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"understand" buildings in the scene. For such a 3D analysis, 
stereo matching techniques have been widely used, often in 
combination with the other approaches mentioned above. 
Shufelt and McKeown (1993) created building hypotheses 
from a line-corner analysis, a shadow analysis, and stereo 
matching, respectively, and combined building hypotheses 
from each methad for 3D building extraction. Cochran and 
Medioni (1992) refined a depth disparity map from stereo 
matching by using building expaction output. Maitre and 
Luo (1992) used surface models to improve stereo recon- 
struction. Other approaches assume that height information 
(i.e., DTM or DEM) for the scene is known and use this infor- 
mation for 3D building extraction (Baltsavias et al., 1996; 
Haala and Hahn, 1996). 

However, building extraction,(in 3 ~ )  still remains diffi- 
cult because it requires not only good low-level vision tech- 
niaues. such as edge or line extraction, but also eood 

L, " 
middle-level or high-level vision Jechniques, such as cogni- 
tion and interpretation. It also requires a good strategy for 
combining ZD building detection results and 3D (or height) 
information of buildings. In some previous approaches, 3D 
information was used for better ZD analysis (Haala, 1994) 
whereas, in other approaches, 2D information was used for 
better 3D analysis. Both cases addressed the importance of 
combining 2D and 3D information for better "understanding." 
However, it seems that the importance of developing an ap- 
propriate "combination" strategy was often neglected. More- 
over, in some approaches, 2D analysis (or 3D analysis) seems 
to rely on 3~ information (or 2D iriformation) too optimisti- 
cally. In such cases, if 2D or 3D analysis fails, the other ap- 
proach may not produce meariingful results at all. 

This paper proposes an approach for 3D building iecon- 
struction which uses a combination of a 2D and 3D analysis. 
In the proposed approach, combining 2D m d  3D analysis is 
done only after each of them is applied completely indepen- 
dently. The 2D building detection technique tries to obtain as 
accurate ZD building information as possible without the 
knowledge of height information. The height extraction tech- 
nique tries to generate as accurate height information as pos- 
sible without the knowledge of the presence of buildings. In 
this way, the building dittection technique and the height ex- 
traction technique can be developed independently, and 
each technique can create useful information by itself. The 
3D reconstruction by combining these two techniques may 
cope with a wide range of images. 

As a proper "combination strategji," this paper proposes 
a simple method. 3D building recons~uctian is achieved by 
interpolating heights into the area defined by ZD building 
boundaries using 3D height information. Any assumptions or 
conditions derived in the course of ZD or 3D analysis are not 
required for 3D building reconstruction. This makes the pro- 
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Figure 1. A schematic dia- 
gram for 2D building detec- 
tion. 

posed approach applicable to any 2D building boundary map 
and 3D height data set. 

The orga~lizatiorl of this paper is as follows: The next 
section briefly describes the 2D bl~ilcling detection technique 
and the height extraction technicl~le used. Following that, the 
: j ~  building reconstruction technique is explained. Experi- 
mcilts on 3D building reconstruction and their results are 
then presented. This is followed by discussions and conclu- 
sions. 

A 2D Building Detection Technique and a Height Extraction 
Technique 
This section dcscril~es the ZLI 1)uilding detection technique 
anti the 11r:ight cxtrnc:tion technique. These techniques were 
developecl separately and have been reported on elsewhere 
(Kim and Muller, 1994; Kim and Muller, 1996a). This section 
describes these techniqlles briefly. 

A 2D Building Detection Technique 
A graph-based technique for au building detection has been 
propost:tl by Kin1 antl Mullcr (1994). In this technique, build- 
ing hypotheses are generated by grouping lines extracted 
from an image. A graph, constructed from lines and their re- 
lationship, is usetl for grouping. The entire process is per- 
fornled monoscopically. 

Figurc 1 sumrnarizes the overall procedure for this 
building rlt:tcction techilique. First, lines are extracted from 
an image. There are several steps for line extraction: edge el- 
ements are detected by a Canny-Petrou-Kittler (CPK) filter 
(Canny. 1986; IJetrou and Kittler, 1991), a connected edge la- 
beling algorithill is then applied, and two end points of lin- 
car elements are searched for with end point templates. A 

line is defined with two end points. Small lincs broken from 
a long line and parallel lines located closely are merged. 

After detecting lines, the relationship between them is 
examined and stored in a graph. The relationship is classi- 
fied into positive, neutral, negative, a i d  parallel conllections 
according to the manner in which lines are connected (Kim, 
1995). Nodes of a graph coilsist of lines whereas arcs be- 
tween nodes represent the relationship between lines. I11 or- 
der to redut:c the size of a graph, the relationships of lines 
whose lengths are shorter than a threshold and whose rela- 
tive angles with other lines are not near orthogonal are ig- 
noretl. 

Building hypotheses (BHS) are extracted by searching for 
closed loops in the line relation graph. For the traversal of a 
graph, a depth-first search algorithm is used. BHs then un- 
dergo a verification process. First, sirnilar BHs are merged 
(Kim and Muller, 1996b). Second, false BHs, which are made 
from ground-level lines, are removed. 'This is done by using 
shadow analysis and perspective geometry (Herman and 
Kanade, 1986). However, these are optional processes be- 
cause they require sufficient resolution (0.5m, currently) and 
knowledge of the direction of illumination and the position 
of the principal point. 

A Height Extraction Technique 
One of the most popular ways of extracting 3D information 
from stereo image pairs is the use of image matching tech- 
niques. Howevcr, distiilctive characteristics in urban area im- 
agery, such as breaklines, occlusions and shadows of 
buildings, cause serious problems to conventional stereo 
matching techniques. Most existing stereo matching algo- 
rithms assume surface sinoothness or maximum disparity 
limits. The effects of such characteristics on an area-based 
stereo matching algorithm were investigated by Kiln and 
Muller (1996a), and it was reporled that they produced many 
isolated regions for the stereo matcher. In such cases, each 
isolated region required at least one initial estimate for suc- 
cessful niatching. A large ilumber of initial estimates ~ 7 e r e  
required for rllatclling of urban area imagery. However, re- 
sults of experiments did not suggest that this was feasihlc. 

As a possible solution to this problem, pyramidal match- 
ing was proposed (Kim and Muller, 1996a). It was shown 
that this approach could produce automatically a large num- 
ber of initial estimates and parily overcome the problem of 
breaklines. This approach uscd a 11011-linear least-squares 
correlation estimatiorl fOtto and Chau. 19891 for matchine at " 
each level. The problem of blunder propagation was mini- 
mized by using a tile-based filtering techniquc as a control 
strategy between levels. 

Output points from pyramidal matching are converted 
into the ground coordinates by applying a (:amera model. 
The corresponding height inforinatioll can be stored in a dig- 
ital elevation model (DEM). 

A Technique for 3D Building Reconstruction 
One of the weakest application areas of the monoscopic ap- 
proach is, of course, the extraction of hcight or depth infor- 
mation. The building detection technique described in the 
previous section suffers from the same drawback. Although 
some indication of building height is possible by shadow 
analysis and perspective geometry, the system cannot pro- 
vide acc:uratc information on building heights. 

Stereo matching results usually give accurate height in- 
formation. Howevcr, heights are assigned only at grid-points, 
and it is difficult to obtain the height of objects, such as 
rook,  without further processing. Also, lhere is a problem of 
interpolation of' height for urban areas. In such areas, the sur- 
face does not vary in a geo-statistical manner (Davis, 1986). 
Large areas of the surface are very flat or linearly varying 
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and there are many breaklines. Hen 
1986), one of the common techniques 
tion, cannot be applied. Height interpolation re 
nal guidance or a proper statistical m 
being developed. 

boundary maps and 3D height data sets. 
Figure 2 shows a schematic diagram o 

building reconstruction method. In the fig 
and BHs are produced by the height extra 
detection techniques, respectively. Each 
lation boundaries. For each BH, a proper 
searched for. 

their surface equations. For a given region, the co 
each model equation are estimated thro 
mation. The 3D height information is u 
tion equations for estimation. A surfac 
smaller estimation error is selected. In 
simply by calculating the correspondi 
ing the surface model equation. 

Results I 
The stereo image pair shown in Figure 4 
iments. The ZD building detection system was applied 
left image, and 384 BHS were generated1. 
tion technique was applied to the stereo pair. Twenty- 
thousand five hundred and thirty points were 
from these, height information was derived. 

'Many B H ~  overlap each other. 

Stereo 
Left Image Right Image Left (or Right) Image 

Pair 

I 1 I 
Height Extraction 

I I 
Height Information Building Hypotheses 

Fusion 

I 
Height Interpolation 

I 
3D Building Reconstruction 

Figure 2. A schematic diagram for 3D building detection. 

H = a x + b y + c  
Y abs(x) : absolute value of x 

(a) Planar Surface (b) Apex Surface 

Figure 3. Two surface models (planar and apex). 

I Figure 4. A t image pair, "UCL" image. I 
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Figure 5. A building boundary map (left) and a DEM (right) for "uc~ "  images. 

Figure 6. The building height achieved by fus- 
ing the building detection results and the 
height extraction results for "UCL" images. 

building boundary map generated from the BHs and a DEM 
generated from the height information. Seven-thousand eight- 
hundred and forty points out of 21,530 matching points were 
found to lie inside the region covered by the 384 BHs, and 
these were used to model the surface. Two-hundred ninety- 
three BHs were modeled as planar surfaces and 2 1  BHs as 
apex surfaces. Seventy BHs were not modeled as there were 
insufficient matching points to model themz. Figure 6 shows 

21n the current implementation, there is a limit to the minimum 
number of height points for surface modeling. The limit varies ac- 
cording to the dimension of images. 

Figure 7. A perspective view of buildings, "UcL" image 
(height exaggeration factor 1.5). 

the resulting building heights and Figure 7 shows a perspec- 
tive view of these buildings. 

The performance of the building detection and 3D build- 
ing reconstruction is summarized in Table 1. Performance is 
analyzed in terms of building detection coverage, error of 
omission, error of commission, building detection accuracy, 
height extraction coverage, and height accuracy. Building de- 
tection accuracy is defined as building detection coverage 
minus the error of commission. For the test scene shown in 
Figure 3, building detection coverage is 61.23 percent. This 
low coverage is due to the detection failure on the very com- 
plicated X-shape buildings in the scene. Building heights 
have an RMS error of 5.4m, whereas the original pyramidal 
matching output has an RMS error of 5.1m3 (Kim and Muller, 

3Near breaklines, small errors in the x and y directions result in 
huge errors in height. 

Test Scene 1 Test Scene 2 Test Scene 3 
(Figures 4-7) (Figures 8-11) (Figures 12-15) 

Building Detection Coverage (%) 61.23 71.64 98.76 
Error of Omission (%) 38.77 28.36 1.24 
Error of Commission (%) 12.19 5.91 6.46 
Building Detection Accuracy (%) 49.04 65.73 92.30 
Height Extraction Coverage (%) 45.7 91.2 86.6 
Building Height Accuracy 5.4 0.986 N A 
(RMS error, m) 
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modeled with apex and 
of the buildings is 

in the previous test scene, the building detection and the 3D 
reconstruction show improved performance. 

Figures 12 through 15 show results of 3D building recon- 
struction from another test data set. This scene contains even 
simpler and larger industrial buildings than the previous two 
cases; hence, building detection has improved performance. 
Some building roofs in the scene have noise-like patterns 
and some have little texture. These caused holes in the DEM 
shown in Figure 13. Because ground reference height data 
were not available, building height accuracy was not ana- 
lyzed. 

Discussion and Conclusions 
This paper describes the work carried out for 3D building re- 
construction. For successful 3D building reconstruction, the 
importance of an appropriate "combination strategy" of the 

I 
I 

Figure 8. Another test image pair, ,enches residential" scene. (courtesy of ETH Zurich) 

1 

I 

Figure 9. A building boundary 3 and a DEM for "Avenches res 
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Figure 10. A building height .,.-, . ~ r  "Avenches 
residential" scene. 

two techniques is emphasized. This paper cornbines tlie 2D 
and 3D information by interpolating height illto the area de- 
fined by 2D building boundaries using :m height information. 
The results of experiments shown in the previous section 
seem to support that, through this, 3D buildings are success- 
fully reconstructed. 

The examples shown include cornplicnted urban build- 
ings, isolated suburban houses, and large industrial build- 
ings. All of these were reconstructed. Due to the lack of an 
available data source, 3D reconstruction from high resolution 
spaceborne images could not be tested. Nevertl~eless, previ- 
ous analysis of 2D building detection with IID5 images and 
airborne images with 1-m pixel spacing (Kiln and Muller. 

Figure 11. A perspective view of buildings for "Avenches 
residential" scene. I 

1995) indicates tliat 31) reconstruction from high resolution 
spaceborne images is I'easi1)le. 

Cornpared with otlicr approaches, tlie proposed ap- 
proach uses the sirril~lest corr~biriation strategy. Other ap- 
proaches niag c l ~ l i ~ ~ e a t e  111o1.o detailed roof structures through 
the use of coniprc:liensivt: br~ildirlg CAD rr~odels (Haala and 
Halin, 1996). Otliors Irlay ac:l~ieve improvement in building 
detection coverage tl~rougti tllr: wse of reference height data 
or color analysis (f1r:rrrii:ssuli et nl., 1996). The results in this 
paper show the limit o f  : ~ I I  building reconstruction without 
using these ailditior~i~l tlat;~ st<ls or information. 

There are a feu. thiugs to c:orisider. The and 31, analy- 
sis techniqt~es tila! necttl to I](: further improved, in particu- 
lar, for hig11 resolutio~l spac:elrorne images with 1-m pixel 
spacing. Height infornlatio~i Ileal. breaklines needs to be re- 
fined. Surface ~nodols inn! nc!otl furtlier consideration. A 
Inore sop11istic:atctl S U I ~ ' ~ I C ~  111od(:1 rriay be introduced to han- 
dle domes or IIIOI.(! ( : o ~ ~ ~ l ) l i ( : i ~ t ~ ( t  bllilding roofs. 

I Figure 12. Another test image pair, "Avenches industrial" scene. (courtesy of ETH Zurich) I 
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Figure 13. A building boundary map (15 BHS) and a DEM for "Avenches industrial" scene. 

Figure 14. A building height map for "Avenches in- 
dustrial" scene. 

4 

Figure 15. A perspective view of buildings, "Avenches in- 
dustrial" scene. 
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