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摘要摘要摘要摘要  

有鑑於三維城市模型的重要性以及大量的需求，有必要建立一套有效的建築

物幾何模塑解決方案。著眼於實用的角度，本文提出一基於半自動化策略進行建

築物幾何模塑(Geometrical Modeling)之交談式系統，並且提出一基於完全自動化

策略進行影像正射化(Ortho Rectification)之程序，將前者所產生之建築物三維模

型應用於都會區真實正射影像(True-Orthophoto)之製程上。 

本研究利用人工量測可視之屋緣線段，或者利用現有數值航測製圖所產生的

都會區建築物資料，以最少的人力需求來建立三維城市模型。主要核心技術稱為

「分割-合併-成形」(Split-Merge-Shape, SMS)演算法。其中「分割-合併」兩步驟

主要在重建屋緣線段之間的拓樸關係，以完成封閉多邊形。而「成形」步驟則是

利用屋緣之高度資訊，來判定屋頂面為平面或斜面。利用本技術可將傳統數值航

測製圖與三維城市模型之製作程序結合，以提昇效率與成果之品質。 

在傳統航空像片正射化的過程中，通常僅利用地形高度進行正射糾正，也就

是說並未對建築物進行高差移位修正，同時也未對被遮蔽區進行資訊補償，加上

建築物所造成之陰影效應，嚴重影響到成果之可用性與正確性。為了有效回復建

築物之正確位置以及被遮蔽區與陰影區之資訊，本文提出一自動化程序，利用

SMS 所產生之多面體房屋模型、多重疊航空像片、數值地形模型與太陽方位等

資訊，來進行真實正射影像糾正。同時將建築物高差移位修正、遮蔽區資訊補償、

補償區邊緣勻化以及陰影區影像增顯等步驟合而為一，以提昇正射影像之品質。 

文中首先對相關文獻在建築物幾何模塑，以及影像正射化方面做一全面性探

討。而在建築物幾何模塑方面，針對所提出之 SMS 技術在邏輯上之建全性、處

理效率、成果之準確度等方面，進行量化分析。並將所產生之三維建築物資料，

配合數值地形模型，應用在真實正射影像之製作、都市三維景觀模擬以及三維地

理資訊系統之查詢上，以展現 SMS技術之實用性。 
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ABSTRACT 

Due to the huge demand and the importance of 3-D city models, an effective 

solution for geometrical building modeling is indispensable. From the application 

point of view, an interactive system for geometrical building modeling based on a 

semi-automatic approach is presented. A true-orthophoto rectification scheme based 

on the generated building models is also proposed. 

The data used in the proposed system are 3-D visible roof-edges that have been 

manually measured from a stereo-model, or the 3-D building outlines from a digital 

topographic map. The core technology is called the “Split-Merge-Shape” (SMS) 

method. The SPLIT and MERGE steps are the two main procedures for topology 

reconstruction from non-related roof-edges. The SHAPE step uses the available 

roof-edge height information to define an appropriate rooftop. With the SMS method, 

the topographic mapping of buildings, and geometric building modeling, can be 

seamlessly integrated into a unified procedure. 

In a conventional ortho-rectification procedure using a digital terrain model, the 

correction of relief displacement due to buildings is not considered. Accordingly, any 

information hidden by buildings or in their shadow is not restored. In order to restore 

the most complete information and to correct the relief displacement of buildings, a 

rigorous true-orthophoto rectification scheme is proposed. In the proposed scheme, 

3-D building models, multi-view aerial images, digital terrain models, and the sun’s 

orientation are all utilized. Terrain and building relief displacement corrections as well 

as hidden area compensation, seamless mosaicking, and shadowed area enhancement 

are integrated into one procedure. 

This thesis starts with an overview of state-of-the-art technologies on the subject 

of building modeling and orthoimage rectification. Then, the SMS method is 

presented, including an evaluation of its feasibility, robustness, efficiency and 

accuracy. Finally, the generated building models are applied to true-orthophoto 

generation, 3-D city landscape simulation, and 3-D GIS querying. The applicability of 

the SMS method is thus demonstrated. 
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1. INTRODUCTION 

Due to progress in computer technology in the establishment, management, 

and application of city planning, a move toward the combining of 3-D building 

models with 3-D Geographic Information Systems (GIS) is being made. 

Traditionally, third dimensional information has been denoted by contour lines 

or by the number of building stories, which has limited the reliability and 

feasibility of its applications. Now, with the assistance of computer technology, 

users can easily analyze spatial data on the fly. Third dimensional ground 

feature information can be described by geometric models of objects, such as 

Digital Terrain Models (DTM), Digital Building Models (DBM), or Digital 

Surface Models (DSM).  

The primary data for three-dimensional spatial information analysis is the 

DSM, which denotes all objects on the ground (e.g. trees, buildings, terrain, 

etc.). The most important feature in urban modeling is the 3-D building model. 

It is essential in many applications, such as true-orthophoto generation (Amhar, 

et al., 1998; Schickler & Thorpe, 1998; Rau & Chen, 2001), map revision, 

cartographic database compilation, change detection, transportation, urban 

planning, environmental planning (Danahy, 1999; Lange, 1999), flight 

simulations, noise and air pollution simulations, microclimate studies, wireless 

networks telecommunication planning (Siebe & Buning, 1997; Leberl, et al., 

1999), virtual tourism information querying (Volz & Klinec, 1999), etc. An 

effective solution for the generation of reliable and accurate building models is 

thus more urgent than ever. 

The computer has ushered photogrammetry into a new era. Data collection 

from a stereo-pair of aerial photos has moved from using analogue data to 

analytic, and now to digital data. The first commercial Digital Photogrammetric 

Workstation (DPW), i.e. the DSP1, was introduced at the International Society 

for Photogrammetry and Remote Sensing Congress in Kyoto (Cogan, et al., 
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1988). Nowadays, many computer vision techniques have been integrated into 

the DPWs, to try to better automate data collection and to reduce the operator’s 

workload. However, a reliable and feasible solution for data collection based on 

a fully automatic approach has been unavailable so far.  

 

From the application point of view, the most successful progress from an 

analytic to a digital system includes photo triangulation, orthophoto production, 

DTM generation, and topographic mapping. 

� Photo triangulation can be performed with a high degree of 

automation when digital images are utilized. By means of automatic 

image matching techniques some advantages appear in a digital 

system. The measurements of fiducial marks and conjugate points on 

all images can be automated. Accordingly, the number of tie point 

pairs can be increased to improve the reliability and accuracy in the 

triangulation.  

� Orthophoto production is the preliminary function of DPWs. The 

“orthophoto” and “orthoimage” terminology are treated as equal in a 

digital system. From the digital image point of view, the generation of 

an orthophoto is basically a resampling process. The processing is 

efficient and flexible compared to an analogue system. An 

ortho-rectified image is theoretically projected onto a map projection 

system. In a GIS application, all the data being analyzed should refer 

to the same geographic location. Thus, the orthophoto is an important 

geographic information data source. The ground resolution, or the 

distinguishing power for photo interpretation, is highly related to the 

scale of an aerial photo and the scanning resolution. It also depends on 

the flight height and the focal length of the camera. The scale of an 

aerial photo is conceptually a synonym for its accuracy. The larger the 

scale the higher the accuracy. However, the accuracy of an orthophoto 

depends on the accuracy of the exterior and interior orientation 
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parameters of the camera, as well as the accuracy of the 3-D 

geometric models (e.g. DTM) of ground objects. 

� DTM generation is an important task in the production of 

orthophotos. By means of automatic image matching techniques the 

manual measurement workload in an analogue system is reduced. The 

major problem for automatic DTM generation is the ambiguity 

problem in the stereo correspondence phase especially for large-scale 

aerial photos. Most of the DPWs have post-editing functions designed 

to correct miss-matching results. An enormous amount of related 

literature has reported on the subject of image matching, using either 

close range scenes or satellite images. A unified solution for assuring 

the best quality for orthophotos and DTM generation using SPOT 

satellite images has been proposed by Chen & Rau (1993). Using 

optical sensors, the result of the DTM process actually indicates the 

surface or the canopy of ground objects, which is the same as a DSM. 

With high-resolution aerial photos, the generated DSM is severely 

smoothed around buildings. In addition to the ambiguity problems in 

automatic stereo correspondence, such a DSM should not be directly 

used in building modeling (Weidner, 1997; Haala & Brenner, 1998; 

Brenner, 2000). Therefore, a geometrical building modeling system is 

essential. 

� The use of digital topographic mapping makes the editing, 

printing and manipulation of different feature layers become more 

effective and flexible. Although it is a big jump from analogue to 

digital data, the softcopy photogrammetric technology still retains the 

analogue era protocols. For example, the delineation and description 

of building boundaries is in the form of line graphs. In topographic 

mapping from a stereo-pair of aerial photo, the operator is responsible 

for the delineation of building boundaries. Image occlusion problems 

and manual measurement errors always make this delineation 
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incomplete, so that post-editing on the ground plane and on-site 

surveying are necessary to assure the completeness of the building 

outlines. The workload of the operator and the surveyor is heavy. 

Moreover, there is no relationship between roof-edges, meaning that 

the topology does not build between them. A further 3-D analysis and 

editing is necessary to reconstruct them as a 3-D building model. The 

cost for 3-D mapping is thus extended again. 

Since 3-D mapping is increasing in importance, some DPWs have 

developed new functions that will create DBMs directly, and integrate them 

into topographic mapping. However, image occlusion is still the biggest 

problem in the manual delineation process. The operator is responsible for the 

measurement of roof corners and the structuring of building models. Whenever 

image occlusions occur, the operator has to estimate the hidden corners from 

conjugate images. The whole process is time-consuming and labor intensive, as 

well as tedious, inefficient and produces with a limited accuracy, especially for 

connected buildings in densely built-up areas. 

The objectives of this thesis are to construct geometric building models, 

and to apply them in the generation of true-orthophoto for relief displacement 

correction, hidden area detection, shadowed area detection, etc. 

� In geometrical building modeling, a novel method based on a 

semi-automatic approach is presented. The core technology is called 

the “Split-Merge-Shape” (SMS) method. An interactive system, 

called the SMS system, is designed for controlling the modeling 

process. By means of the proposed technology, the digital topographic 

mapping of buildings and geometrical building modeling can be 

seamlessly integrated, making 3-D mapping a more unified approach. 

The partial occlusion problem is solved and the operator’s workload is 

lessened because only visible roof-edges need to be measured. The 

efficiency as well as the effectiveness of 3-D mapping is improved 

and the cost can be significantly reduced accordingly. 
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� In the applications to true-orthophoto generation, we combine the 

generated polyhedral building models with a DTM to become a DSM. 

Such a surface model is useful for true-orthophoto generation 

especially for high-resolution images in built-up areas. A rigorous 

method for true-orthophoto generation of built-up areas is presented 

which integrates relief displacement correction for buildings, hidden 

area compensation, seamless mosaicking and shadow enhancement in 

a unified way. In the rectification process, hidden areas are detected 

and compensated for from conjugate images. Meanwhile, a seamless 

mosaicking technique is performed to reduce the gray value 

discontinuity along filled-in areas. Finally, the DSM data and the sun’s 

orientation information are employed for shadowed area detection. 

The shadowed areas are thus enhanced using a local histogram 

matching technique for improving photo interpretation. 

1.1. Related Work on 3-D Building Model Generation  

There are three steps in the generation of 3-D building models, namely: (1) 

data acquisition and aerial triangulation, (2) feature extraction and stereo-model 

measurement, and (3) model reconstruction. A brief discussion is provided in 

the following. We will focus on the issue of constructing the building models in 

the rest of this thesis. 

� Due to recent progress in photo-electronic technology, stereo-image 

data acquisition has moved from aerial photography to digital 

imaging sensors, such as the Airborne Digital Sensor (ADS)(Sandau, 

et al., 2000) and the Three-Line Scanner (TLS)(Kagawa &. Shibasaki, 

2000). However, such technology is far from popular due its 

resolution, cost, and user habits. Most users are familiar with 

traditional aerial photography, and digital images can only be 

acquired using a high-resolution photogrammetric scanner. Compared 
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to traditional manual or automatic DTM stereo measurement, DSMs 

can be acquired directly using Airborne Laser Scanning (ALS) (Lohr, 

1996). The DTM delineates the terrain only, while the DSM describes 

all ground objects canopy. DSM data is a must for true-orthophoto 

generation, especially in high-resolution images.  

� Aerial triangulation is a mature technique in photogrammetry, which 

may integrate Global Positioning System (GPS) and Inertial 

Measurement Unit (IMU) data to minimize the number of ground 

control points. Hinsken, et al. (1999) reported that they obtained 

decimeter accuracy for a block of 968 aerial images with 20 ground 

control points. In this thesis, we assume that aerial triangulation has 

been done before the roof-edge delineation, and thus the coordinates 

of the roof corners are already defined in the 3-D object space. 

� The strategies of feature extraction and stereo-model measurement 

stage are diverse. Many reports have been published discussing the 

techniques of feature extraction and feature matching in the fields of 

computer vision and digital photogrammetry. Most of them try to 

cope with noise and ambiguity problems. Briefly speaking, an 

accurate and reliable automatic approach relies on good image quality 

in non-occluded and non-shadowed areas. The incorporation of 

human intervention with automatic measurements may increase the 

reliability. Obviously, manual stereo-measurement is still the most 

reliable and accurate way, but is costly and time consuming. 

� In terms of building model reconstruction, a great number of works 

have utilized a model-based strategy to cope with topology 

uncertainty problems (Gülch, et al., 1999; Kim & Muller, 1998). 

Model-based approaches usually rely on a priori knowledge about 

buildings. Hypothetical models are generated and verified to produce 

the final building models. On the other hand, Mohan & Nevatia (1989, 

1992) proposed a perceptual organization technique that groups 
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feature lines by a process of mutual cooperation and competition, 

which assumed that the extracted and fragmented linear features were 

parallel, collinear, or rectangular in nature. Both approaches can treat 

well-structured buildings (e.g. rectangular, flat-roof, gable-roof, etc.), 

however, more complex buildings will cause unreliable results. 

1.1.1. Types of Building Models 
A “Building model” is defined as a representation used to describe the 

exterior shape of a building, in terms of mathematical or geometric data. Many 

building model elaborations can be found in the literature (Förstner, 1999; 

Braun, et al., 1995; Faig & Widmer, 2000). Building models can be categorized 

into three classes according to their geometry and structure, namely the 

parameterized models (Lang & Förstner, 1996; Lin, & Nevatia, 1998; Zhang 

and Zhang, 2000), the CAD models (Grün & Dan, 1997), and the generic 

model.  

� Parameterized models are suitable for describing the most common 

building types, such as gable roofs, flat roofs, hip roofs, lean-to roofs, 

etc. The topology of such models is fixed, while the geometry is 

variable. The changing of parameters will cause the building’s size as 

well as its position and orientation to vary. Gable and flat roof 

examples using this kind of model are illustrated in figure 1-1. The 

number of parameters is fixed, which limits its flexibility for 

describing complex buildings. Using such models, thematic attributes 

can be attached directly. 

� CAD models are suitable for describing certain types of objects, 

especially in an industrial work piece process. Objects must be 

identified in advance with a fixed geometry and topology. The lack of 

variability limits the exploration of unknown and complex buildings. 

Grün & Dan (1997) proposed using CAD-based building models in 

which six classes of building models are pre-defined, as illustrated in 
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figure 1-2. The numbers on the left side denote the total number of 

ridge points of a building. 

  
Figure 1-1. Parameterized models. Figure 1-2. CAD models. 

 

� Generic models allow for variations in the geometry and topology of a 

building, meaning that a set of geometric parameters, without being 

fixed in number, is required. The generic models have three major 

subclasses. They are the prismatic models (Liow & Pavlidis, 1990; 

Weidner, 1997), the polyhedral models (Collins, et al., 1998; Grün & 

Dan, 1997, Grün & Wang, 1998), and the Constructive Solid 

Geometry (CSG) models (Englert & Gülch, 1996; Gülch, et al., 1999). 

� Prismatic models describe complex building with arbitrary 

polygonal ground plans and vertical walls, but are restricted to 

flat roofs only, cf. figure 1-3. Such a building model allows a 

simple and direct link to the thematic attributes, making it easy to 

manipulate and interact in GIS applications. 

� Polyhedral models describe complex buildings with a polygonal 

ground plan, a planar rooftop and vertical walls, cf. figure 1-4. In 

cases with curved surfaces, it can be generalized using a 

combination of planar roof-patches, usually utilizing trihedrons. 

The polyhedral models are more realistic than the prismatic 
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H

L
W 

LW 
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models. However the assignment of thematic attributes is not 

simple for complex buildings. 

Figure 1-3. Prismatic models. Figure 1-4. Polyhedral models.

 

� CSG models (Hoffmann, 1989) are designed to extend the 

geometrical variation of the CAD models. The CSG models are 

based on a data structure that decomposes a complex object into 

many object-primitives that are described by the CAD models. 

Englert & Gülch (1996) used object-primitives (e.g. boxes, cones, 

cylinders, pyramids, tetrahedrons, etc) with Boolean operations 

(e.g. union, difference, and intersection) to describe a complex 

building. One example of such a CSG tree structure is illustrated 

in figure 1-5. Unlike the prismatic models and the polyhedral 

models, the CSG models can describe a building without the 

restriction of vertical walls. Thematic attribute assignment can be 

linked to each primitive independently, as well as to the 

combined CSG tree. 

For purposes of visualization using the above polyhedral models, 

parameterized models, and CSG models, a further transformation to a 

boundary representation data structure may be needed. The boundary 

representation (B-rep) (Mäntylä, 1988; Rottensteiner, 2000) is used to 

support the visualization, which allows the storing of attributes (e.g. the 

surface texture) for all faces of a building, making it more useful for 

photo-realistic virtual city visualization. Figure 1-6 (from Rottensteiner, 

2000), shows a graph with v (vertices), e (edges), and s (surfaces) type 

nodes.  
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Figure 1-5. CSG models. Figure 1-6. Boundary representation.

 

In this thesis, we will provide an interactive procedure that creates 

prismatic building models after the generation of polyhedral building models. 

1.1.2. Automatic vs. Semi-Automatic Approaches 
Except for the manual operations necessary for building modeling in 

some DPWs, most of the related work can be categorized into two approaches, 

according to the degree of human intervention required for topological 

reconstruction. The two approaches are the automatic approach (Baillard. and 

Zisserman, 2000; Haala & Brenner, 1998; Weidner, 1997; Fischer, et al., 1998; 

Henricsson, 1998; Frere, 1997; Lechervy, et al., 1997; Shi, et al., 1997; Lin and 

Nevatia, 1998; Collins, et al., 1998; Paparoditis, et al., 1998; Collins, et al., 

1998) and the semi-automatic approach (Gülch, et al., 1999; Grün & Wang, 

1998; Grün & Dan, 1997; Wiman, 1997; Zhang and Zhang, 2000; Chio, 2001).  

 

There may not be sufficient information to solve the stereo 

correspondence ambiguity problems when a single stereo-pair is used to 

generate building models automatically. Therefore, the use of multi-view 

images, especially color images, with computer vision techniques and 

geometric constraints, may increase the reliability of the modeling. Fischer, et 

al. (1998) and Henricsson (1998) proposed the use of multi-overlap aerial 

images for automatic 3-D building modeling. Their first step was to extract 



 

  11

features from 2-D images. Some basic 2-D image features were extracted for 

object modeling. Such things as roof corners or roof patches were modeled 

further. A building hypothesis was then generated and verified by mutual 

interactions between the 2-D and 3-D processes (Fischer, et al., 1998). Color 

attributes along extracted lines are utilized in a similarity grouping, and then 

incorporating into coplanar grouping to infer a building model (Henricsson, 

1998). The purpose of the method was to increase the production efficiency and 

reliability. However, successful feature extraction relied on good image quality 

and visible image features. The generation of building models would fail in 

densely built-up areas where building occlusions or shadow effects occurred. 

 

Weidner (1997), Haala & Brenner (1998), and Brenner (2000) proposed 

the use of DSM to reconstruct such building models automatically. Most of the 

DSMs are acquired from ALS (Lohr, 1996), which provides the elevation of the 

canopy features, including trees, buildings, terrain, etc., with a high sampling 

resolution and accuracy. The rooftop surface’s normal can be estimated from 

the DSMs. Thus, polyhedral models may be reconstructed. The problem is that 

the precise building boundaries cannot be well defined from the segmentation 

of DSMs (Geibel & Stilla, 2000). Therefore, other complementary data, such as 

the ground plans are necessary to assure the quality of reconstructed building 

models. 

 

Chio (2001) proposed a strategy for roof patch extraction from urban 

stereo aerial images, based on a semi-automatic approach. The input data are 

3-D line-segments and 3-D points that are generated automatically from 2-D 

feature extraction and matching. In the reconstruction stage, an operator is 

responsible for selecting the initial and possible roof-edges. By means a 

multi-algorithm strategy, the system can automatically build the topology of a 

roof patch. In the case of failure, human intervention becomes necessary to 

complete the modeling tasks. The success rate of the method was highly reliant 
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on the results of feature extraction and stereo matching. It could be problematic 

where building occlusions existed in densely built-up areas. 

 

Gülch, et al. (1999) proposed the use of monocular images and 

building-based measurements for 3-D city model creation. Their approach is 

based on a semi-automatic scheme. In manual modeling, the operator’s task is 

to fit a wire-frame building model, which is selected from a predefined model 

database, to the images, via monoscopic viewing. The operator has to adjust the 

wire-frame model to fit the corresponding image features by using three 

possible strategies: (1) a purely manual adaption, (2) a guided adaption, or (3) 

an automated adaption. A complex building is decomposed into some basic 

building types and constructed using a CSG tree. The operator is also 

responsible for handling the CSG tree structures. Although the approach is 

innovative, the operator takes too heavy a responsibility, necessitating a 

qualified operator. The approach may be efficient for simple structure and 

specific type of building, but not for groups of connected buildings in densely 

built-up areas where occlusions and shadows frequently occur. Some other 

problems are still unsolved for complicated buildings using such an approach. 

 

Grün & Dan (1997) proposed a topology builder, i.e. the TOBAGO 

system, for the generation of building models. Grün & Wang (1998) proposed 

another topology generator, i.e. the CC-Modeler system, for 3-D city modeling. 

Both systems are based on a semi-automatic approach, utilizing manually 

measured 3-D point clouds. The measurement of 3-D point clouds, denoting all 

roof corners must be complete, including any hidden ones. However, the two 

systems use different strategies for the auto-structuring of building models. 

� The TOBAGO system is a model-based approach that implicitly uses 

a pre-defined roof model database in the reconstruction process. The 

digitizing sequence of 3-D points is arbitrary. One roof unit, which 

could be a complete roof or a roof part, is processed at one time. A 
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K-parser is used to classify the processed 3-D point clouds into six 

generic CAD-based models, as shown in figure 1-2. A G-parser 

exploits geometric criteria to fit the planar faces and to enclose the 

3-D points as a complete building model.  

� The CC-Modeler system is also a model-based approach, but it can be 

applied to general objects, such as roads, rivers, parking lots, ships, 

etc. In CC-Modeler, a consistent labeling algorithm based on 

probabilistic relaxation is used for the auto-structuring of objects. 

During data acquisition, 3-D point clouds are manually coded as 

boundary points and interior points, according to their functionality 

and structure. The boundary point digitizing sequence is restricted to 

be point-wise, i.e. whether clock-wise or counter clock-wise, however, 

the interior point digitizing sequence is arbitrary. The CC-Modeler 

system is now commercially available giving a success rate up to 

95%. 

 

Although the above two systems are operational, some of their limitations 

cannot be ignored. Those limitations are stated as follows: (1) The 

measurement of hidden corners caused by building occlusions is necessary to 

assure the completeness of a roof unit. (2) The structuring may fail if the 

processed roof unit or object is not in the pre-defined model database. (3) In the 

CC-Modeler, the boundary point digitizing sequence must be restricted to being 

point-wise. (4) Each roof unit or object needs to be processed independently, 

which leaves connection problems between two buildings to the operator. Grün 

and Wang (2001) have developed new functions to solve the topology errors 

due to geometrical inconsistencies between two neighbored buildings, which 

treat a group of connected buildings at the post-editing phase by considering 

the geometric regularity of buildings. 
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1.1.3. Bottom-Up, Top-Down and Hybrid 
In the literature, the strategy for modeling buildings can further be 

categorized into three classes according to the data flow of the algorithm. They 

are: the bottom-up approach, the top-down approach, and the hybrid approach 

(Faig and Widmer, 2000). 

� The bottom-up, i.e. data-driven, approaches use feature extraction or 

manually delineated image features (e.g. points, lines, and regions), 

related as semantic symbols (e.g. corners, roof-edges, and roofs). The 

major problem that needs to be solved is the topology between the 

features. Most of the related research has used the model-based 

approach to cope with the topology problem (Grün & Dan, 1997; 

Grün & Wang, 1998, Lin & Nevatia, 1998; Collins, et al., 1998; Zhao 

& Trinder, 2000). In such an approach, hypothesis generation and 

verification are necessary to choose the best-fitted model. One 

possible weakness would be that no further feed back from the fitted 

model to the original extracted or measured image features. 

� The top-down, i.e. model-driven, approaches use a predefined model 

to search for fitting results (Gülch, et al. 1999; Rottensteiner, 2000). 

Model-driven means that the modeling process is based on a priori 

knowledge and is initiated from a manually selected model. This 

approach is different from model-based (data-driven) ones, where the 

modeling is initiated from the measured or extracted data. However, 

one common feature is that only a limited number of solutions can be 

reached. The soundness of the solution relies on the completeness of 

the given model’s database. When dealing with complex buildings, a 

combination of building primitives may be necessary. Generalization 

or minimization may be applied to force the fitting, which leads to 

loss of accuracy.  

� The hybrid approach combines the bottom-up and the top-down 
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methods. The bottom-up approach generates the semantic symbols for 

the top-down approach, and further inter-verification and testing are 

done to correct the recognized objects (Fischer, et al., 1998; 

Henricsson, 1998; Brunn, et al., 1998). The algorithm for such an 

approach is more complicated but shows more promise when 

complex buildings are treated. However, the results rely on the 

reliability and the accuracy of the extracted features, hence, good 

image quality is indispensable. 

The proposed strategy in this thesis may be categorized as a bottom-up 

(data-driven) approach. We will propose a novel solution to the topology 

problem and the modeling, which is feasible for complex buildings, without the 

use of predefined building models. 

1.1.4. DSM, Points vs. Lines 
There is a growing tendency to use DSM for building modeling (Weidner, 

1997; Haala & Brenner, 1998; Brenner, 2000), mostly based on the automatic 

approach described early in section 1.1.2.  

Three kinds of features can be extracted from an intensity image, namely, 

points, edges, and regions. Most of the related work on building reconstruction 

utilizes line features, because the use of point features causes problems in 

topology uncertainty. Few reports have been published on the use of automatic 

extracted point features solely for modeling buildings, due to the topological 

uncertainty and image occlusion problems. Most methods use manually 

measured point features. 

� Grün & Wang (1998) and Grün & Dan (1997) discussed the use of a 

manually measured 3-D point cloud. Though the point features are used in 

their approach, these points are measured manually to assure completeness. 

Moreover, Grün & Wang (1998) needed to constrain the boundary points 

digitizing sequence to alleviate the topology problems. Although, the 
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proposed scheme is commercially available, the operator bears a large 

workload, especially for densely built-up area where hidden effects 

frequently occur. 

� Miyagawa, et al. (2000) proposed a shape recovery method that could 

semi-automatically process image sequences to model buildings. A 

low-resolution video camera and a high-resolution camera are carried in 

the same helicopter. The image transformation between these two cameras 

can be calibrated and fixed. A sequence of low-resolution video images is 

used to track between two high-resolution images for further more 

accurate stereo-measurement. Some 2-D feature points are manually 

assigned at roof-edges and corners. Further tracking is performed via 

low-resolution video images, so corresponding 3-D object points can be 

accurately obtained from the high-resolution images. Promising results for 

rooftop shape recovery have been demonstrated, however, the construction 

of the building topology was not clearly stated. 

 

Some reports indicated promising results for the extraction and 

auto-measurement of feature lines (Chio, 2001; Baillard and Zisserman, 2000; 

Scholze, et al., 2000). The use of feature lines is instinctual in human 

perceptual recognition and the preliminary topology between two feature points 

is already constructed. 

� Förstner (1994) proposed a polymorphic feature extraction method, 

which can extract image features like points, edges, and regions, 

simultaneously. Chio (2001) utilized such a method for extracting point 

and line features, integrated into a semi-automatic approach for building 

modeling. 

� Bignone (1995) proposed a robust segment stereo-matching algorithm 

to extract 3-D roof-edge information. Henricsson (1997) used such a 

method to extract roof-edges and compute the color attributes along them, 

incorporating them with coplanar grouping and similarity grouping to 
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reconstruct building models. However, the above two approaches rely a lot 

on good image quality and non-occluded roof-edges.  

� Baillard and Zisserman (2000) used the Canny edge detector (1986) to 

detect straight lines. Consequently, they used a line-matching algorithm 

(Schmid and Zisserman, 1997) to get 3-D information about incomplete 

roof-edges. In their approach, a plane-sweep strategy was proposed and 

the generated building models are impressible, which can overcame the 

building occlusion problems and is feasible for complex buildings. 

1.1.5. The Proposed Scheme 
After examination of the state-of-the-art strategies on the subject of 

building modeling, it shows many problems that need to be solved to obtain an 

operational and effective system. Here, we propose a semi-automatic and 

bottom-up approach to geometrically modeling buildings from complete as 

well as partially occluded 3-D roof-edges. In figure 1-7, for example, a 

stereo-pair is overlaid with the measured visible roof-edges. Those edges are 

not completely delineates the roof-edges for the buildings. However, the 

proposed scheme will be able to reconstruct all of the buildings even partially 

occluded ones are used. The proposed scheme is based on the following 

considerations: 

1. The whole scheme should be semi-automatic to assure reliable and 

accurate modeling results. 

2. The 3-D line-segments allowed to be manually measured, but the 

building modeling should be automated. 

3. The whole scheme should not be limited to predefined building types. 

4. The digitizing sequence of line-segment should be free, which means 

that the topological relationship between line-segments will be built 

automatically. 

5. In order to cope with image occlusion problems, the measurement of 

roof-edges may be either complete or incomplete. 
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6. In order to avoid building connection problems, a group of connected 

buildings should be processed simultaneously. 

7. In cases where the measured 3-D line-segments are insufficient to 

delineate a coplanar rooftop, post-processing functions should be 

designed for human intervention. 

8. The system should be applicable to conventional digital topographic 

maps of building outlines. 

9. The generated models should be able to describe buildings in as much 

detail as possible. 

10. An interactive system should be designed for controlling the 

modeling and human inspection. 

 
Figure 1-7. An example of measured visible roof-edges. 

1.1.5.1. The Generated Building Models 

Due to building complexity, the proposed scheme should not be a 

model-based strategy although a bottom-up approach is utilized. The measured 

roof-edges can then be as detailed as possible. The generated building models 

will thus be closer to a real city landscape meaning that a polyhedral model is 

preferable. On the other hand, in many GIS applications prismatic models are 

popularly utilized. Therefore, the proposed scheme should be able to provide a 

solution to generate prismatic models, too. 
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1.1.5.2. Automation Phase 

In the semi-automatic approach to building reconstruction, the computer 

bears the most exhaustive computation task. On the other hand, manual 

measurements or human intervention are needed to retain the reliability and the 

accuracy of its products. In this thesis, the automation phase of the proposed 

strategy will be designed to aid in the auto-structuring of building models. 

1.1.5.3. Human Intervention 

Due to building complexity, no single existing strategy can handle all the 

various types of complex buildings world-wide. For a sound operational design, 

post-processing for human intervention is necessary to assure the completeness 

of building modeling. However, human intervention should be minimized. 

Therefore, our proposed scheme will consider the completeness of the solution 

as well as the effectiveness of the manual intervention. Post-processing 

functions will be optimized make any necessary operator manipulations 

simpler. 

1.2. Related Work on Ortho-Rectification 

A number of investigations on the generation of orthoimages from 

digitized aerial photos (Wiesel, 1985; Hohle, 1996), airborne multi-spectral 

scanner images (Chen, et al., 1997), and satellite images (Chen & Lee, 1993; 

O’Neill & Dowman, 1988; Chen & Teo, 2001; Chen, et. al., 2001) have been 

reported. The image ortho-rectification procedure includes: (1) orientation 

modeling, (2) image – object reprojection, and (3) image resampling. Ground 

control points (GCPs) are needed during the modeling process for the 

orientation parameters, while DTMs or DSMs are required in image-object 

reprojection to compensate for relief displacements.  

The generation of true orthophotos of built-up areas is more complicated 

than that of traditional ones. In order to restore as much information as possible, 
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both their geometric and radiometric aspects must be considered, such as for 

the hidden effect introduced by an abrupt change of buildings, and seamless 

mosaicking around filled-in areas to reduce gray value discontinuities. In 

radiometric terms, shadow enhancement to restore information hidden in 

shadowed areas has not yet been reported on. 

1.2.1. Image Occlusion 
Image occlusions caused by buildings not only influence the image quality 

but also the accuracy of orthophotos (Skarkatos, 1999; Joshua, 2001). To 

remedy such occlusions in aerial photos, Amhar, et al. (1998) proposed using 

the Z-buffer technique to detect the hidden areas and an index map to 

differentiate between roofs and terrain. Both the Z-buffer and the index map are 

defined on the image plane. In the ortho-rectification process, the terrain relief 

and the buildings were treated separately. The results were then merged using a 

simple logical operation to get an intermediate true orthophoto. For each raw 

aerial image one intermediate true orthophoto was generated. Schickler & 

Thorpe (1998) also created an intermediate Digital Orthophoto Image (DOI) 

for each of the raw aerial images. The hidden areas in each of the intermediate 

DOIs are marked. A combining procedure is then performed for merging these 

DOIs. In order to alleviate the computation requirements as well as to perform 

data merging at the same time, we propose using an index map on the ground 

plane instead of the image plane. 

1.2.2. Data Merging 
In order to obtain completeness, Amhar, et al. (1998) used logical 

operations to merge all intermediate true orthophotos to get the final product. 

Some problems, such as artifacts along the filled-in boundaries still remained. 

Schickler & Thorpe (1998) proposed an innovative method that would “pick 

the best“ pixel from all intermediate true orthophotos. Three purposes were 

considered in their approach: (1) to minimize the perspective distortion, (2) to 
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avoid smearing problems that come from severe over-sampling, and (3) to 

alleviate the “disharmonious” effect near blind spot areas. The seam line is 

optimized by establishing the path with the highest correlation, and a feathering 

technique is applied to reduce the gray value discontinuity along the seam line. 

The method could introduce many small patches together with many seam 

lines. 

1.2.3. Shadow Enhancement 
The minimizing of shadow effects is considered in our approach. Our 

treatment enhances the image radiometry using the published methods. Due to 

multiple scattering effects from the illumination during image acquisition, 

shadowed areas are only weakly illuminated. A suitable enhancement technique 

should be able to restore the information in building shadows. 

1.2.4. The Proposed Scheme 
Based on the polyhedral building models generated using the SMS method, 

we propose a true-orthophoto rectification scheme for built-up areas, based on 

the following considerations:  

� Building relief displacements should be corrected. 

� Information in hidden areas should be restored as completely as 

possible.  

� Gray value discontinuity along filled-in areas should be smoothed 

out. 

� Image degradation due to shadowed areas should be reduced.  

 

The proposed scheme for the true-ortho rectification of built-up areas will 

consider the above situations and integrate them into one fully automatic 

procedure. 
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1.3. Organization of the Thesis 

In chapter 2, the core technology for geometrical building modeling will 

be discussed in greater detail. In chapter 3, two data sets with manually 

measured roof-edges will be used to evaluate its feasibility, robustness, 

efficiency, and accuracy. In addition, one data set, extracted from a digital 

topographic map of buildings is examined to demonstrate the flexibility and 

feasibility of the proposed SMS method. In chapter 4, the generation of 

prismatic models interactively will be described. In the meantime, a 3-D GIS 

application, using the prismatic building models will be illustrated. In chapter 5, 

a true-ortho rectification scheme for built-up area is proposed, which uses the 

polyhedral building models generated in chapter 3. The geometric and 

radiometric quality assessment of the generated true-orthophoto will also be 

evaluated. Finally, in chapter 6, the concluding remarks are given. 
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2. THE SPLIT-MERGE-SHAPE METHOD 
In the real world, it is difficult to describe all types of buildings using a 

single comprehensive building model database. In our approach, a building 

model may be decomposed into several planar roof-primitives. A roof-primitive 

may be a part or a complete building. Each roof-primitive is a planar rooftop, 

(e.g. a horizontal or oblique plane), with its boundary projected onto the ground 

as a polygon. One roof-primitive, or a combination of roof-primitives, can be 

reformed as a polyhedral building model. For example, the perspective view of 

a pyramid is shown in figure 2-1(a). From its ground projection, i.e. figure 

2-1(b), one can observe that the building is decomposed into four triangular 

faces. The outline of each triangular face makes a triangle on the ground. The 

three roof-edges of one triangular face together make up an oblique rooftop. 

 
(a)         (b)  

Figure 2-1. Illustration of a pyramid. 

(a) Perspective view. (b) Ground projection.  

 

The basic idea behind the proposed SMS method comes from the nature of 

“rain” and the resultant “dripping-eaves”. Using a stereo-pair for ground 

feature delineation, only visible objects can be directly measured. For building 

boundary delineation, roofs that have been occluded by higher nearby roofs 

cannot be measured. By noting water falling from the “dripping-eaves” of the 

rooftop, we can produce a polyhedron. The nature of water falling from 

“dripping-eaves”, leads to our idea of “splitting”, while rainwater flowing over 

the roof is analogous to the “shaping” process.  
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Figure 2-2 shows the flowchart for the generation of 3-D building models 

using the proposed SMS method. Except for the manual digitization of the 3-D 

line-segments, the major steps of the proposed method, the gray boxes in figure 

2-2, include the following four parts: (1) initialization, parameter set up and 

pre-processing, (2) splitting, (3) merging, and (4) shaping. The 

dashed-rectangles depict manual operations. After the shaping process, the 

generated building models are inspected visually. If any incompleteness exists, 

human intervention will then be utilized. An example is shown in figure 2-3 to 

illustrate the sequence and the intermediate results for each step. 

2.1. Initial Building Model 

The key for the realization of the whole idea is to create an initial building 

model, which is the first roof-primitive with a known topology. The initial 

building model is simply built in such a way that an operator needs only to 

specify the Area Of Interest (AOI) with a polygon. By the incorporation of a 

reasonable height, a volumetric representation of the initial building model, 

which covers all of the 3-D line-segments in a process. Figures 2-3(a) and 

2-3(b) show a sample area from the original left and right images of a 

stereo-pair. The white lines denote the roof-edges that are visible in both 

images. Figure 2-3(c) illustrates the measured 3-D line-segments that are 

selected by a manually specified rectangle, i.e. the AOI. Those selected 

line-segments are called the “working line-segments”. Be aware that the AOI is 

not limited to being rectangular. It can be a polygon of any shape. Given a 

reasonable height, the initial 3-D building model, together with 3-D 

line-segments, is shown in figure 2-3(d). Briefly speaking, the creation of 

initial building model has the following two important meanings: 

� The first building model with a known topology. 

� The selection of working line-segments.  
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Figure 2-2. Flowchart of the proposed SMS method. 

2.2. Pre-Processing 

There are two reasons for pre-processing the manually measured 3-D 

line-segments. One refers to the adjustment of geometric irregularities due to 

stereo measurement errors, the other to obtaining a topology error-free solution. 

Many geometric irregularities due to the errors of manual stereo measurement 

can happen, such as: (1) two collinear lines are misaligned, (2) rectangular 

buildings are skewed, (3) flat roof-edges become oblique, and (4) two 

If SHAPE fail 

Final 3-D Building Models 

Successful and Complete ? 

If SPLIT-MERGE fail 

YES
Manually select 

the best-fit rooftop 

SHAPE 

Pre-processing 

SPLIT 

MERGE 
Modification of 3-D 

Line-Segments 

Automatically 

Stereo-pair 

Manually Measured Visible 
3-D Line-segments 

Initialization and  
Parameter set up Manually 



 

 26

consecutive line-segments intersect and cause overshooting. Additionally, gaps 

due to image occlusions, especially in a densely built-up area, may cause 

incorrect modeling. These kinds of situations should be solved before building 

modeling. Since the roof-edges are measured in the 3-D object space, these 

pre-processing steps are also performed in the object space. 

2.2.1. Collinear Processing 
Collinear processing is used to adjust the line parameters, i.e. the slope 

and intercept, using a pipeline concept. As shown in figure 2-4(a), if line A and 

line B are two collinear-like lines, which can be enclosed by a pipeline with a 

given pipe-width (W), then these two lines’ parameters can be replaced by the 

line parameter of the pipeline’s central line, i.e. line C. The coordinates of each 

line’s terminals are then changed accordingly, as shown in figure 2-4(b). The 

pipe-width (W) is related to the accuracy of the manual measurements and the 

spatial resolution of a stereo-pair. 

2.2.2. Orthogonal Processing 
Due to measurement errors, a rectangular building model may become 

skewed. One can adjust such building outlines by orthogonal processing. Two 

perpendicular principal-axes are estimated for all line-segments on the 2-D 

object space, by means of an auto-clustering technique. In the clustering, we 

choose the longest line’s orientation and its corresponding orthogonal direction 

as the two initial principal-axes. Iterative clustering is performed until 

convergence. The weights required for the iterations are assigned according to 

the length of each line-segment. Finally, each line-segment is rotated using the 

angle that is closest to one of the principal-axes. The rotation center is set at the 

middle of each line-segment. After rotation, the coordinates of each line’s 

terminals are changed and any connected lines will be separated. In the case of 

oblique line-segments, e.g. for a gable roof, the height value is also changed 

according to the roof-slope. 
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Note that orthogonal processing should only be applied to those buildings 

with a naturally perpendicular structure. A threshold of boundary skewness 

(normally we use 10º) is given to determine whether the buildings to be 

processed are orthogonal. Only line-segments skewed less than the designated 

threshold will be adjusted as described. This is to avoid incorrect building 

shape changes.  

2.2.3. Dangle Removal 
A dangle refers to a line terminal that is suspended, not connected to any 

other line-segments. Due to measurement errors, two line-segments may 

intersect by overshooting and introduce dangles. These dangles are considered 

to be a kind of line-segment but will produce illegal building outlines. 

Therefore, we must remove them by changing the coordinates of the line 

terminals to the intersection position. In addition, two or more contiguous 

terminals should be joined together at one point, e.g. in figure 2-1 the 

intersection of the four ridges of a tetrahedron. Due to measurement errors, 

these lines’ terminals have been separated. In the dangle removal process, the 

coordinates of each line’s terminals would change to the intersection location. 

When more than two line-segments are considered, the location of the 

intersection is determined by the line-pair where the intersection angle is 

closest to 90º.         

2.2.4. Dangle Snapping 
Due to building occlusions, a roof-edge is occluded and a dangle appears, 

which will cause the building outlines to be incomplete. This is especially 

obvious when groups of connected or complex building are processed. Since 

the objects to be treated are the buildings. The dangle snapping process can 

extend such a roof-edge until a wall is reached to form an enclosed building 

outline on the 2-D horizontal plane.  
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Figure 2-5 illustrates an example of each pre-processing step. Figure 2-5(a) 

shows the original line-segments, and figures 2-5(b), 2-5(c), 2-5(d), and 2-5(e), 

respectively show the results after the collinear, orthogonal, dangle removal, 

and dangle snapping processes are applied.   

(a) (b) (c)

  (d)  

 

(e) (f)

 (g) (h) (i)

(j) (k)

 

               (l) 

Figure 2-3. An illustration of the procedural results for each pre-processing step. 

(a) Left stereo-pair image. (b) Right stereo-pair image. (c) 3-D line-segments in the 

AOI. (d) Initial building model and enclosed 3-D line segments. (e) Results of 

pre-processing. (f) First split. (g) Eighteen splits. (h) Whole splits. (i) Results of 

merging – ground projection. (j) Results of merging – 3-D views. (k) The number 

of independent edges for each roof patch. (l) The generated model. 

Firebreak 
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(a)                           (b) 

Figure 2-4. Illustration of collinear processing.  

(a) Before. (b) After. 

 

 

Figure 2-3(e) shows 3-D line-segments on the ground projection, to which 

pre-processing functions have been applied. One can compare the differences 

within the dashed-circle areas between figures 2-3(c) and 2-3(e). Some of the 

incomplete line-segments shown in figure 2-3(c) have been automatically 

extended and connected in figure 2-3(e). 

 
(a)          (b)          (c)          (d)          (e) 

Figure 2-5. Sequence of results after each pre-processing step. 

(a) The original line-segments. (b) The result after collinear processing. (c) The 

result after orthogonal processing. (d) The result after dangle removal. (e) The 

result after dangle snapping. 

W

A

B

C

W 
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2.3. SPLIT 

To reconstruct 3-D building models from 3-D line-segments, the key is to 

build up the topology between consecutive line-segments. The SPLIT and 

MERGE processes can sequentially reconstruct the topology between two 

consecutive line-segments and then reform the areas as enclosed regions. The 

SPLIT process is also able to cope with building occlusion problems. 

Originating from the idea of “dripping-eaves” this process is worked on the 

2-D horizontal plane.  

� One line-segment is chosen as a reference. If any roof-primitives 

contain this line-segment, we SPLIT them into two.  

� For successive line-segments, a combination of the possible roof- 

primitives is constructed. The sequence of splitting is free from 

constraints.  

We assume the walls of buildings are all vertical, and the hidden 

roof-edges can thus be inferred by the higher and visible roof-edges. The 

splitting action is similar to the manual inference of hidden corners. In figure 

2-3, the total number of 3-D line-segments is 58. Figures 2-3(f), 2-3(g), and 

2-3(h) depict the splitting results after applying one, eighteen, and all 58 

line-segments, respectively. Finally, the total number of possible 

roof-primitives after splitting is 107. 

2.4. MERGE 

The MERGE process is the second step for rebuilding the topology of 

consecutive line-segments. This merging procedure is also worked on the 2-D 

horizontal plane. 

� Roof-primitives related to the initial building model are removed first, 

because the initial building model is only a virtual shell that will 

enclose all the 3-D line-segments.  

� Every two connected roof-primitives are analyzed successively. If the 
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boundary shared between them does not correspond to any 3-D 

line-segments, the two roof-primitives will be merged into one.  

� The rationality of each roof-primitive is checked. If the roof-edge of a 

roof-primitive does not have any corresponding 3-D line-segment, the 

roof-primitive will be removed. This often occurs near the boundary 

of a building group, where there is no connected roof-primitive for 

shared-boundary analysis. 

 

Please note that the “MERGE” process is also performed in the 2-D object 

space. The height of each roof-edge is arbitrary so far. Figures 2-3(i) and 2-3(j) 

illustrate the results of the merging process in 2-D and 3-D views, respectively. 

One can find that the outline of each roof-primitive on the 2-D ground 

projection is a closed region, but the height for each roof-edge is arbitrary. 

Compared to figure 2-3(h), the number of roof-primitives has been reduced 

from 107 to 19. In the previous splitting process, the sequence is free from 

constraints. Although the splitting order could result differently, the merging 

process will reconstruct unique boundaries. 

 

One more feature of the proposed SMS method is that a donut-type of 

building can be identified. A donut-type building means a building has a hole or 

another roof-primitive inside it. In our approach, a building model is described 

by a series of 3-D vertices, denoting the polygonal outline, with a planar 

rooftop. In a donut-type building, we generate a virtual edge to separate the 

inner and outer roof-primitives. By taking a close look at the solid-line circle 

areas in figures 2-3(c) and 2-3(i), one can see that there is one more edge 

between the outer boundary and the other two roof-primitives inside it. This 

virtual edge is automatically constructed at the splitting and merging process.  
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2.5. SHAPE 

We assume that a roof-primitive will have a planar rooftop and a 

polygonal outline on the ground. The SHAPE process is worked in 3-D object 

space via the following two steps:  

1. The first step is to assign a possible height for each roof-edge from its 

corresponding 3-D line-segment. When two roof-primitives share a 

common boundary or shared roof-edge, the height of the shared 

roof-edge will not be assigned directly, because there may be a hidden 

roof-edge with a lower height.  Therefore, every roof-edge is 

automatically labeled as a shared edge or an independent edge at first. 

The height information for an independent edge can then be assigned 

and fixed from its corresponding 3-D line-segment. Notice that the 

height is not fixed for shared edges at this stage. Figure 2-3(k) 

illustrates the number of independent edges for each roof patch.  

2. The second step is to define the shape of a rooftop according to the 

height of the independent edges.  

� If only one independent edge is found for a roof-primitive, it is 

necessary to check whether the surrounding rooftop is fixed or not. If 

it is fixed and higher then such a rooftop can be inferred from the 

independent edge.  

� If more than two independent edges exist and are sufficient to fit 

into a planar face, then least-squares coplanar fitting can be applied.  

� Otherwise, the system will provide the most possible solution by 

consecutive-coplanar analysis. Two consecutive line-segments are 

always coplanar, because their line terminals are contiguous in 3-D 

object space. However, two non-consecutive but independent 

roof-edges may be coplanar, so consecutive-coplanar analysis is used 

to find a possible planar rooftop using consecutive line-segments or 

any two non-consecutive but coplanar ones.  



 

  33

Figure 2-3(l) demonstrates reconstructed polyhedral models after the 

shaping process. Another detailed example of the Split-Merge-Shape procedure 

is given in figure 2-6. 

 

 
(a) On the ground plane. The black 

line-segments denote the manually 

measured roof-edges. The red polygon 

is the initial manually created building 

model. The yellow line-segments are 

the working line-segments selected by 

the initial building model.  

(b) Line-segment “1” splits the initial 

building model into two 

roof-primitives.  

1 
2 

1 

2 



 

 34

(c) Line-segment “2” splits the right 

roof-primitive into two roofs. Three 

roofs are generated so far. The 

sequence of splitting is arbitrary. 

However, here the sequence is the 

same as the digitizing sequence. The 

result will be the same when different 

splitting sequence is applied. The 

roof-primitives being split should 

contain part-of the line-segment. 

(d) By successively applying the rest 

of the line-segments for splitting, 32 

possible roof-primitives are finally 

created. 

(e) Those roof-primitives related to the 

initial building model, i.e. the red one, 

are removed. The shared boundary in 

the dashed-circle that does not 

correspond to any measured 

line-segment will be removed in the 

next merging procedure. 

1 

2 
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(f) The above removing of the shared 

edge cause first merging. The total 

number of roof-primitives is thus 

reduced.  

(g) Successive merging proceeds by 

checking for the existence of shared 

boundaries between two neighboring 

roof-primitives. However, there are 

some roof-primitives on the outermost 

part, i.e. in the solid-circle area, that 

do not have any neighboring 

roof-primitives for such checking. 

(h) The roof-primitives are further 

removed by checking their rationality, 

which finally creates four roof- 

primitives. The values denote the 

number of independent edges for each 

roof-primitive. Notice that roof “C” is 

a donut-type building. The virtual 

edge is shown in the dashed-circle 

area. 

A:1 
B:0 

C:11 
D:0 
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(i) After topology reconstruction from 

non-related 3-D line-segment, the 

height assignment of rooftops is 

arbitrary so far. One finds out that the 

virtual edges are actually two 

overlapped edges.  

 

(j) One of the above virtual edges, i.e. 

the oblique one, does not have any 

corresponding 3-D line-segment, so its 

height is not assigned. The heights for 

independent edges are assigned and 

fixed, but not for shared edges. 

 

(k) Roof “C” has 11 independent 

edges and all are coplanar, so its 

rooftop is first fitted and fixed. Roof 

“A” is surrounded by roof “C” which 

is fixed and higher than the 

independent edge. Therefore, we can 

infer that this is a flat roof, by using 

the height of its independent edge. 

C 

A 

B 
D 
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(l) Roof “B” has no independent edge, 

but is surrounded by roofs “C” and 

“A”. Thus, we can infer that it is a flat 

roof by using the lowest height 

assignment. Roof “D” also has no 

independent edge, but is higher than 

roof “C”, meaning that it is visible. 

Since, they are consecutive and 

coplanar, its rooftop can be directly 

fitted as a flat roof. 

(m) The generated building models 

displayed using a 3-D visualization 

tool. 

 
(n) Original stereo-pair with measured roof-edges for visual inspection. 

Figure 2-6. A detailed explanation of the SMS procedures. 

A 

C B 

D 
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3. GENERATION OF POLYHEDRAL MODELS 

Under the framework of the SMS method, we introduce an interactive 

system for generating polyhedral building models. The Graphic User Interface 

(GUI) and parameter setting are described. To evaluate the proposed system, 

we use three aerial images stereo-pairs to measure 3-D roof-edges. The 

method’s feasibility, robustness, and efficiency together with the product’s 

accuracy are all evaluated.  

3.1. GUI Interface of the SMS System 

A user-friendly man-machine interface is important for controlling the 

modeling process and for verifying the results. We design an interactive system, 

called the SMS system, under a personal computer of the Windows 

environment, using the Microsoft Visual C++ 6.0. As shown in figure 3-1, there 

are three views designed, i.e. the control view (Left), the ground view 

(Upper-Right), and the 3-D view (Lower-Right).  

� The control view is designed for parameter setting, process control, 

human inspection control, etc.  

� The ground view is an on-the-ground projection designed for 

displaying 3-D line-segments. It is also used for creating the initial 

building models, selecting working data, and verifying results. The 

operator can pan or zoom on the whole data set as necessary. 

� The 3-D view is designed for displaying the selected 3-D 

line-segments and the generated building models in 3-D wire-frame 

mode. This is useful for verifying the original data and the modeling 

results. The operator can zoom, pan or change view directions as 

desired.  

� In the 3-D view the hidden face is not purposely eliminated. This 

makes it easy for a user to examine each individual roof- primitive. 

However, this representation limits the effectiveness of the whole 
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verification. So, we also design a 3-D visualization tool using the 

OpenGL library, which removes hidden faces and illustrates the 

buildings more realistically. An example is shown in figure 2-6(m). 

The operator can rotate or zoom in/out for inspection. 

 

Figure 3-1. GUI interface of the SMS system. 

(Left) Control view. (Upper-Right) Ground View. (Lower-Right) 3-D View. 

 

3.2. Parameter Setup in the SMS System 

For geometric irregularities due to measurement errors, four 

pre-processing steps have been proposed, as described in section 2.2. The four 

steps are collinear processing, orthogonal processing, dangle removal, and 
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dangle snapping. The pipe-width parameter for collinear processing and the 

dangle length parameter for dangle removal, are related to the accuracy of the 

manual measurements, the scale of the images, and the spatial resolution of a 

stereo-pair. Since the measurement is done on the image plane, it is preferable 

to choose 2 pixels as the pipe-width, and 4 pixels of dangle length for dangle 

removal. The selection of such parameters is thus less sensitive to the scale and 

the spatial resolution of a stereo-pair.  

 

An implicit parameter is not shown on the control view panel, which is 

used for dangle snapping. In dangle snapping, the undershot line-segment is 

extended with a limitation. The length of extension is variable and limited to 

two times the length of the dangling line-segment. 

 

One problem not mentioned in chapter 2 is the non-flattening problem. 

Again, due to measurement errors, a flat roof-edge may be treated as an oblique 

roof-edge. So, one more parameter, the roof slope, is included to force an 

oblique roof-edge to be changed to a flat roof-edge, if the roof slope is smaller 

than a specified threshold. Usually, we assume that an oblique roof-edge that 

has a slope smaller than 5% will be treated as a flat roof-edge. 

 

In addition, when groups of connected buildings are treated, more 

complicated situations may be encountered. For example, in figure 3-2(a), there 

are firebreaks between two neighboring buildings. Sometimes these firebreaks 

may be observable, but more often are occluded by higher neighbors. If we 

apply the SMS method directly without treating these long-thin firebreaks, the 

results will become unreliable. This situation is shown in figure 3-2(b). Some 

non-related roof-primitives, denoted as A and B, are illegally connected 

together as one roof-primitive. We set up a threshold, i.e. the gate width, for the 

firebreak width. Whenever these firebreaks exist, the process will then 

automatically separate them into individual roof-primitives, as shown in figure 
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3-2(c) by dashed-circles. After a visual inspection, the operator can decide 

whether to remove or to keep them. Normally, the gate width parameter is set 

as 1.5 m. 

 

In the MERGE process, as described in section 2.4, we must check the 

rationality of each roof-primitive. If the roof-edge of a roof-primitive, as built 

in the SPLIT step, does not correspond to any 3-D line-segments, the 

roof-primitive will be removed. However, when dealing with groups of 

connected buildings, long-thin gaps such as small firebreaks may exist. 

Therefore, we set up a parameter, i.e. the similarity coefficient, to retain those 

roof-primitives that have a high similarity coefficient. The similarity coefficient 

is defined as the sum of the length of existing roof-edges, and is normalized by 

the total length of the roof-primitive. Normally, we use 0.9 as the similarity 

coefficient. Then, if firebreaks exist, the related roof-primitives will not be 

filtered out. 

 
(a)  (b)  (c) 

Figure 3-2. Firebreak problems. 

(a) Original roof-edges. (b) Untreated firebreaks. (c) Treated firebreaks. 

 

3.3. Human Intervention 

Due to the diversity of building types, the proposed SMS method may 

encounter incompleteness or failure in modeling. How to deal with such 

Firebreak 

A

B
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modeling failures is discussed, and some post-processing functions to assure 

the completeness of modeling are proposed accordingly. 

3.3.1. Failures Treatment 
There are four major types of manual measurements that will cause 

modeling failures when using the SMS method which includes (1) 

measurements with blunders, (2) necessary measurements are missing, (3) 

geometric irregularities and gaps due to image occlusions, and (4) measurement 

data may be insufficient to delineate a coplanar rooftop for a highly complex 

building.  

1. When encountering the first type of situation, the SMS method will 

produce erroneous results. The operator must correct the original data 

manually.  

2. In case of the second type of situation, the operator must manually 

correct the original data, too. In the proposed method, incomplete 

roof-edges due to occlusion are utilized, but these visible roof-edges 

that belong to a building border should be completely digitized. If a 

whole line-segment for a building is missing, there is no chance to 

reconstruct such a building. However, we will be able to build the 

model if partial measurements are available. Figure 3-3(a), for 

instance, two sides of a building are partially observed, the boundaries 

may be determined as shown in figure 3-3(b). We may, in this case, 

expect a larger model error due to extrapolation. 

3. When the third type of situation is encountered, an automatic 

adjustment in the pre-processing stage is proposed. The operator can 

inspect and choose a suitable pre-processing procedure to adjust the 

3-D line-segments. For example in figure 3-4(a) the original measured 

roof-edges are depicted as black lines, while the yellow lines indicate 

the working line-segments. The selected line-segments are naturally 

orthogonal in structure. Due to manual measurement errors, some 
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line-segments are skewed. If we directly build up the model, the result 

will be biased or incomplete. In figure 3-4(b), the black lines show the 

measured roof-edges, while the other colors denote the generated 

roof-primitives. Some dangles do not form enclosures. We may apply 

the collinear process to adjust those line-segments, and then the 

topology will be completely rebuilt, as shown in figure 3-4(c). 

4. Another example of the third type of situation is demonstrated in 

figure 3-5. When a group of buildings is treated, building occlusions 

will cause incomplete delineation, as shown in figure 3-5(a). If we 

directly apply the SMS method, the modeling may fail, as shown in 

figure 3-5(b) and figure 3-5(c). One finds out that the roof-primitive to 

the right hand side in figure 3-5(b) has a thin triangular boundary in 

the solid-circle, due to geometric irregularities. The upper two roofs in 

the dashed-circle are lost due to the long gaps where the left roof is 

split by the horizontal roof-edge of the right building. It will create a 

virtual roof-primitive accordingly. At the merging step, the generated 

virtual roof-primitives are removed, due to no measurement in the 

occlusion area. To cope with the problems, we apply the dangle 

snapping to extend the line-segments, and use the orthogonal 

  
(a) (b) 

Figure 3-3. Partial measurements for topology reconstruction.  

(a) Original measurement. (b) Topology reconstruction result. 
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processing to adjust the geometric irregularity. The pre-processing 

result, i.e. the yellow line-segments, is shown in figure 3-5(d) and the 

modeling result is depicted in figure 3-5(e) and 3-5(f), in which, roof 

“A” and “B” are coplanar, so they may be further manually merged as 

roof “C”. 

(a)  

(b)  

(c) 

Figure 3-4. Adjustment of topology reconstruction errors. 

(a) Original. (b) Applying SMS without pre-processing. (c) Applying SMS 

with collinear processing. 
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(a) (d) 

 
(b) (e) 

 
(c) (f) 

Figure 3-5. Example of modeling failure caused by building occlusions. 

(a) Original measurements. (b) Modeling failure on ground plane. (c) 

Modeling failure in 3-D view. (d) Orthogonal process and dangle snapping 

results. (e) Modeling result after applying pre-processing procedures. (f) 

Final modeling results in 3-D view. 

 

 

C 

A 
B 
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5. When the fourth type of situation is encountered, the shaping results 

may be incorrect. Since two consecutive line-segments can define a 

possible planar rooftop, the solution is not unique when the 

delineation of a rooftop is not coplanar. An interactive mechanism 

provides the operator with the capability to select the best-fitting 

rooftop out of all possible solutions provided by the 

consecutive-coplanar analysis. Figure 3-6 gives an example of this 

type of error. Figure 3-6(a) depicts the ground projection of all roof 

patches. Figure 3-6(b) shows these line-segments in 3-D view. Since 

the roof-primitives surrounding roof patch “A” includes oblique and 

flat, roof patch “A” delineates roof-edges that are not coplanar in 

nature. We apply the consecutive-coplanar analysis to find all 

possible types of buildings that fit for the data. An operator may easily 

select the proper one. We provide four possibilities as shown in figure 

3-6(c), 3-6(d), 3-6(e), and 3-6(f). After scrutinizing the original aerial 

stereo-pair, an operator can make the correct choice.  

3.3.2. Post-Processing Functions 
The proposed SMS system is designed to have some post-processing 

functions for visual inspection and modification. In the visual inspection stage, 

each generated roof-primitive is examined on the ground view.  

� The user can select the roof-primitive of interest on the ground view. 

The selected roof-primitive will be shown in the corresponding 3-D 

view together with the original 3-D line-segments.  

� Whenever the selected roof-primitive doest not fit the original 

line-segments, reshaping is necessary. The reshaping function is 

realized by the interactive mechanism described in section 2.5. The 

system will provide all possible solutions and show them on the 

screen one by one. The operator can thus select the correct one by 

comparing the original stereo-pair. 
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� Sometimes irrational roof-primitives may not be removed completely 

due to the sensitivity of the threshold, i.e. the similarity coefficient. 

An alternate delete function is designed to remove them manually. 

� One of the parameters for solving firebreak problems, i.e. the gate 

width, may introduce an illegal separation for a building that has a 

thin-long structure. Therefore, a merge function is included to 

combine such illegal separations as one roof-primitive.  

 

In the real operations, the “post-processing functions” are easy to use. No 

fancy function is designed and no tedious operation is required. 
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3.4. Line-Segments from Visible Roof-Edges 

In theory, the proposed SMS method can cope with partial occlusion 

problems. Two cases are tested to validate the robustness, efficiency, and 

accuracy for the proposed scheme. 

 

 

 

 

  

 
  

Figure 3-6. An example of interactive shaping.  

(a) Roof patches projected onto the ground. (b) 3-D line-segments. (c) Possible 

result 1. (d) Possible result 2. (e) Possible result 3. (f) Possible result 4. 

(b) (a)

(e) (f) 

(d) (c)

A 

A

A

A 

A 

A
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3.4.1. Case I  
The first 3-D line-segment data set was measured manually using a DPW. 

The scale of the original aerial stereo-pair was 1:5,000 with a 60% overlap. The 

focal length of the camera was 30.511 cm, and the base-height ratio was 

approximately 0.3. Digital images were digitized with a scanning resolution of 

mµ25 . The produced images have a nominal ground sampling distance of 

cm5.12 . The content of this test data set can be abstractly categorized into three 

parts.  

� Part (I) is a university campus, i.e. Fu-Zen University. The buildings 

are large with complex boundary, and are separated to each other with 

a distance.  

� Part (II) is a high-density built-up area with groups of connected and 

rectangular buildings. 

� Part (III) is a high-density built-up area with groups of connected, 

complex rooftops, and less-orthogonal buildings 

Figure 3-7(a) depicts the above three areas on one of the original 

aerial-photos superimposed by manually measured 3-D line-segments. The 

number of measured roof-edges is 6,363. Figure 3-7(b) depicts the 

reconstructed polyhedral building models for this data set displayed using the 

3-D visualization tool.  

3.4.1.1. Robustness Evaluation 

The number of roof-primitives created using the SMS method was 1,809. 

The splitting and merging process was totally successful after the correction of 

blunder measurements. However, 38 roof-primitives failed at the shaping stage, 

giving a success rate of 98%. The 2% failure rate was totally recovered using 

the provided post-processing functions. These failures occurred mostly in Part 

(III), where the buildings were connected with a less-orthogonal structure and 

the rooftops were complex. An example of this situation has been described 

previously, i.e. figure 3-6. The performance was totally satisfactory for Part (I) 
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and Part (II), where the buildings were rectangular in structure, although 

connected, or with complex boundaries. This investigation demonstrated the 

robustness of the proposed method that diversified types of buildings could be 

modeled.  

In order to investigate the robustness in detail, two types of building group 

are examined. The first type is a complex building, the second one a group of 

connected buildings. 

� The first type of buildings, depicted in figure 3-8(a), contains a 

complex building with a combination of circular and rectangular 

boundaries. For the circular boundary, a series of consecutive 

line-segments are measured. The building is a hip roof, gable roof, 

flat roof composite, and also has two donut components with 

courtyards inside. Figure 3-8(b) demonstrates the reconstructed 

building models displayed using the 3-D visualization tool. The 

soundness of the proposed SMS method is quite obvious. 

� The second type of building, shown in figure 3-9(a), contains a group 

of connected and mixed rooftop types. The hidden effects are 

problematic for manual measuring and building modeling. By 

applying the SMS method, the results depicted in figure 3-9(b) are 

encouraging. Again, the SMS method is proven to be robust for the 

second type of buildings, where image occlusions frequently happen. 

3.4.1.2. Efficiency Estimation 

The estimation of the processing time was based on the use of a personal 

computer with a Pentium III 1.2 GHz CPU. The global performance test uses 

the whole data set with a total of 6,363 line-segments. Each group of connected 

buildings is processed each time. The total processing time, which includes 

automatic modeling and human inspection, was about two hours, of which, 

only five percent was required for automatic modeling. 
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(a) 

 
(b) 

Figure 3-7. Case I data set and results. 

(a) Original aerial-photo with delineated roof-edges. (b) The generated 

3-D building models in a 3-D view. 

Part(I) 

Part(III) 

   Part(II) 
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In general, for a group of buildings, the processing time for modeling was 

less than 10 seconds. It depends on the building complexity and the number of 

line-segments treated. For example, in detailed examination II, as shown in 

figure 3-8, the number of 3-D line-segments is 209, which generates 69 

roof-primitives at last. The total amount of processing time, including 

pre-processing and SMS processes, was only 1.49 seconds. As the response 

time was quite short, an interactive system is possible. 

 

3.4.1.3. Accuracy Evaluation 

The accuracy of the generated building models mostly depends on the 

accuracy of the manual measurements. The estimated locations of hidden 

corners were less accurate than the direct measurement of visible ones. In order 

to evaluate the modeling error, we considered the manual measurements of 

visible corners as reference data, so evaluations could be performed 

accordingly. We measured the parts-of-the-roof-edges that makes the totally 

visible roof-edges incomplete. Two examples are illustrated in figure 3-10. The 

measured roof-edges are superimposed. One finds that the visible corners are 

not measured on purpose, and the rooftop includes both oblique and flat. The 

total number of visible corners being evaluated is 163. After applying the SMS 

method for building modeling, it achieves a MEAN error of 1.06 cm, 1.22 cm, 

and 2.73 cm on the X, Y and Z-axis, respectively. In the mean time, a 

Root-Mean-Square Error (RMSE) of 13.5 cm, 14.5 cm, and 34.9 cm on the X, 

Y and Z-axis, respectively, is achieved. Since the original stereo-pair has a 

nominal ground sampling distance of 12.5 cm and a base-height-ratio of 0.3, 

the RMSE is close to be one pixel on the image scale, which falls into the range 

of random errors. The statistics for accuracy evaluation are listed in table 3-1. 



 

  53

  
(a) (b) 

Figure 3-8. Detailed examination I.  

(a) Image with measured 3-D line-segments. (b) 3-D view of the generated 

building models. 

 

   
(a) (b) 

Figure 3-9. Detailed examination II.  

(a) Image with measured 3-D line-segments. (b) 3-D view of the generated 

building models. 
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Table 3-1. An accuracy evaluation of the SMS method 

No. of Measured Roof-edges 202 

No. of Visible Corners Evaluated 163 

Mean of Errors on X-Y plane 1.06 cm/1.22cm 

Mean of Errors on Z-Axis 2,73 cm 

Root-Mean-Square Errors on X-Y plane 13.5 cm/14.5cm 

Root-Mean-Square Errors on Z-Axis 34.9 cm 

 

 

 
Figure 3-10. Illustrations of measured part-of roof-edges. 
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3.4.2. Case II 
The second data set of 3-D line-segments was also manually measured 

from visible roof-edges. Digital images were scanned from a stereo-pair with a 

scale of 000,11:1  and a scanning resolution of mµ5.12 . The produced images 

have a nominal ground sampling distance of cm75.13 . The test area is located 

on the campus of National Central University, where the buildings are large and 

separated with complex boundary shapes. Figure 3-11(a) depicts the above data 

set on the original aerial-photo, on which the manually measured 3-D 

line-segments are superimposed. The number of measured roof-edges is 1,424. 

Figure 3-11(b) illustrates the generated building models for this data set. The 

total number of generated roof-primitives is 253. A 100% building modeling 

success rate is achieved after manually correct blunder measurement and 

applying post-processing functions, although some buildings were even more 

complicated than in the first data set.  

This investigation illustrated the feasibility and robustness of the proposed 

scheme. For a detailed demonstration of the feasibility of the proposed method, 

four groups of buildings are illustrated in figure 3-12. Circular shaped, 

complicated structure, donut type, and gable-hip composite buildings are all 

examined. 
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(a) 

 

 
(b) 

Figure 3-11. Case II data set and results. 

(a) Aerial-photo with 3-D line-segments superimposed. (b) The generated 

building models. 
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3.5.  Line-Segments from Urban Topographic Map 

 In the production of digital topographic maps, the basic data needed are 

the digital aerial stereo-pairs and the camera orientation parameters. The 

stereo-measurements are mapped onto the ground plane to produce planimetric 

maps. This means that the measurements are made in three-dimensional space, 

but the final products for print-out are in two-dimensional space. Figure 3-13, 

for instance, shows a topographic map of Kao-Hsiung, Taiwan. The map scale 

is 1:1,000 and it contains a number of detailed ground features such as 

buildings, roads, trees, fence, and so on. 

 

 

(a) (b) 

  
(c) (d) 

Figure 3-12. A series of building models generated for the Case II data set. 

(a) Circular shaped buildings. (b) Structurally complicated buildings. (b) 

Donut-type buildings. (d) Gable-hipped composite buildings. 
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We select the building layer and project it back onto the original aerial 

photo, as shown in figure 3-14. For the sake of completeness, the occluded 

roof-edges, denoted as green, have been estimated from conjugate image at the 

stage of producing the digital topographic map, or from on-site surveying. 

Since this is a large-scale urban topographic map, the delineation of building 

outlines is very detailed. By applying the proposed SMS method we can 

generate a 3-D city model. The result is illustrated in figure 3-15 using the 3-D 

visualization tool. This experiment depicts the following important issues.  

� Conventional stereo-measurement of buildings in the original 3-D 

line-segments form can be efficiently and directly converted to make 

a city model, which means that existing urban topographic maps with 

3-D building outlines are useful for 3-D city model generation.  

� The protocol for the topographic mapping of buildings may be 

evolved to only measure the visible part of roof-edges. The manual 

post-editing of a topographic map on the X-Y plane can be replaced 

by the proposed SMS method automatically. This may reduce the 

workload of the operator during post-editing. Moreover, 

geometrically regular buildings can be restored automatically. 

� We provide the possibility of integrating topographic mapping with 

3-D city modeling, to make the 3-D mapping more cost-effective. 

� The manual mensuration of roof-edges from a stereo-pair is a 

generalization process for buildings with a detailed structure. The 

degree of generalization is dependent on the scale of the images and 

on the judgement by an operator. Theoretically, the proposed SMS 

method is not sensitive to the degree of generalization, provided that 

the measurements can be recognized as meaningful buildings. 
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Figure 3-13. An example of a large-scale urban topographic map. 

(Courtesy of Eagles Flying Survey Technology Co.) 
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Figure 3-14. A topographic map superimposed onto the aerial photo. 

(Courtesy of Eagles Flying Survey Technology Co.) 

 
Figure 3-15. 3-D city model generated from a digital topographic map. 
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3.6. Summary 

The proposed SMS method for geometrical building modeling that uses 

manually measured visible roof-edge is innovative. The method has proven 

robust and efficient. The success rate is high, even in a complex environment. 

The operator’s workload as well as the cost is reduced, due to partially 

occluded roof-edges are utilized. By means of an initial building model, 

manually measured 3-D roof-edges can be auto-structured and reconstructed as 

a building. A brief summary of its advantages and limitations are discussed in 

the following. 

3.6.1. Advantages 
From the operational and cost-effective point of view, we propose an 

interactive system, i.e. the SMS system, for geometrical building modeling. 

Some significant characteristics of the SMS system are: 

1. The proposed scheme is based on a semi-automatic approach. 

Although the data collection is totally manual here, the operator’s 

workload is minimized and simplified because only the visible 

roof-edges need to be measured and the digitizing sequence is free. 

2. In the modeling phase, the topology reconstruction is fully automatic 

not needing human intervention. For extremely complex buildings, 

when the 3-D line-segments are insufficient to delineate the shape of 

their rooftops, the interactive mechanism and post-processing 

functions augment the modeling. 

3. The proposed scheme is a bottom-up approach, but no building model 

database is required, which means that there is no limitation of 

building types, only if the rooftops can be described as a combination 

of planar facets. 

4. The system is robust and flexible even complex buildings or a group 

of connected buildings can be treated, which dramatically reduces the 
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operator’s workload. This is especially important for densely built-up 

areas that the manual editing of building connections can be avoided. 

5. By means of the SMS technology, the integration of topographic 

mapping with 3-D building modeling in one procedure is possible, 

which is the most cost-effective approach for 3-D mapping. 

6. Some interactive post-processing functions are designed to assure the 

modeling completeness. These functions, such as select, delete, merge, 

and reshape, are easy for an operator to manipulate. 

7. The SMS method can achieve up to a 98% success rate, even when it 

deals with connected or complex types of buildings. Using the 

provided post-processing functions the 2% failures can be totally 

recovered. The success rate is dependent on the complexity of 

rooftops of processed buildings. 

8. A digital topographic map of buildings can be directly and efficiently 

converted to be 3-D city models without any additional manual 

editing or modification of the original measurements. This feature is 

important for those areas already have large-scale digital topographic 

maps.  

9. The generated polyhedral building models are capable of describing 

the detailed structure of a building. It thus can fulfill the requirements 

of 3-D spatial data analysis and 3-D visualization. 

10. The proposed SMS method is not sensitive to the scale of aerial 

images and the degree of generalization in manual measurements, 

provided that the roof-edge delineations can be recognized as a 

meaningful building. 
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3.6.2. Limitations 
The limitations of the SMS method are listed as follows: 

1. Curvy surfaces must be approximated by a set of planar roof patches, 

and the curved shape boundary must be approximated by a set of 

consecutive line-segments. Such an approximation may increase the 

operator’s workload and decreases the production efficiency. It would 

be more desirable to use a parameterized building model. 

2. For donut-type buildings, an automatic decision as to whether to 

remove or to keep them is difficult. Operator decision-making is 

unavoidable but acceptable, because it is an easy task. 

3. Human intervention is necessary to assure the correctness and 

completeness of the modeling, and to treat the reconstruction failures. 
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4. GENERATION OF PRISMATIC MODELS 
In some spatial information applications, the attribute assignment to a 

building is a must. Reliable and accurate thematic attribute extraction from 

spectral information is difficult to be done automatically. Using low-resolution 

sensors, such as Landsat TM or SPOT images, only primitive features (e.g. city, 

vegetation, water, etc.) can be extracted by the statistical based classification 

method (Abkar & Sharifi, 2000; Li, et al., 2000). For high-resolution images 

(e.g. aerial photos or IKONOS images) additional information, such as the 

shape or context may be needed (Hofmann & Reinhardt, 2000). However, 

many attributes, such as land ownership, house usage, etc., that are not related 

to image intensity have to be edited in manually. 

Complex buildings may be decomposed into many coplanar 

roof-primitives when a polyhedral model is employed. In general, the 

attributing of a building is in “house” unit, or belonging to the same “owner”. It 

is practical to relate the roof-primitives that belong to the same owner as one 

attribute when a complex building is described with a polyhedral models. 

However, a generalization of this polyhedral models will simplify the above 

attributing task. As discussed earlier, prismatic models can describe complex 

buildings with flat roofs, with polygonal ground plans and with vertical walls. 

It is a generalized form of the polyhedral model, but the attributes of a complex 

building can thus be directly assigned. In this chapter, we provide a solution to 

create prismatic models interactively from the existing polyhedral models. The 

techniques used are similar to the SMS method described in the previous 

chapter. 

4.1. Select, Fuse and Shape 

The generation of prismatic model includes the following three steps: 

1. Manually select the neighboring roof-primitives that belong to the 

same “house”. Since the selection of roof-primitives that belong to the 
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same “house” unit needs to be accurate, an operator needs to have a 

priori information about the house unit. Cadastral maps, for instance, 

are needed when ownership is considered. This step is performed on 

the ground view. For example, the operator selects five roof-primitives 

that belong to the same house unit, i.e. denoted in green in figure 4-1(a). 

In the 3-D view, i.e. in figure 4-1(b), the selected roof-primitives are 

chosen and also depicted in green. 

2. After selection, the operator automatically fuses them into one house 

unit, using a technique similar to the SMS MERGE step. The major 

difference is that shared boundaries should be totally removed. In the 

meantime, the system provides an estimation of the possible height 

value, i.e. the green one in figure 4-1(c). The height estimation is 

designed to find the lowest height for the greatest area. However, this 

may not meet the topographic mapping protocol, since this estimation 

may influence the calculation of the number of stories. Therefore, we 

provide an interactive mechanism for the operator to make the best 

choice.  

3. In the third step, i.e. shape, the operator can then change the height 

iteratively, using an interactive mechanism similar to the SMS SHAPE 

process. The provided height values are estimated automatically from 

the original five roof-primitives. Notice that roofs are forced to be flat. 

Using of the same procedures the other parts can be performed completely, 

as shown in figures 4-1(d), 4-1(e), and 4-1(f). The previous fused result is 

depicted in pink. Finally, we can use the 3-D visualization tool to verify the 

final prismatic models, i.e. figure 4-1(g). For the purpose of comparisons, the 

original polyhedral models are presented in figure 4-1(h). The effect of the 

generalization from a polyhedral model is quite obvious. The provided 

interactive procedures are easy to use. No complicated designs and no tedious 

operations are required. 
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(a) (b) (c) 

 
(d) (e) (f) 

 
(g) 

 
(h) 

Figure 4-1. Procedure for creating prismatic models. 

(a) Selected results (green) on the ground view. (b) Selected results (green) in 

3-D view. (c) Fuse and shape result for first part. (d) Selected results (green) 

on the ground view. (e) Selected results (green) in 3-D view. (f) Fuse and 

shape result for second part. (g) Generated prismatic models. (h) Original 

polyhedral models. 
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4.2. Case Study 

Here we will use the polyhedral building models generated from the first 

data set in section 3.4.1, to create the prismatic models. The result is shown in 

figure 4-2. One can compare this to the original polyhedral model, i.e. figure 

3-7(b). Some complicated buildings have been generalized as a set of 

flat-roofed buildings. This experiment illustrates that the whole scheme can 

create GIS applicable 3-D building models. 

4.3. 3-D GIS Application  

Many GIS applications using 3-D building models have been reported in 

the literature. Most of these need special software for noise or pollution 

simulations, environment monitoring, microwave propagation studies, etc. It is 

preferable to apply the generated prismatic models in a project-oriented 

application. Here we present a case study of building models imported to the 

ArcView 3D Analysis module. A 3-D building stories query procedure is 

demonstrated. 

The determination of the number of stories needs information about the 

real height of a building, which is a subtraction of the absolute height from the 

terrain. Therefore, DTM data is a must in the conversion process. The DTM we 

used is part of a topographic database on Taiwan. We assume the buildings 

have an average height of 3.3 m per story. Thus, the number of stories in a 

building is determined by dividing the real height by 3.3 m. This attribute, 

together with the prismatic models, can be transformed into the Shapefile 

format and analyzed using the ArcView software, as shown in figure 4-3. The 

user can pan or zoom using 3-D roaming. The users can also query the number 

of stories in a building, e.g. the upper-left window in figure 4-3. The number of 

stories in each building is differentiated by color, e.g. the middle-left window in 

figure 4-3. 
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Figure 4-2. The generated prismatic building models for the Case I data set. 

Figure 4-3. An example of 3-D querying in the ArcView environment. 
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4.4. Summary 

In this chapter we presented another feature of the SMS system for 

creating prismatic building models from existing polyhedral models. The 

advantages of the proposed MERGE technology and the interactive mechanism 

in the SHAPE process are again illustrated. Some significant characteristics are 

stated as follows: 

1. Assuming that polyhedral building models are available, the SMS 

scheme can efficiently and effectively create prismatic building 

models using the provided interactive procedures.  

2. The created prismatic building models are applicable to 3-D GIS 

applications. The whole process assumes that the DTMs as well as the 

houses outlines are available.  

3. Some interactive functions are included, such as select, fuse, shape, 

etc. The designed interactive procedures are easy for an operator to 

use, meaning that they do not need too much knowledge about 

photogrammetry or GIS. 
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5. ORTHOIMAGE RECTIFICATION FOR BUILT-UP 

AREAS 
The generation of orthoimages from remotely sensed images is important 

and has applications in many fields, such as cartography, environmental 

monitoring, city planning, etc. In addition, with the maturing of GIS 

technologies, the need for timely spatial information is getting higher (Joshua, 

2001). Thus, ortho-rectified images have become important due to their low 

cost and short production time. There are three major procedures necessary for 

the generation of an orthoimage, namely: (1) data acquisition, (2) orientation 

modeling or aerial triangulation, and (3) ortho-rectification. However, the 

function of form of orientation modeling is dependent on the sensor’s imaging 

geometry. 

5.1. Data Acquisition and Orientation Modeling 

Remote sensing imagers may be grouped into three categories in terms of 

their imaging geometry.  

� The first group includes the 2-D array imager. Aerial photos are the 

major example. Each scene is associated with a set of six orientation 

parameters, which may be modeled by photo triangulation or space 

resection.  

� The second group utilizes the pushbroom imager. Many medium to 

high-resolution remote sensing images, including SPOT, IKONOS, 

EROS, and ADS40 (Sandau, et al., 2000), are of this kind. Each CCD 

line is associated with a set of six parameters, which may be modeled 

as functions of time. Chen & Chang (1998) reported that SPOT 

images have a good relative accuracy, so only a small number of 

GCPs are needed to refine ephemeris data. A similar approach could 

be applied to high-resolution satellite images, for instance the EROS 

A1 (Chen & Teo, 2001). There is a growing trend to integrate GPS 



 

  71

and IMU data with remotely sensed images to directly model the 

orientation parameters. Accordingly, the number of required GCPs can 

be reduced (Hinsken, et al., 1999). 

� 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 multi-spectral 

scanners (AMSS) have a similar imaging geometry, but with a much 

larger field of view. The steadiness of the platform is also much less. 

Thus, a large number of GCPs are needed (Chen, et al., 1997). 

5.2. Ortho Rectification 

The major geometric computation in image ortho-rectification is the 

correspondence between an image point and its counterpart on the ground. This 

computation may be done through a bottom-up or a top-down approach. For 

aerial photos and pushbroom images the bottom-up approach is favored (Chen 

& Rau, 1993; Hohle, 1996). On the other hand, for mechanical scanning 

images, AMSS for instance, the top-down reprojection is more appropriate 

(Chen, et al., 1997). No matter which approach is taken, a DTM or DSM is 

required to correct the relief displacements.  

� For those images with medium or low resolutions, for example 10m 

or coarser, the value for each image pixel represents an averaged 

reflectance covering a relatively large area on the ground. Thus, the 

buildings features are smoothed on the image plane. During image 

ortho-rectification, it might be assumed that the surface of the ground 

is continuous. Accordingly, a DTM that does not delineate buildings 

can be used, without introducing significant model errors.  

� Aerial photos or high-resolution satellite images can provide great 

detail about ground features, including man-made structures. Surface 

discontinuities caused by buildings should thus be taken into account 
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during the ortho-rectification procedure. In such circumstances a 

DSM delineating the object surface canopy is preferable. Such a 

model can not only represent the terrain relief but also things on the 

ground. Among these, buildings are the most important, so they 

should be considered first. 

5.3. The Proposed Scheme 

Figure 5-1 shows a flowchart of the proposed scheme which includes: (1) 

image-object reprojection, (2) hidden area detection, (3) seamless mosaicking 

and (4) shadow treatment, provided that the orientation parameters and the 

DSMs are available (Rau & Chen, 2001). Selecting one of the multi-view 

images as the master image, the remainder are treated as slave images.  

� Starting from the master image, the DSM and the orientation 

parameters 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 compensated for by their 

counterparts in the slave images. The groundel visibility in the slave 

images will be checked and then a suitable combination of the slave 

images will be selected.  

� Data merging is performed through a seamless mosaicking procedure.  

� Shadowed area detection and enhancement is included to finish the 

process. 

 

As in Amhar, et al. (1998) and Schickler & Thorpe (1998), the term “true 

orthophotos” will also be used in this investigation when considering 

occlusions caused by buildings. 

5.3.1. Image-Object Reprojection 
The bottom-up approach for reprojection is selected in this investigation. 
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This calculation has been widely used for image ortho-rectification. Once a 

DSM and image orientation parameters are available, the collinearity condition 

equation may be used to calculate the image pixel corresponding to a groundel. 

5.3.2. Hidden Area Detection 
The Z-buffer technique is used to detect hidden areas.  

� The Z-buffer is a pair of matrices defined on the image plane. One 

matrix records the location of an object point, the other one stores the 

distance between the camera station and the object point. 

� An index map is defined on the ground plane as being the same size 

as the true orthophoto. This provides the necessary information for 

the successive processing, i.e., seamless mosaicking. The index map 

indicates four regions, namely: (1) the master-visible region, (2) the 

slave-visible-only region, (3) the feathering region, and (4) the fully 

invisible region. Thus, in the proposed scheme we do not have to 

create an intermediate DOI for each of the aerial images in advance.  

 

By applying the collinearity condition equation, the projected image 

coordinates for each groundel can be calculated and rounded to fit the nearest 

image pixel. Meanwhile, the projection distance, from the camera station to the 

object, is calculated and then compared to the one stored in the Z-buffer. If a 

calculated distance is smaller than the one existing already, 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 5-2, illustrates the 

detection of hidden areas. As shown in figure 5-2, 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 in regard to Y will be stored in 

the Z-buffer.  
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The wall of a building will cause hidden effects, too. In the buttom-up 

approach the groundels on the vertical wall are not calculated may cause 

miss-detection problems. Such a problematic area is illustrated in the M portion 

in figure 5-2. To solve this problem, pseudo groundels are introduced to 

determine the number of pseudo pixels. The height difference and the 

projection length are estimated locally. For instance, if the left-hand building in 

figure 5-2 has a height of H and the projection length on the image plane is P, 

then on the vertical walls of the building, pseudo pixels are placed at a spacing 

of no greater than H/P. The detection rules are again applied, 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, post-processing for noise 

removal is implemented by using a majority rule. 

5.3.3. Seamless Mosaicking 
Due to the following reasons, radiometric differences around a filled-in 

boundary may occur. So, the direct filling-in of gray values for hidden areas in 

the master image from the slave images may cause mis-leading artifacts. 

� The calculation of the camera location is a least-squares triangulation 

procedure or something similar. Random errors may be introduced 

due to ground control point and image point measurement errors, as 

for the building model.  

� The viewing conditions for multi-view images are different. This is 

especially true for photos on adjacent strips and for color photos. The 

radiometric responses for a ground point are different in different 

images. 
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Figure 5-1. Flowchart of the proposed true-orthophoto generation process. 
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Figure 5-2. Hidden area detection. 

 

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 from the slave image.  

� The feathering region stores the weighting factor for the seamless 

mosaicking of the master and the slave image.  

� 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 discontinuities in gray 

values near filled-in areas. For the boundary of each hidden area, a feathering 

region is built. This feathering region is built with a “dilation” morphology 

Image plane 
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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 hidden area.  

5.3.4. Shadow Treatment 
This treatment is designed to enhance the interpretability of shadowed 

areas caused by buildings. It is understood that differences in the gray values 

between a shadowed area and its surroundings are large. Hence, we need to 

locate the shadowed area, and then provide an image enhancement of these 

shadowed areas. However, in order to minimize the gray value differences 

between shadowed areas and their surroundings, a histogram matching 

technique is applied for image enhancement (Richards, 1986). 

 

The shadow detection technique illustrated in figure 5-3 is similar to that 

for hidden area detection. An index map on the ground plane is constructed 

after shadowed area detection. The index map used here denotes the shadowed 

areas and the buffer zone around the shadowed areas. The buffer zone provides 

the basis for histogram matching. The zone is also a feathering region so the 

gray value discontinuities between the enhanced areas and the original image 

can be avoided. The generation of a buffer zone may be done by the use of a 

dilation operator. 

 

The shadow detection technique assumes a projection parallel to 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 5-3(a), the sun’s azimuth angle 

can be measured by the direction of its shadow. The zenith angle may be 

calculated by the ratio of the building height to the shadow length (SL). As 

shown in figure 5-3(b), the distance value of the Z-buffer is the path length 
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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, simply 

changing 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 ground 

features are often dominated by human activity, and are usually quite different 

from place to place. Hence, localized image enhancement is better than a global 

one. In creating a buffer zone, if a shadow appears, the rooftops are further 

excluded from both the shadowed area and the buffer zone, to maintain the 

similarity of the image content in the shadowed area and in the buffer zone on 

the ground, rather than on the roof. The histograms for a particular buffer zone 

and shadowed area pair are calculated accordingly. Considering the former to 

be the reference histogram, a gray value transformation table for the shadowed 

area is then created by the histogram-matching method. Thereafter, shadow 

enhancement may be accomplished locally. 

 
         (a)                            (b) 

Figure 5-3. Shadow detection. 

(a) Sun orientation and shadowed areas. (b) Path length. 
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5.4. Case Study 

Since polyhedral building models can describe oblique rooftops. They can 

more realistically represent a city landscape than prismatic models. The 

polyhedral models generated in chapter 3 are implicitly in vector format. All 

the vertices are defined in the object coordinate system, but only for buildings. 

To generate true orthophotos, we need to combine building models with the 

DTM to form a DSM, which is in a raster form. This conversion is simple, 

since each roof-primitive is coplanar, which can be described using a plane 

function, as stated in equation (5-1). 

 

cbYaXZ ++= ……………………………………………….…(5-1) 

 

In the above equation, the coefficients a, b, and c are three unknown 

parameters that can be fitted by the least squares adjustment using all the 

corners of a roof-primitive. Accordingly, the height of each pixel in the 

roof-primitive can be calculated. The DSM of the first dataset, i.e. Case I, 

denoted by a false color, is shown in figure 5-4. For further accuracy evaluation, 

the DTM data we used here is interpolated from the manually measured ground 

points. 

 

5.5. Performance Evaluation 

Here we evaluate the full performance of the true-ortho rectification 

scheme using the generated building models. The input data include the source 

images, the DSM, the orientation parameters and the orientation of the sun. For 

the first data set, i.e. Case I, a set of four digitized aerial photos forming a 

quadruplet that overlaps by 60% in two perpendicular directions, is shown in 

figure 5-5. The true-orthophoto is resampled at 25.0 cm. The image size is 

3,660 x 4,040. The result is depicted in figure 5-6(a). One may find out some 
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blacked out areas that indicate the fully invisible areas still exist. The total 

processing time is about 40 minutes. An enlargement of the generated 

true-orthophoto with greater details is shown in figure 5-6(b). The generated 

true-orthophoto is almost complete after compensation for hidden areas and 

shadow enhancement. Insufficient information for fully invisible areas needs to 

be gleaned from other images taken from different views points.  

 

A detailed evaluation of the proposed scheme is also provided here. 

Experiments will only be performed on the areas in the white boxes, as shown 

in figure 5-5. We will compare the results for a two-image pair and a 

four-image quadruplet. The ground sample distance for the generated true 

orthophotos is 12.5 cm. The DSM describing the building is constructed 

geometrically using the propose SMS method, together with the DTM data. 

 

Although the ultimate goal of this investigation is to produce true 

orthophotos from multi-view aerial images, we include two supplements. The 

first gives the results of ortho-rectification using a DTM rather than a DSM. 

The second supplement gives the results for a four-view stereo-pair using the 

DSM, to compare the improvements in the information content when a 

quadruplet is used. 

5.5.1. Ortho-Rectification Using DTM 
To demonstrate the process, we select a portion of the test area for 

observation. Figure 5-7(a) and 5-7(b) shows the results for Image 1 and Image 

2. It is obvious that the relief displacements due to buildings are not corrected. 

The walls of the buildings may be observed in the figures. Without knowledge 

about hidden areas, there is no ground available for data merging. 
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Figure 5-4. False color DSM of the test area. 
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Figure 5-5. A quadruplet of the test area. 

(Courtesy of the Surveying Department of National Cheng-Kung University.)
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(a) 

 
(b) 

Figure 5-6. The generated true-orthophoto. 

(a) Whole test area. (b) An enlargement of the whole area (white box). 
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(a)                                   (b)          

Figure 5-7. Ortho-rectification using a DTM without building relief correction

(a) Image 1. (b) Image 2. 

5.5.2. True Ortho-Rectification from a Quadruplet 
In cases where a quadruplet is used for true orthophoto generation, any 

hidden areas will be minimized after data merging. One image is chosen as a 

master image and a true orthophoto is generated using the developed procedure. 

The intermediate results and the final product, for the highlighted area, are 

shown in figure 5-8.  

� Figure 5-8(a), an enlargement of figure 5-7, represents the master 

image with terrain relief correction only. Figure 5-8(b) illustrates the 

index map for seamless mosaicking. The black background indicates 

the master-visible region. The dashed-lines indicate the 

slave-visible-only regions for which filling-in is possible from the 

slave image 1.  

� The feathering effect indicates the weighting factor of the feathering 

region for the seamless mosaicking of data that come from the master 

and the slave images.  

� The thick-line areas indicate the fully invisible regions, shown in Part 

I, figure 5-8(b). Once a new slave image is combined, the index map 

is updated. The fully invisible regions will be reduced. Figure 5-8(c) 

shows the results of relief displacement correction. The hidden areas 

are marked in black.  

� As shown in figure 5-8(d), defects due to hidden areas are 
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significantly reduced after data merging using three slave images, but 

a few fully invisible regions still exist (Part II for instance). Taking a 

closer look at figure 5-8(d), an abnormal gray value discontinuity can 

be observed along the filled-in boundary (e.g., Part III), which may be 

misinterpreted as a ground feature. This has been improved by 

applying the seamless mosaicking technique shown in figure 5-8(e).  

� By further applying local enhancement for shadow defects, the final 

true orthophoto product, shown in figure 5-8(f), is also improved. 

This is especially true in terms of the interpretability of the shadowed 

areas (e.g., Part IV). Compared to figure 5-8(a), the interpretability of 

figure 5-8(f) is significantly improved.  

5.5.3. Assessment of Geometric Quality  
This is an assessment of the geometric accuracy of the final true 

orthophoto after data merging and shadow enhancement. Considering the error 

sources of: (1) the orientation parameters in the four images, and (2) the DSM, 

we will demonstrate the accuracy performance of the proposed scheme. The 

reference data set is acquired manually using a DPW. We will analyze three 

categories of planimetric checkpoints.  

� Category A: checkpoints are located on the building roofs, used to 

check the relief displacement error.  

� Category B: checkpoints are located in hidden areas, used to evaluate 

geographic errors within the hidden areas after data merging.  

� Category C: checkpoints are randomly distributed on the ground, for 

checking the terrain relief errors. 

 

Table 5-1 shows the checkpoint error statistics for the three categories. 

Every category has a standard deviation of less than 10 cm, which falls in the 

range of random errors. The mean errors in the X and Y directions are also 

small. This indicates that the bias can be ignored. Figure 5-9 shows the error 
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vector plots for each category, denoted by different symbols. There is no 

significant systematic error for the whole product.  

(a) (b) 

(c) (d) 

(e) (f) 

Figure 5-8. Intermediate and final results of true orthophoto generation. 

(a) Ortho-rectification using DTM. (b) Index map for seamless mosaicking. (c) 

With relief displacement correction only. (d) With hidden compensation 

applied. (e) With hidden compensation and seamless mosaicking applied. (f) 

With shadow enhancement. 

I III

II II 

IV



 

  87

Table 5-1. Checkpoint error for the generated true-orthophoto. 

(In units of cm) 

Category  A B C Total 

Number of Checkpoints  69 16 76 161 

Mean 4.3 3.5 -0.1 4.9 
Delta X 

Standard Deviation 9.3 3.9 6.2 7.6 

Mean -8.3 -4.5 -2.4 -5.1 
Delta Y 

Standard Deviation 9.8 7.9 3.5 7.7 

 
Error Vector Scale: 10 cm         Image Scale: 50 Meters 

 

Figure 5-9. Error vector plots. 

(+:Category A; □:Category B; ×:Category C) 
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5.5.4. Assessment of Radiometric Quality 
Here we are concerned with the radiometric quality inside the shadowed 

areas. We investigate the changes in the dynamic range before and after 

histogram matching. Figure 5-10(a) shows the target data, i.e. the shadowed 

area, and its histogram distributions. Figure 5-10(b) shows the referenced data, 

i.e. buffer zone, and its histogram. Figure 5-10(c) depicts the shadowed area 

after histogram matching and its histogram. The histograms shown in figure 

5-10 are global statistics, however in the shadow treatment, this is 

accomplished locally. The dynamic range before histogram matching is quite 

narrow. After automatic shadow area enhancement, the dynamic range is 

expanded and it is now easier to interpret the ground features in the shadowed 

area. 

5.6. Application to Flight Simulation 

The flight simulation or virtual reality looks like an interactive game, 

however it can be used not only for entertainment but also for virtual tourism 

information querying (Volz & Klinec, 1999), aircraft flight simulation, etc. In 

addition, using a 3-D perspective view, one can easily identify and interpret 

terrain-related characteristics, such as the presence landslides after natural 

disasters.  

The basic data required for flight simulation are an ortho-rectified image 

for texture rendering, and a DSM for three-dimensional landscape description. 

The DSM may be in raster or vector form, depending on the software used. 

Those two kinds of data should be as visually realistic as possible.  

In large-scale 3-D city roaming, the texture of the building walls should be 

mapped on for more visual realism. However, this means extra work to capture 

the textural information building walls. This kind of technology has been often 

reported in the literature (Varshosaz, et al., 2000; Yang, et al., 2000; Wang & 

Grün, 1998). It is not our intention to do textural mapping in this investigation. 

A flight simulation is made here only to demonstrate the true-orthophoto 
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generated in the previous section and the building models created from the 

SMS system. The building models are combined with the DTM to form a DSM. 

Figure 5-11(a) shows the animation produced using the ERDAS/Imagine 

VirtualGIS module, and played on a popular Windows Media Player. Figure 

5-11(b) shows a series of close up views of the flight simulation. Although the 

building walls are not textured, the ground features and rooftop textures are 

well defined. 

(a)

(b)

(c)

Figure 5-10. Comparisons of histograms of shadowed areas. 

(a) Target data (shadowed area) and histogram. (b) Reference data (buffer zone) 

and histogram. (c) Enhanced shadowed data and histogram. 
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(a) 

(b) 

Figure 5-11. Flight simulation. 

(a) Animation playback using a media player. (b) A series of flight simulation 

excerpts. 
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5.7. Summary 

An orthographic rectification scheme is proposed that generates 

large-scale true orthophotos for built-up areas. The integration of relief 

correction, hidden compensation, seamless mosaicking and shadow 

enhancement into the true-orthophoto rectification scheme is original. The 

proposed scheme can restore the most complete information, provided that the 

building models, the DTM, the multi-view aerial images and the sun’s 

orientation information are available. The generated true-orthophotos can 

achieve RMS errors of 7.6 cm and 7.7 cm on the X-axis and Y-axis, respectively, 

which falls into the random error range. In summary, four significant features 

of the proposed scheme are stated as follows:  

1. The correction of relief displacements of buildings and the terrain is 

implemented.  

2. A data merging function that preserves information within hidden 

areas using conjugate photos is performed. 

3. The seamless mosaicking of multi-view images to reduce artifacts 

along the filled-in boundaries is designed. 

4. The reduction of illumination deterioration, leading to an improvement 

in the interpretability of shadowed areas is accomplished.  

 

The experimental results indicate that the information loss and degradation 

can be significantly reduced. True-orthophotos can be produced automatically 

with a short computation time, while retaining high geometric and radiometric 

quality. 
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6. CONCLUSIONS AND FUTURE WORK 
This thesis presents a novel method for geometrical building modeling and 

a rigorous scheme for generating true-orthophoto of built-up areas. The 

proposed Split-Merge-Shape method that adopts manually measured visible 

roof-edges for building modeling is innovative. The major features of the 

method are:  

1. It can handle a group of buildings simultaneously to avoid possible 

topology errors in neighboring buildings.  

2. It can cope with partial occlusion problems.  

3. It can deal with diverse types of buildings.  

4. It is proven to be robust, efficient, and with high accuracy. 

 

The processing time for modeling is short enough that an interactive 

system based on the SMS method is practical. Due to only visible roof-edges 

are required and the digitizing sequence is free, the operator’s workload is 

reduced as well as the cost of production. 

 

The designed SMS system can create polyhedral and prismatic building 

models in an efficient way. It fulfills the requirements for many applications 

not only in the field of photogrammetry, but also in GIS, remote sensing, 

computer vision, environmental studies, etc.  

 

An existing topographic vector map that includes buildings can be directly 

converted to be a 3-D city model without additional manual editing or 

modification of the original data. By means of the SMS technology, the 

integration of topographic mapping with 3-D building modeling is possible. 

Thus, a cost-effective environment is established in 3-D mapping.  

 

Table 6-1 compares the SMS system with three other semi-automatic 

approaches as described in section 1.1. From the comparison, one finds that our 
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method appears advantages in many aspects. Firstly, our approach can cope 

with partial occlusion problems. Secondly, our method can deal with diverse 

types of buildings. Finally, our approach can handle a group of connected 

buildings, which is an important feature for densely built-up areas.  

 

The generated polyhedral building models provide the possibility for 

creating true-orthophotos of built-up areas that minimizes the information loss. 

A rigorous true-orthophoto rectification scheme is also proposed that could 

optimize the geometric and radiometric quality of the product when multi-view 

photographs are considered. Experimental results demonstrate that the 

generated polyhedral building models are capable of producing a high quality 

true-orthophoto. 

 

So far the SMS system utilizes manually measured 3-D line-segments 

from a DPW. In terms of the workload, the data collection stage dominates the 

entire process. A more automated system is desirable in the future. An 

interactive system that can integrate advanced feature extraction and matching 

techniques into the data collection phase is promising. Due to the visible 

roof-edges are required by the SMS method, the problems caused by image 

occlusions may thus be alleviated. 
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Table 6-1. Comparisons of the proposed SMS system with three semi-automatic approaches. 

 SMS Chio (2001) Grün & Wang (1998) Gülch, et al. (1999) 

Viewing Stereo Mono 
In Multiple Images 

Stereo Mono 
In Multiple Images 

Measurement Incomplete 3-D 
Roof-Edges 

2-D Feature Line & Point Complete 3-D  
Roof Corners 

Building Primitives 

Digitizing Sequence Free No Manual Digitizing Point-Wise for Boundary 
Points 

Free 

Hidden Corners Automatically Generated Automatically Generated Needs Measurement Not Measured 

Can Handle a Group of 
Connected Buildings 

Yes No No No 

Model-Based No No Yes Yes 

Automation Building Model 
Reconstruction 

Feature Line & Point 
Matching 

Object Model 
Reconstruction 

Height Determination 
Parameter Estimation 

Accuracy Photogrammetry Fair Photogrammetry Photogrammetry 

Outputs Polyhedral & Prismatic 
Buildings Models 

Polyhedral Building 
Models 

Polyhedral Objects 
(building, tree, road, etc)

CSG Structure of 
Buildings 

Post Processing Needed Needed Needed Needed 
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