 0.27 0.45

(a) Image A: 374 rowsx507 columns (b) Image B: 441 rowsx594 columns

Fig. 7 Test ortho-rectified aerial image subsets (displayed at 30%
scale)

for each image. There also exists the same trend be-
tween the size of the suppression window and the
number of interest points found. Considering the
number and distribution of feature points in both
images, the result from a gradient threshold value of
30 was adopted for finding the conjugate points for
registering the slave image to the master image using
two-dimensional (2-D) affine transformation and bi-
linear interpolation. Table 2 shows the result of the
ten matched conjugate points between images 7(a) and
7(b) with 11 by 11 reference window, 40 by 40 search
window, 0.75 for correlation coefficient using NCC

matching, and 0.5 pixels for RMSE in 2-D affine
transformation. In seam line selection, the width of
the search area within the overlap region was set to
21 pixels (#=20), and the range of candidate seam
points for the next row was set to 30 pixels (s=30).
These values are set as defaults for mosaicking black
and white images in the system. However, they can
be tuned by the user with empirical values for im-
ages from different sources.

In radiometric adjustment, buffer zones of 200
pixels (w=200) wide to the right along the seam line
as shown in Fig. 8 are used to compute the LUT for
adjusting grey values of pixels in the resampled im-
age of Fig. 7(b). Fig. 9 illustrates the histograms and
statistical characteristics, including means and stan-
dard deviations, of the buffer-zone images. The simi-
larity between the histograms and statistics of the
master image and the adjusted slave image shows that
the histogram matching approach works satisfacto-
rily in adjusting the slave image to composite a smooth
and balanced mosaic result as shown in Fig. 10(a).
For comparison purposes, Figs. 10(b). 10(c), and 10
(d) respectively represent the mosaics of the test aerial
images in handling the overlap region with three other
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(a) Buffer zone of Fig. 7(a)

(b) Buffer zone of Fig. 7(b)

(c) Matched result of (b)

Fig. 8 Buffer-zone images (300 rows x 251 columns) to the right of the seam line of the test aerial image subsets (displayed at 30% scale)

0
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11937 55 73 91 109 127 145 163 181 199 217 135 25%

Mean=134.03, Std deviation=26.47
(a) Master imge

Mean=76.30, Std deviation=26.47
(b) Slave image

Mean=133.69, Std Deviation=26.80
(c) Matchd slave image

Fig. 9 Histograms of buffer zones of the test aerial images

(d) Linear interpolation in horizontal
direction

(c) Average of both images

Fig. 10 Mosaics of the test aerial images by various approaches
in handling the overlap region (444 rows x 793 columns,
displayed at 30% scale)

methods: (1) direct replacement of the master image
from the left boundary of the overlay region, (2) av-
erage grey value of the pixels within the overlap
region, and (3) linear interpolation in the horizontal
direction within the overlap region (Murai er al.,
1980). Comparing these resulting mosaics, it is shown
that no artificial edges can be seen in mosaic 10(a)

produced by the proposed approach, nor are patches
of different contrasts. However, there are apparent
grey-level discontinuities in both vertical and hori-
zontal directions and patches of images in the rest of
the mosaics merged by the other methods in handling
overlap regions.

(B). Color Infrared Satellite Images

Figure 11 shows color infrared composites of
(a) SPOT-2 XS images and (b) Landsat-5 TM images
of bands 2, 3, and 4 in corresponding spectral ranges
with respect to the SPOT-2 XS images. The SPOT-2
XS images were collected on October 18, 1996, and
the Landsat-5 TM images were collected on October
17, 1996. On level 10 geometric rectifications by the
Center for Space and Remote Sensing Research
(CSRSR) at the National Central University in
Taiwan, both scenes of the SPOT-2 XS and Landsat-
5 TM images were resampled so as to have the same
orientation but with different pixel spacing of 12.5
and 25.0 meters, respectively.

In the experiments, the SPOT-2 XS image was
set as the master while the Landsat-5 TM image was
chosen as the slave, respectively. Table 3 shows the
results of interest point extraction with gradient thresh-
olds ranging from 30 to 60 and 40x40 suppression
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Table 3 Results of feature point extraction on satellite images with 40x40 suppression window

Threshold 30 40 50 60
Image # 1p* Time** #1P Time #1pP Time #1P Time

SPOT-2 X5 243
Landsat-5 T™M 403

63.391 126
75.107 231

58.794 70
46.387 &9

47.425 28
48.423 26

49.247
36.208

Note: *Number of interest feature points. **Elapsed seconds on a Pentium 1V-1.7 GHz Mitac Notebook.

Table 4 NCC-matched conjugate interest points of the test satellite images with gradient threshold value

of 40
Image 11(a) Image 11i(b) Errors in master image coordinates X :
= 2 Correlation
Point N
- " coefficient
row col row col e d.ul Jd.,, +di
| 979 753 334 71 0. 0.0 0.0 0.723
2 1156 1184 415 288 0,00 {1042 0.0} (0.764
3 1478 923 5715 138 0.01 (.09 0.09 .835
4 1474 927 573 140 -00.01 -(.58 0.58 0.750
5 1476 Q24 574 139 0.00 0.67 0.67 0.832
RMSE: 0.01 0,40 .20

(a) SPOT-2 XS image
600 poesx | 200 columns
(D199 CNES)

1 150 rovascec | 300 columnns.

Fig. 11 Test color infrared satellite image subsets (displaved at
15% scale)

window. As with the aerial images, it shows similar
trends of relationships between the magnitude of gra-
dient threshold and number of feature points extracted
and computational complexity in CPU time. Table 4
shows the maiched five conjugate interest points in
image registration with threshold for gradient set as
40, 40 by 40 suppression window, 11 by 11 reference
window, 40 by 40 search window, 0.70 for correla-
tion coefficient using NCC matching, and 0.5 pixels
for RMSE in 2-D affine coordinate transformation. As
with the same settings in seam line selection and ra-
diometric adjustment in the aerial images, Fig. 12 shows
the buffer-zone images of 200 pixels wide to the right
along the selected seam line for computing the LUT

(b} Land<ut-5TM image (hands 2, 3_4)

Fig. 12 Buffer-zone images (1037 rows x 235 columns) to the
right of the scam line of the test color infrared satellite
image subsets (displayed at 20% scale) {a) Buffer zone
of SPOT-2 X5 image; (b) Buffer zone of resampled
landsat-5 TM image; (c) Matched result of (b)

to adjust the grey values of pixels in the Landsai-5
T™ images. Fig. 13 illustrates the histograms and sta-
tistical characteristics of the buffer-zone images of
corresponding bands and shows that the histogram
matching approach also works very well for multi-band
images. Meanwhile, Fig. 14(a) shows the merged mosaic
of the SPOT-2 X8 image and the Landsat-5 TM im-
age which is seamless and globally smooth in radio-
metric appearance. It is also shown that no apparent
artificial edges or paitches are observed in the color
infrared multi-source multi-resolution satellite image
muosaic produced by the developed system. As with
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images in the mosaics merged by the other three methods
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From the visual comparison among the result-

ing mosaics in Figs. 10 and 14, it is shown that the
proposed automated system for producing seamless

and 14(d),

s

14(c)

(C). Performance Analysis

The above example images are also used to test
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Table 5 Performance of the automated mosaicking approach in CPU seconds

Black & white aerial images

Color infrared satellite images

idual ste e
Individual step CPU seconds

1{A). Feature point extraction 1.141
1(B). Conjugate point matching 18.577
1{C). Slave image resampling 36.353
2. Seam line selection 0.130
3{A). Buffer-zone exiraction 0.161
3(B). Histogram LUT creation 0.060
3(C). Slave image adjustment 0.370
4. Image composition 6.760
Total 63.552

Percentage CPU seconds Percentage
1.B0% 105.180 17.50%
29.23% 34289 5.71%
57.20% 0181 49.96%
0. 20% 2.634 0.44%
0.25% 7.330 1.22%
0.09% 5.379 0.90%
0.58% I18.616 3.10%
10.64% 127.273 21.18%
100, 005 600882 100.00%

Note: Based on a Pentium IV-1.7 GHz Mitac Notebook computer running Microsoft” Windows XP

la) Scam line radometne sdjustment

) Average of both images

{b) Replacement (cut & pasic) with slave image

(d) Limcar |n'|r.|p-!.:ru'-l'. i horrrontal difecton

Fig. 14 Mosaics of the test satellite images by vanous approaches in handling the overlap region (displayed a1 15% scale

the performance of the developed MATLAB® programs
running on a Pentium IV-1.7 GHz Mitac Notebook
computer. The user is only requested interactively to
give the mput and output names of the images. pa-
rameters such as values of gradient threshold. corre-
lation coefficient threshold, size of master windows
in image matching, width of zone for seam line search,
and width of buffer zone along the seam line at appro-
priale stages in operations. Table 5 shows the statis-
tics of CPU time used in each step of the proposed

automated system in mosaicking the above-mentioned
gerial images and satellite images. For the black and
white aerial images, it is shown that 88.2% of the to-
tal CPU time of 63.552 seconds was used in image
registration, 0.2% in seam line selection, 1.0% in ra-
diometnic adjustment, and 10.6% in image composition.
For the color infrared satellite images, 73.2% of the
total CPU time of 6(0.882 seconds was used in image
registration. 0.4% in seam line selection, 5.2% in ra-
diometnc adjustment, and 21.2% in image composition
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Overall, the implementation of automatic con-
jugate point extraction and image matching algo-
rithms automates and accelerates the establishment
of geometric registration among overlapped images,
while the implementation of automatic seam line se-
lection and look-up-table histogram matching ap-
proaches facilitates producing globally smooth im-
age mosaics. Though the process of exhaustive
matching among all interest feature points in large
images may be time consuming, an alternative method
is to involve some manual interaction to pick up three
most distinct corresponding points on both master and
slave images for computing preliminary parameters
of 2-D affine transformation and let the program do
the final tuning with more exact cohjugate point pairs
by setting a larger search window for image matching.

VII. CONCLUSIONS

The development in computing technology has
led traditional photogrammetric operations towards
the digital era, which requires the development of
digital image mosaicking approaches, such that the
performance and quality of mosaicking is improved.
This paper presents automated approaches in image
mosaicking processes, including image registration,
seam line extraction, radiometric adjustment, and im-
age composition. These procedures were imple-
mented in a combined system in which minimal ef-
fort of manual interaction is required for tuning of
the parameter settings at appropriate stages in pro-
gram operations.

Empirical results in compositing black and white
aerial images and multi-sensor coior infrared satel-
lite images show that the development and implemen-
tation of the automated image mosaicking approaches
significantly automate and facilitate producing seam-
less and globally smooth image mosaics for digital
image mapping. The system developed in this paper
makes complex composition of multi-source multi-
resolution multi-band images with different geomet-
ric and radiometric characteristics an easy and effi-
cient solution for producing reliable mosaic images.
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NOMENCLATURE

a;, b; parameters for geometric affine transforma-
tion (i=1, 2, 3)

f the reference template; the master image

f mean of the reference template

g the search template; the slave image

g mean of the search template

ho, hy parameters for radiometric transformation

h(x)  normalized accumulated histogram

i, j, k counting indicators

kK seam point position in a row of pixels

m number of rows of the reference template

n number of columns of the reference template

N width of overlap region

r correlation coefficient

s number of rows searching downward in seam
line selection

u width of search area in a row of pixels in seam
line selection

v absolute grey-difference

V(x, y) residual or difference between f(x, y,) and
S y)

w width of buffer zone along the seam line

X digital number for image pixel values

(x, y) pixel position in the master image
(x,, ¥;) pixel position in the slave image
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