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Abstract 
Hidden areas and shadow effects are major causes of infor- 
mation loss in large-scale aerial photos of built-up areas. Both 
types of loss severely degrade the interpretability of ortho- 
photos. An abrupt change of surface height is the primary 
cause of these defects. Thus, surface discontinuities, the 
orientation parameters of the sensors, and solar orientation 
are all key factors in determining the extent ofdefects. We thus 
propose an ortho-rectification scheme, which will compensate 
for hidden areas and shadow effects in built-up areas, by using 
multi-view images. The proposed scheme utilizes projection 
geometry to detect hidden and shadowed areas. For hidden 
areas, lost information is recovered from corresponding 
images. A seamless mosaic technique, utilizing gray-value 
balance, is suggested to reduce gray value discontinuity For 
shadowed areas, dimmed features are enhanced using the local 
histogram matching method to improve image interpretability. 
Experimental results indicate that the proposed scheme can 
significantly reduce hidden and shadow defects. Both radio- 
metric and geometric aspects of the proposed product and 
process are investigated. 

Introduction 
The generation of orthophotos from remotely sensed images is 
important and has applications in many fields, such as cartog- 
raphy, environmental monitoring, city planning, etc. In addi- 
tion, with the maturity of geographic information systems (GIS) 
technology, the need for timely spatial information is becoming 
greater (Joshua, 2001). Thus, ortho-rectified images have be- 
come important due to their low cost and short production 
time. 

A number of investigations on the generation of orthopho- 
tos from digitized aerial photos (Wiesel, 1985; Hohle, 1996), 
airborne multispectral scanner images (Chen et al., 1997), and 
satellite images (O'Neill and Dowman, 1988; Chen and Lee, 
1993) have been reported. The image rectification procedure 
includes (1) orientation modeling, (2) image-object reprojec- 
tion, and (3) image resampling. Ground control points (GCPS) 
are needed during the modeling process for determining orien- 
tation parameters, while digital terrain models (DTM) are re- 
quired in the image-object reprojection to compensate for 
relief displacements. 

Orleentetlon Modeling 
Remote sensing imagers may be grouped into three categories 
in terms of imaging geometry. The first group is the ZD array 
imager, of which aerial photos are the major example. Each 
scene is associated with a set of six orientation parameters, 
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which may be modeled by photo triangulation or space resec- 
tion. The second group utilizes the pushbroom imager. Many 
medium- to high-resolution satellites, including SPOT, IKONOS, 
and EROS, are of this kind. Each C ~ D  line is associated with a set 
of six parameters, which may be modeled as functions of time. 
Chen and Chang (1998) reported that SPOT images have a good 
relative accuracy; thus, only a small number of GCPS might be 
needed to refine the ephemeris data. A similar approach could 
be applied to high-resolution satellite images, for instance 
IKONOS. The third group utilizes imagers with mechanical 
scanning devices. Each image pixel is associated with a set of 
orientation parameters. The Landsat series satellites are of this 
kind. Airborne multispectral scanners (AMSS) have a similar 
imaging geometry, but with a much larger field of view. The 
steadiness of the platform is also much lower. Thus, a large 
number of GBS are needed (Chen et al., 1997). 

There is a growing trend to integrate GPS and inertial navi- 
gation system (INS) data with remotely sensed images to di- 
rectly model orientation parameters. Accordingly, the number 
of GCPS required may be reduced. 

DTM vs. DSM 
The major geometric computation in image ortho-rectification 
is the correspondence between an image point and its counter- 
part on the ground. This computation might be done through a 
bottom-up or a top-down approach. For aerial photos and 
pushbroom images, the bottom-up approach is favored (Chen 
and Rau, 1993; Hohle, 1996). On the other hand, for mechani- 
cal scanning images, e.g., AMSS top-down reprojection is more 
appropriate (Chen et al., 1997). No matter which approach is 
taken, a DTM is required to correct for relief displacements. For 
those images with medium or low resolutions, for example 10 
m or coarser, the value for each image pixel represents an aver- 
aged reflectance over a relatively large area on the ground. 
Thus, the features of buildings are smoothed on an image plane. 
During image ortho-rectification, it might be assumed that the 
surface on the ground is continuous. Accordingly, a DTM that 
does not delineate buildings could be used without the intro- 
duction of significant model errors. 

On the other hand, aerial photos and high-resolution satel- 
lite images can provide a great deal of ground information, 
including man-made structures. The surface discontinuity 
caused by buildings should thus be taken into account during 
the ortho-rectification procedure. Under such circumstances, 
a digital surface model (DSM), delineating the canopy of the 
object surface, is preferable. Such a model not only represents 
the terrain relief but also the things on the ground. Among these 
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things, buildings are the most important, so they should be 
considered first. 

Related Works 
The generation of true orthophotos is more complicated than 
that of traditional ones. In order to restore as much information 
as possible, both geometric and radiometric aspects should be 
considered. Amhar et al., (1998) and Schickler and Thorpe 
(1998) considered the hidden effect introduced by abrupt 
changes of surface height (e.g., buildings and bridges). 
Schickler and Thorpe (1998) further consider seamless mosa- 
icking around the fill-in areas in order to reduce gray-value dis- 
continuity. In the radiometric aspect, shadow enhancement to 
restore information within a building's shadow areas has not 
been reported on. 

Image Occlusion 

Image occlusion due to buildings not only influences image 
quality but also the accuracy of orthophotos (Skarkatos, 1999; 
Joshua, 2001). To consider occlusions caused by buildings in 
aerial photos, Amhar et al. (1998) proposed using the Z-buffer 
technique to detect the hidden areas and an index map to differ- 
entiate roofs and terrain. Both the Z-buffer and the index map 
are defined on the image plane. In the ortho-rectification proc- 
ess, terrain relief and buildings were treated separately. The 
two results were then merged using a simple logical operation 
to obtain an intermediate true orthophoto. For each raw aerial 
image, one intermediate true orthophoto is generated. In 
Schickler and Thorpe (1998), they also created an intermediate 
digital orthophoto image (DOI) for each of the raw aerial images. 
Those hidden areas in each of the intermediate DOIs are marked. 
A combining procedure is then performed for merging those 
DOIS. In order to alleviate the computation of generating each 
intermediate Do1 and perform data merging at the same time, we 
will propose an index map on the ground plane instead of the 
image plane. 

Data Merging 

In order to obtain completeness, Amhar et al. (1998) also use a 
logical operation to merge all intermediate true orthophotos to 
get the final product. Some problems still remained, such as 
artifacts along the fill-in boundaries. Schickler and Thorpe 
(1998) proposed an innovative method to "pick the best" pixel 
from all intermediate true orthophotos. Three purposes were 
considered in the approach: (1) to minimize the perspective 
distortion, (2) to avoid the smearing problems coming from 
severe over-sampling, and (3) to alleviate the "disharmonious" 
effect near the blind spot areas. The seam line is optimized by 
establish a path with the highest correlation, and a feathering 
technique is applied to reduce the gray-value discontinuity 
along the seam line. It is observed that the method could intro- 
duce many small patches together with many seam lines. 

Shadow Enhancement 

A minimization of the shadow effect is considered in our ap- 
proach. This treatment enhances the image radiometry using 
published methods. Due to the multiple scattering effects of 
illumination during image acquisition, shadow areas are illu- 
minated weakly. Thus, a suitable enhancement technique 
could restore the information within building shadow areas. 

The Proposed Scheme 
Figure 1 shows a flowchart of the proposed scheme, which 
includes (1) image-object reprojection, (2) hidden areas detec- 
tion, (3) seamless mosaicking, and (4) shadow treatment, pro- 
vided that the orientation parameters and the DsM are avail- 
able. Selecting one of the multi-view images as the master 

Slave Image N + DSM + 
Orientation Parameters 

Yes Resamplmg from Slave 

Image N 

- 
Resampling fiom Master 

v 
Seamless Mosaicking 

Image 

Figure 1. Flow chart of the proposed scheme. 

image, the remaining images are treated as slave images. Start- 
ing from the master image, the DSM and the orientation parame- 
ters are used to calculate the corresponding image location of a 
ground element (groundel), by using the collinearity condition 
equations. Hidden areas will be detected and then compen- 
sated for by their counterparts in the slave images. The visibil- 
ity of the groundel in the slave images will be checked, and 
then a suitable combination among the slave images will be 
selected. The image pieces will then be stitched together 
through a seamless mosaicking procedure. Finally, a shadow 
treatment is included to finish the process. Referring to Amhar 
et al. (1998) and Schickler and Thorpe (1998), the term "true" 
orthophotos will also be used in this investigation when occlu- 
sions caused by buildings are considered. 

ImageObject Repmjectlon 
The bottom-up approach for reprojection is selected in this 
investigation. This calculation has been widely used in image 
ortho-rectification. Once a DTM and orientation parameters for 
an image are available, the collinearity condition equations 
may be used to calculate the image pixel corresponding to a 
groundel. 

Hidden Area Detection 
The Z-buffer technique is used here to detect hidden areas. The 
Z-buffer is a set of makices. One matrix records the location of 
an object point. The other one stores the distance between the 
camera station and the object point. Both of them are defined 
on the image plane. Accordingly, we propose using an index 
map on the ground plane with the same size as the true 
orthophoto. The map provides necessary information for the 
successive processing, i.e., seamless mosaicking. The index 
map indicates four regions: (1) master-visible region, (2) slave- 
visible-onlyregion, (3) featheringregion, and (4) fullyinvisible 
region. Thus, in the proposed scheme we do not have to create 
in advance an intermediate Do1 for each of the aerial images. 

By applying the collinearity condition equations, the pro- 
jected image coordinates for each groundel can be calculated 
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Figure 2. Hidden areas detection. 

and rounded to fit the nearest image pixel. Meanwhile, the pro- 
jection distance from the camera station to the object is calcu- 
lated and then compared to the distance stored in the Z-buffer. 
If a calculated distance is smaller than the already existing dis- 
tance, the previous groundel for the corresponding cell in the 
index map is flagged as hidden. The Z-buffer is then updated 
with the new values. Figure 2 illustrates the detection of hidden 
areas. As shown in Figure 2, the projection distances from 
Camera Station C to the surface objects X and Y are CX and CY, 
respectively. Because CY is smaller than CX, the cell on the 
index map corresponding to X will be flagged as hidden, and 
the information regarding Y will be stored in the Z-buffer. 

Because the foregoing detection method searches for hid- 
den areas, pixel-by-pixel, from the raster DSM, certain hidden 
pixels near very steep surface elements (e.g., building walls) 
will cause a double mapping problem. Such a problematic area 
is illustrated as the M portion in Figure 2. To solve this problem 
in the next phase, pseudo groundels are introduced to deter- 
mine the number of pseudo pixels. The height difference and 

the projection length are estimated locally. For instance, the 
left-hand building in Figure 2 has a height of H and its projec- 
tion length on the image plane is P. Thus, on the vertical walls 
of the building, pseudo pixels are placed at a spacing of no 
greater than HIP. We then apply the detection rules again, as 
described in the previous section, for these pseudo pixels. 

Due to numerical rounding errors, isolated points or lines 
may occur in the index map, which could cause noisy results. 
Thus, a post-process for noise removal is implemented by using 
a majority rule. 

Seamless Mosalcklng 
The calculation of the camera location is a least-squares trian- 
gulation procedure or something similar. Random errors may 
be introduced due to measurement errors of ground control 
points and image points, as for the building model. In addition, 
the viewing conditions for multi-view images are different. 
This is especially true for those photos on adjacent strips and 
for color photos. The radiometric responses for a ground point 

SUN 

Path 

Figure 3. illustrations of shadow detection. (a) Sun orientation and shadow areas. (b) Path length. 
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are different in different images. So, to directly fill in the gray 
values, for hidden areas in the master image from its slave 
images, may cause radiometric differences. 

The index map created in the previous section provides a 
basis for this mosaicking process. The gray value of the true 
orthophoto, corresponding to the master-visible region, is 
resampled from the master image. The gray value of the true 
orthophoto, corresponding to the slave-visible-only region, is 
resampled fiom the slave image. The feathering region stores 
the weighting factor for the seamless mosaicking of the master 
and the slave image. Finally, the fully invisible region is the 
area invisible in both the master and the slave image. Once a 
new slave image is combined, the index map is updated. This 
process is done successively for the remaining slave images. 

The purpose of seamless mosaicking is to reduce disconti- 
nuities for gray values around the fill-in areas. For the bound- 
ary of each hidden area, a feathering region is built. This'feath- 
ering region is built using a "dilation" morphology operator. 
Within the feathering region, the gray value is calculated from 

the master and the slave image by means of a weighted average 
calculation. The weighting factors are determinated according 
to the distance between the pixel and the boundary of the hid- 
den area. 

Shadow Treatment 
This treatment is designed to enhance the interpretability of 
shadowed areas caused by buildings. It is understood that dif- 
ferences in the gray values, between a shadow area and its sur- 
roundings, are large. Hence, we need to locate the shadowed 
area, and then provide an image enhancement of these shadow 
areas. However, in order to minimize the gray-value differences 
between a shadow area and it's surroundings, a histogram 
matching technique is applied for image enhancement (Rich- 
ards, 1986). 

The shadow detection technique illustrated in Figure 3 is 
similar to that for hidden area detection. An index map on the 
ground plane is constructed after shadow area detection. The 
index map used here is to denote the shadowed areas and the 
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(a) (b) 

Figure 5. Results of ortho-rectification using DTM. (a) lmage 1. (b) lmage 2. 

(a) (b) 

ment. (b) With automatic shadow enhancement. 
Figure 6. Enlargement of true orthophotos generated from a stereepair. (a) Without shadow enhance 

buffer zone around the shadowed areas. The buffer zone pro- 
vides the base for histogram matching. The zone is also a feath- 
ering region to avoid gray-value discontinuity between the 
enhanced areas and the original image. The generation of a 
buffer zone may be done by the use of a dilation operator. 

The shadow detection technique assumes parallel projec- 
tion at the sun's rays. The Z-buffer plane is built perpendicular 
to the direction of the sun. In cases where such information is 
lacking, this direction can be estimated from the shadow of tall 
buildings. As shown in Figure 3a, the azimuth angle of the sun 
is measured by the direction of the shadow. The zenith angle 
may be calculated from the ratio of the building height to the 
shadow length (SL). As shown in Figure 3b, the distance value 
of the Z-buffer is the path length between the surface and the 
local zero height. It is obvious that the searching algorithm used 
for hidden area detection, described in the previous section, is 
identical to the one we need here. Thus, we may repeat the 
process, but simply change the value of the Z-buffer from the 
camera-object distance to the path length. 

To balance illumination differences around shadowed 
areas, an image enhancement technique should be applied. 
Around buildings, the characteristics of ground features are 
often dominated by human activities, and are usually quite dif- 
ferent from place to place. Hence. image enhancement in a local- 
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ized way is better than a global one. In creating a buffer zone, if 
a shadow appears, rooftops are further excluded from both the 
shadowed area and the buffer zone, in order to maintain the 
similarity of image contents in the shadowed area and that in the 
buffer zone on the ground, rather than on the roof. The histo- 
grams for a particular buffer zone and shadow area pair are cal- 
culated accordingly. Considering the former as the reference 
histogram, a gray-value transformation table for the shadowed 
area is then created, by using a histogram-matching method. 
Thereafter, shadow enhancement may be accomplished locally. 

Experimental Results 
To evaluate the performance of the proposed scheme, a fully 
automatic orthographic rectification procedure was tested. 
Along with the source images, the input data included a DsM, 
the pre-calculated orientation parameters, and the orientation 
of the sun. A set of four digitized aerial photos forming a qua- 
druplet was analyzed. Test images overlapped 60 percent at two 
perpendicular directions, as shown in Figure 4. Experiments 
were only performed on those areas in the white boxes. We 
compared the processed results between a two-image pair and 
a four-image quadruplet. 

The scale of the aerial photos was 1:5,000. By scanning at a 
resolution of 25 pm, the test images had a nominal resolution 
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Figure 7. Intermediate results and final product of true orthophoto generation. (a) Ortho-rectification using 
DTM. (b) Index map for seamless mosaic. (c) With relief displacement correction only. (d) With hidden 
compensation applied. (e) With hidden compensation using a seamless mosaic technique. (f) With 
shadow enhancement. 
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of 12.5 cm on the ground, and the ground sample distance of the 
generated true orthophotos was chosen to be 12.5 cm. The DSM 
describing the building was constructed geometrically of three- 
dimensional feature points, which were manually measured 
on a Digital Photogrammetric Workstation (Socet Set of LH- 
Systems). 

Although the ultimate goal of this investigation was to pro- 
duce true orthophotos from multi-view aerial images, we 
included two supplements. The first gave the results of ortho- 
rectification using a DTM rather than a DSM. The second supple- 
ment gave the results for a two-view stereopair using a DSM in 
order to compare the improvements in information content 
when a quadruplet is applied. 

OrthoRectIflcation Using a DTM 
To demonstrate the process, we selected a portion of the test 
area for observation. Figures 5a and 5b show the results for 
Image 1 and Image 2. It is obvious that the relief displacements 
due to buildings were not corrected. The walls of the buildings 
may be observed in the figures. Without knowledge of hidden 
areas, there is no reason for data merging. 

Orthoimage from a Stereopair 
Figure 6 is an enlargement of the areas indicated in Figure 4, but 
with corrections for the building's relief displacement and com- 
pensation for hidden areas. After merging images 1 and 2, the 
filly invisible regions are marked as black (Part A for instance). 
Notice that the information loss for occluded areas in both 
images may be reduced when images viewed from other direc- 
tions are available. Figures 6a and 6b give a comparison of auto- 
matic shadow enhancement. It may be observed that features 
within the shadowed areas become distinguishable after 
shadow enhancement. 

Ortholmage from a Quadruplet 
In cases where a quadruplet is used for true orthophoto gener- 
ation, the hidden areas will be minimized after data merging. 
With Imag~  1 as the master image, a true orthophoto is gener- 
ated using the developed procedure. The intermediate re- 
sults and the final product, for the highlighted area, are 
shown in Figure 7. Figure 7a, enlarged from Figure 5a, repre- 
sents the master image with terrain relief correction only. Fig- 
ure 7b illustrates the index map for seamless mosaicking. 
The black background indicates the master-visible region. 
The dash-line regions indicate the slave-visible-only regions 
that the fill-in is possible from slave Image 1. The feathering 
effect indicates the weighting factor of the feathering region 
for seamless mosaicking data that come from the master and 
the slave image. Finally, the thick-line areas are the fully 
invisible regions, as depicted as Part I in Figure 7b. Once a 
new slave image is combined, the index map is updated. 
Accordingly, the fully invisible regions are reduced. Figure 7c 
shows the result for relief displacement correction. The hid- 
den areas are marked as black. As shown in Figure 7d, the 
defect due to hidden areas is significantly reduced after data 
merging using three slave images, but a few filly invisible 
regions still exist (Part I1 for instance). In comparison to the 
two-view situation indicated in Figure 6c, the hidden areas 
are minimized. Taking a closer look at Figure 7d, an abnormal 
gray-value discontinuity can be observed along the fill-in 
boundary (e.g., Part 111), and it may be misinterpreted as a 
ground feature. This has been improved in Figure 7e by the 
seamless mosaicking technique. By further applying local 
enhancement for shadow defects, the final true orthophoto 
product, shown in Figure 7f, is improved. This is especially 
true in terms of interpretability in shadowed areas (e.g., Part 
IV). Compared to Figure 7a, the interpretability of Figure 7f is 
significantly improved. 

Category A B C Total 

Number of Checkpoints 69 16 76 161 
Mean 4.3 3.5 -0.1 4.9 

{ Standard Deviation 9.3 3.9 6.2 7 6 
Mean -8.3 -4.5 

{ Standard Deviation 9.8 7.9 

I I-w n 
Error Vector Scak: 10 an Image Scale: 50 Mctns 

Figure 8. Error vector plots (+:Category A; 0:Category B; 
x:Category C). 

Assessment of Geometric Quality 

This is an assessment of the geometric accuracy of the final true 
orthophoto after data merging and shadow enhancement. Con- 
sidering the error sources of (1) orientation parameters in four 
images and (2) the DSM, we will demonstrate the accuracy per- 
formance of the proposed scheme. 

The reference data set is acquired manually using a Digital 
Photogrammetric Workstation. We analyzed three categories of 
planimetric checkpoints. Category A, on the building roof, was 
to check the relief displacement error. Category B, within the 
hidden areas, was to evaluate the geographic error within the 
hidden areas after data merging. The final one, category C, con- 
sisted of randomly distributed feature points on the ground, for 
checking the terrain relief errors. 

Table 1 shows the checkpoint error statistics for the three 
categories. It reveals that every category has a standard devia- 
tion of less than 10 cm, less than the ground sample distance of 
12.5 cm. The mean errors in the X and Y directions are also 
small. This indicates that the bias might be ignored. Figure 8 
shows the error vector plots for each category, denoted by dif- 
ferent symbols. It illustrates that there is no significant system- 
atic error for the whole product. 

Assessment of Radiometric Quality 

Here we are concerned with the radiometric quality inside the 
shadowed area. We investigated changes in the dynamic range, 
before and after histogram matching. Figures 9a and 9b show 
the histogram distributions, before and after applying histo- 
gram matching, as observed from Figures 7e and 7f. The dy- 
namic ranges before and after image enhancement are between 
49 and 130 and 49 and 175. After automatic image enhance- 
ment, it is easier to interpret ground features. 

Conclusion 
In this study, an orthographic rectification scheme is proposed 
for the generation of large-scale true orthophotos of built-up 
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49 135 

1 
49 (b) 175 

Figure 9. Histogram comparisons of shadowed areas. (a) 
Before histogram matching. (b) After histogram matching. 

A fully automatic procedure has been developed. Experi- 
mental results indicate that the information loss and degrada- 
tion can be significantly reduced, thus the products retain good 
radiometric and geometric quality. 
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