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ABSTRACT: Model-based Building ReconstructigiMBBR) is a convinced approach to
reconstructing 3D building models by fitting prefided models to aerial photographs. In this
paper, we proposed tHdoating Models,which can be applied to versatile data, such as th
topographic maps, LIDAR points cloud, aerial phoamipns and DEM, with thad hoc Least-
Squares Model-Data FittindLSMDF) algorithm. Floating models is a seriespoé-defined
primitive models which are floating in the space the floating mark is. Each model is
associated with a set of parameters that can letaseontrol its shape and pose. A building is
reconstructed by adjusting these parameters sovitleeframe model adequately fits into the
building’s outlines among versatile source datas himodel-based reconstruction provides better
constraints to the shape of the model in contrarthé data-based approach. Since topographic
maps and aerial photographs provide better accuragtane and LIiDAR points cloud and
DEM provide better accuracy in height, the fittieag separated for plane and height parameters.
The plane parameters are determined by fittingapeor bottom boundary of the model to the
topographic maps. The height parameters are debtigditking the top surface of the model to
the lidar data and interpolating the datum poinkisight from DEM. The proposed
reconstructing procedure is semi-automated. Ringt,operator chooses an appropriate model
and approximately fit to the building’s outlines thre topographic map. Second, the computer
computes the optimal fit between the model andothikeling’s boundaries based on the LSMDF
algorithm. Third, the computer computes the roofidge height from the LiDAR points within
the roof's boundary, and interpolates the datumghteifrom DEM. Finally, the model
parameters and standard deviations are providedhendire-frame model is superimposed on
all overlapped aerial photographs for manual cherkirhe operator can make any necessary
modification by adjusting the corresponding modatgmeter. A 52&ectare urban area of
Taipei City is selected for experimental tests. Toeners’ coordinates derived from fitting
result are compared to the traditionally photogratmim measurements. The experiment shows
that most of the modern buildings can be modeledoshty and the results achieve the accuracy
as traditional Photogrammetry does.

1. INTRODUCTION

In response to the development of 3D City Spatitdrination Systems for urban planning and
management, acquisition of 3D data of city objéas increasingly become an important topic




(Braun et al., 1995; Englert and Gulch, 1996; G&0B00; Lang and Foérstner, 1996; Vosselman
and Veldhuis, 1999). Conventional photogrammetnycentrates on the accurate 3D coordinate
measurement of points. The automated measuringmgsiet up by image matching algorithms
are still based on the point-to-point correspondendowever, higher-order features such as
linear, planer or volumetric features contain muebre geometric and semantic information
than a single point. The increasing demands ofatsj@D models encourage many researches
toward using 3D CAD models as a modeling tool ttvaeting objects from image data (Bhanu
et al., 1997; Bohm et al., 2000; Brenner, 2000; &aal., 1997; Ermes, 2000; Tseng and Wang,
2003; van den Heuvel, 2000Model-Based Building Reconstruct{dpBBR)(Ameri, 2000;
Brenner, 1999; Sester and Forstner, 1989; Wand aedg, 2004) starts with the hypothesis that
a model is a representation of the target buildimgthe object space, then verifies the
correspondence between model and data sourcesasuopographic maps, aerial photographs,
LIDAR points cloud, and DEM. Since each kind ofalaburces has its own characteristics, the
model could be fit to point, line segment, or sogfaas Fig. 1 shows.
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Figure 1. Fitting model to versatile data sources.

Inspired by the CAD-based Photogrammetry and MBB®& proposed a naval measuring tool —
floating models- for reconstructing 3D building from versatile@laources. The floating model
represents a flexible entity floating in the 3D gpaEach model is associated with a set of shape
parameters and a set of pose parameters. The poameiers determine the datum point’s
position and the rotation of the model. The shagrapeters control the volume along the pre-
defined dimension. From the conventional point iefw the floating model is an extension of
the floating mark. Instead, it is not only floatedthe object space, but also deformable to fit the
outline of the object. From the MBBR’s point of wigfloating mark is an exceptional case of
floating model without any shape parameter. We @sef three kinds of floating models — box,
gable-roof, and polygonal prism — for building restruction at the experimental tests.

Approaches to MBBR are mostly implemented in a semtomatic manner, solving the model-
data fitting problem based on some high-level imfation given by the operator. The spatial
information of a building is determined when modata fitting achieves optimal. Therefore,
the key of the automation is the algorithm abledédermine model parameters of a floating
model, such that the wire-frame model is optimalyncided with the corresponding building
edges. To deal with this problem, we proposed lar&l Least-squares Model-data Fitting
(LSMDF) algorithm as a major component of the huatddreconstruction framework. To
simplify the fitting problem, the model parametarg rearranged into two groups, plane and
height parameters. Hence the model-data fittinggutares are also divided into three steps.
First, fit model to topographic maps to derive glgrarameters. Second, interpolate datum’s
height from DEM and fit model to LIiDAR points clowd derive height parameters. Finally, the
wireframe model is projected onto aerial photogsafdr examining. The operator can make
further modification of the model according to fhleotographs if necessary. Fig. 2 uses a box
model as an example to depict the proposed recmtisin procedures.
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Figure 2. The flowchart of the proposed reconstongbrocedures.

2. FLOATING MODELS

Conventional photogrammetric mapping systems cdrafenon the accurate measurement of
points. The floating mark is a simple way to représhe position of a point in the space, and
thus, has been served as the only measuring tableostereo plotters up to nowadays. However,
the floating mark reaches its limits when the cgaje points can not be identified due to the
occlusion or the shadow from other obstacles. \tighincreasing demands of 3D object models,
this point-by-point procedure has become the bwitik in production. To deal with the
problem, we proposed floating models which completh the constructive solid geometry.
Each floating model is basically a primitive modehich determines the intrinsic geometric
property of a part of building. The primitive modsuld be any kind of practical models as
long as it can be defined and represented by paeasng-or example, it could be the line
segment, the rectangle, the circle, the triangle,ltox, or the gable-roof housdec Despite the
variety in their shape, each primitive model comiydras a datum point, and is associated with
a set of pose parameters and a set of shape paranigte datum point and the pose parameter
determine the position and pose of the floating ehawl object space. It is adequate to use 3
translation parameters XddY, dzZ) to represent the position and 3 rotation pararagetét (t)
aroundY-axis, swing §) aroundX-axis, and azimutha aroundZ-axis to represent the rotation
of a primitive model. The shape parameters desthbehape and size of the primitive model,
e.g., a box has three shape parameters: wigtHgngth (), and heightlf). Changing the values

of shape parameters elongates the primitive irittee2 dimensions, but still keeps its shape as a
rectangular box. Various primitive may be assodatéth different shape parameters, e.g., a
gable-roof house primitive has an additional shag@ameter — roof’s heighth(). Fig. 3 shows
the topology and the model parameters of a box madgable-roof model, and a polygonal
prism model. TheX’-Y’-Z’ coordinate system defines the model space and-¥& coordinate
system defines the object space. The little pirkesp indicates the datum point of the model.
The yellow primitive model is in the original pdsit and pose, while the grey model depicts the
position and pose after adjusting parameters. \ery clear that, the model is “floating” in the
space by controlling these pose parameters, anddiaene is flexible with certain constraints
by controlling the shape parameters.
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Figure 3. Topology and the model parameters otifiganodels.



3. LEAST-SQUARESMODEL-DATA FITTING

Since the topographic maps are plotted by photogretnic means, its planar accuracy would be
better than the LIDAR points cloud. On the contrahg LIDAR point cloud and DEM provide
better accuracy in height. Therefore, the propasedel-data fitting procedures are separated
into two steps: (1) the plane parameters are detwefitting model’s bottom to the topographic
map; (2) the height parameters are derived bydtihodel’s roof to the LIDAR data.

3.1. Plan Fitting

The objective of the plane fitting is the buildisgdoundary on the topographic map. However,
the map contains much more elements than buildoumpdaries. A “clean & build” process is
necessary to erase elements not belong to anyifiéhd to establish the close-and-complete
polygons instead of poly-lines. These pre-procegedyhons are the bases of plane fitting. The
operator selects an appropriate primitive model adgusts it to approximately fit to the
corresponding polygon. The polygon’s boundary enthe-sampled as sample points with fixed
interval. Each sample point would be treated asleervation in the LSMDF to solve the plane
parameters as optimal fit. Fig. 4 depicts the floart of the plane fitting.
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Figure 4. The flowchart of plane fitting.

Since the model has been manually fit, the bottdges of  piscard sample Points

the wireframe model should be close to the buildingt¥ ~ ©  AdopiedSample Poir
boundary on the map. The approximate plane parasate ‘
taken as the initial values, so the LSMDF couldaiigely  |v,(x, )& “**ee. | ix,, %)
pull the model to the optimal fit instead of blipdiearch for 1
the solution. A specified buffer zone is set upfilier out
irrelevant sample points. Fig. 5 depicts the sanpoliet Ty (o
and thewysrerwide buffer determined by an edggv, of the %’g,

model. The suffix is the index of edge link;, andj is the ~2
index of sample points. Filtering edge pixels wlihffer is

reasonable, because the discrepancies betweenottoamb
edges and the corresponding sample points shousaniad

when the model has been fit approximately.

.
."Qo

Figure 5. Buffer zone for fitting.

The optimal fitting condition we are looking for that the edges are exactly falling on the
building boundary. In Eq.(1), the distangierepresents a discrepancy between a sample Pppint
and its corresponding edggv,, which is expected to be zero. Therefore, the aivje of the
fitting function is to minimize the squares sumdyf Suppose an edge is composed of the
verticesvim(Xm, Yn) andvn(X,, Yn), and there is an edge pixgj(x;, y;) located inside the buffer.
The distancel; from the poinfT; to the edgew, can be formulated as the following equation:



‘(ym - yn)xij + (Xn - Xm)yij + (ynxm - ymxn)
\/(Xm - Xn)2 + (ym - yn)2

The coordinates of verticeg,(Xm, Ym) and va(X,, Yyn) are functions of the unknown plan
parameters. Thereford; will be a function of the plan parameters. Takandpox model for
instanced; will be a function ofw, I, a, dX, and &, with the hypothesis that a normal building
rarely has a tiltt) or a swing $) angle. The least-squares solution for the unknpamameters
can be expressed as:

(1)

i~

Ydi® = Z[F (w, 1, a, dX, dY)]*> — min. (2)

Eq.(2) is a nonlinear function with regard to thakmowns, so that the Newton’s method is
applied to solve for the unknowns. The nonlinearction is differentiated with respect to the
unknowns and becomes a linear function with redarthe increments of the unknowns as
follows:

0+, —( )OAI ( )OAW (adX)OAdX ( )OAdY ( )OAa+F 3)

in which, Fjjo is the approximation of the functidf; calculated with given approximations of
the unknown parameters. The linearized equationdeaexpressed as a matrix fotrAX-L,
whereA is the matrix of partial derivative¥ is the vector of the increments;is the vector of
approximations; and/ is the vector of residuals. The objective functiactually can be
expressed as=V'V—min. After each iterationX can be solved by the matrix operation:
X=(ATA)'A'L. The standard deviation of each increment canlascalculated as the accuracy
index of the LSMDF.
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Flgure 6 The L|DAR pomts cloud of a box bUIIdIagd the mode of helght among all points.

3.2. Height Fitting

The objective of the height fitting is the buildiagoof in the LIDAR points cloud and the
datum point in the DEM. Since the plane parametensee been determined optimally at the
plane fitting stage, the location of the datum paind the planar range of the building are also
defined. Thus, the height of the datum point cduddestimated by 4 neighboring DEM grid
nodes with the bi-linear interpolation. The builgliheight f) and the roof's heightrlf) are
determined by fitting model to LIDAR points cloudtkin the planar range of the building. For
the flat roof model, such as box and polygonal mpridbuilding height if) is estimated by
calculating the mode among all of the point’s hgigis Fig. 6 shows. For the gable-roof model,
the LIDAR points cloud is transformed to a locabatinate system defined on the lateral side of
the building, then the roof eaves are optimallytdithe points in buffer zone, as Fig. 7 depicts.
With the coordinate transformation, the observatiorction of the height fitting is simplified as
the distance from 2D point to edge, similar tofinection of the plan fitting.
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Figure 7. Fitting roof eaves to the LIDAR pointswtl in a local coordinate system.

4. EXPERIMENTS

A small urban area of Taipei City about B28tareis selected for testing the proposed approach.
The 1/1000 scale digital topographic maps have hmenproceeded to generate building
polygons. The grid interval of the corresponding\NDEs 4m. The aerial photos are taken by the
Vexcel UltraCam D digital photogrammetric cameraeTocal length is 101mMm the image
size is 7500*115Q8@ixel, and the size of a pixel is 9. The average flight height is about
1930m, so the ground resolution is about Origixel. Meanwhile, we develop a PC program by
C++ language to implement the proposed buildingmstruction procedures. The interface is
illustrated by Fig. 8. By default, the computer Ivautomatically generate polygonal prism
model for all of the buildings on the map by figitheir roofs to LIDAR points cloud. Then, the
operator can choose to delete or modify an existingel, or reconstruct a new model. Whether
in the modifying or the reconstructing process, tB&MDF will automatically and optimally fit
the model to versatile data sources. In such a-aatmmated manner, a building model is
usually reconstructed within a minute, but the tifoe the whole building depends on its
complexity. Fig. 9 shows one sheet of the reconsttu3D models.
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Ié-iguré”é: The interface of the MBBR program. Figlr®©ne sheet of reconstructed 3D models.

We select 38 buildings to test the proposed ampr@ad verify the experimental accuracy.
They are reconstructed by 94 boxes, 19 gable-r@ofd, 104 polygonal-prisms. The vertices
coordinates are calculated from model parameteeanwhile, there are totally 912 vertices
measured by experienced photogrammetrist by comraitphotogrammetric means as the
ground truth (GT). Table 1 lists the analysis mxatxfi correctness and completeness.

Table 1. Correctness and completeness analysis. Table 2. Statistics of the
i rammett L Coice Total COTCn;':'S)SiOI COE[Se/(_i_t)neSS coordinate differences.
True 623(SUL(C) 634(T) L74%  osocy, DUCremcer MY AY A2
Omission Completeness  Mean (m) 0.0182 0.0524 0.2563
False 289(0)  \y/a (O/GT) (SIGT)
— S13(GT) 3169%  6831% RMSE (m) 0.2115 0.2028 1.0572

The accuracy of MBBR is evaluated by comparingubsices
coordinates. Table 2 lists the statistics of therdmate differences and Fig. 10 shows the
distribution of plane differences and the histogirthe height differences.
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(a) Plane differences distribution chart. (b) Height differences histogram.
Figure 10. Charts for coordinate differences.

5. CONCLUSIONS

A flexible 3D modeling tool called floating modeis proposed for model-based building
reconstruction. Along with the ad hoc least-squaresdel-data fitting algorithm, building
models can be reconstructed semi-automatically gnvensatile data sources. Plan parameters
are fit from topographic maps and height parametees fit from LIDAR data and DEM.
According to the case study, the MBBR proceduresgmeoother and faster with the increasing
of operating experiences. Some characteristicseoptoposed approach could be remarked:

1. For most of the normal buildings, floating modeledancrease efficiency than point-by-
point measurement.

2. The labor-consuming measurement is carried outonyptiter while the operator only has

to select model and approximately fit it.

The inner constraints guarantees the geometricenatwchanged after reconstruction.

It is possible to reconstruct the whole buildingevf a part of it is occluded.

Floating models achieve similar accuracy as coneeal photogrammetric measurements.

R

Although we fit model to versatile data sourcesthis research, floating model is also
applicable to single data source.
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