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ABSTRACT

Streets are important component of cities sincg fhevide the best direct impression of the cithefiefore street
scenes are important aspect in 3D modeling. Fas€i®pModeling from a street level can also be gurhportant for

emergency response by providing realistic, updadedyrate information about accessibility to arahfraffected ar-

eas.

This paper presents a 3D reconstruction approaatafid 3D visualization from street level, whichbbased on a com-
bination of vehicle-based image sequence and 2bvetap. The approach consists of two general stepgapid re-

construction of facade along the street baseddmsiooting vehicle-based image sequence and 2Dandpoad tex-

ture recovery using. The algorithms presented ardied by experiments on real data set.
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1. Introduction

Collecting textures is one of the most critical dimde consuming processes in 3D City Modelling (3MCTextures
for terrain and roof of buildings are often acqdifeom aerial images and therefore the texture ggecan be easily
automated. The textures for facades, however, @@ominantly collected by digital cameras. The imm@gocessing
such images has usually low efficiency and higloddbtensity. Therefore, automation has been alvedgdlenging re-
search topic addressed by many.

Many approaches are based on close-range photogriaynfomaska has presented a method to recon3uctodel
based on multimage photogrammdtt}; Recently, spherical and panoramic images @meeeasingly getting utilized in
3D reconstruction of building. Teller [9] has denytd a prototype system for automatic reconstroaiging spherical
mosaic images, in which camera’s position and tai@n of each spherical image is first initializesing positioning
sensors, then refined through image matching. Hetadd [7] have presented an automatic methoddbasemapping
of terrestrial panoramic images to the facadexistiag 3D building models.

As LIDAR (Light Detecting and Ranging) technologyprogressing, 3DCM based on multiple data fusi@imgyin-
creased attentid@, 3, 6, 8]. However, airborne LIDAR can only cag building roofs but not the facades. This essen-
tial disadvantage prohibits their use in photoistialwalk- or drive-through scenes [5].

Another group of researchers focus on video pracgs¥ideo’s can be quite easily obtained and, egonently, ex-
tracted image sequences can be efficiently useddonstruct textured 3D model. Jun Wu [11] hasewts] an ap-
proach for textured 3D model by fusing helicoptasdéd video, LIDAR data and 2D vector map. Unfortelyathe
high cost of helicopter video as well as the depend on weather conditions and height limit in arbeea (resulting
in low resolution and large distortion of facadettee), limit the utilization of this approach.

Terrestrial mobile mapping systems have been aed to acquire the complementary ground-level da¢hto recon-
struct building facades. The resolution of textusbtained from vehicle-based sequence is much hifjae those ob-
tained from aerial or helicopter image sequenceed&nt collection of the mobile mapping literataes be found in Li
and Chapman [4] and Tao and Li [10]. A common femtf mobile mapping systems is multi-sensor irdégn, e.g.
CCD, GPS, Inertial Navigation System and dead neicigp Although some tasks related to calibratiod anage data
processing can be done automatically, a human tpesastill needed [5].

The approach presented in this paper, which is lsdsed on a combination of a vehicle-based imageesee and a
2D vector map, provides high automation of the nstmiction process. This paper is subdivided iite parts. Next
part presents the steps that complete the recatismmuof the 3D model for the facades. Part threglagns the road



texture recovery for the street surface. Experidergsults are reported in part four. Part fivecdsses the results and
concludes on further research.

2. 3D reconstruction of facades

The process follows four steps, i.e. image reetifan, subsection of image sequence, image mosac3R facade
model reconstruction in a semi-automatic way comifD vector map.

2.1 Image rectification

The images of facades taken with digital camerauatelly very oblique with a large geometric distor. This re-

quires rectification of all the raw images. The l#hage here, usually, is the way of computing dlaéion parameters
(except the coordinates of projective center) usinty image information. Since building facades almost planar,
there are two groups of lines in the object spaalfel respectively tiX-axis andY-axis. As a result, only the foctis
and the three angular orientation parametera , k have be calculated applying vanishing point geoyndthe facade
textures are rectified employirigand ¢, « , k with principle point fixed at the center of imagée process of rectifi-
cation is illustrated as Fig.P.is the original image ané, is the rectified image d® on the plumb plane.
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Fig.1 The process otifeation Fig.2 The constrain of Sgyat lines bundle

The process begin with line extraction on the imagees parallel respectively t¢-axis andY-axis in object space are
used to calculate the vanishing points. Each ditdige such as ling belonging to a set of parallel lines in object
space must pass through the vanishing point asrsirowig.2. Ideally, the projections of these twoup lines in the
rectified image should be parallel Xeaxis andY-axis in object space. Therefore a adjustment agbrés used based
on constraints of straight lines bundle and knowiertation of parallel lines in object space. Theerior orientation
parameters are fixed in the adjustment.

2.2 Image sequence subsection

To facilitate the reconstruction of the 3D facadé® image sequence is subdivided into segmentesponding to
each building on the map. Accordingly, the histograf projective difference of corresponding poiigsused for
automatic image sequence subsection.

Fig.3 illustrates this process. The origin of teminate system is the projective cer8geof the first image. The plane
XY is parallel to the facade. The ideal image plBpef the first image (the distance between p&irendP,is focusf)
is considered as a public projective plane. Asafathe corresponding points on the facadenda,’ are concerned, the
projective difference between their projection pe#y, andA;’ should be very small or even zero. However, ot
pointsA, andA,’ of corresponding pointa, anda,’, which are not on the facade have a large projedifference. Ac-
cordingly the 1-D histogram alongaxis of the image coordinate system shows theeptiog difference (Fig.4).
Cross-roads and facades having a large range vari@ig.5) are represented in the histogram by pea&s. More-
over, the location of range variance in image didated by the location of corresponding peak amethe histogram
because the histogram is drawn following the mowingction of vehicle. According to the locatiordicated, images
including cross-roads are excluded from image secpi@nd subsections of image sequence are divatefddades
having large variance with each other.



2. 3D reconstruction of facades

Fig.3 The projective geometry of corresponding f®in

aigmal a Original
b Aftertéling Alter filtering
(1) Crassd (2) Connected bt with large

range variance

Fig.4 the higtam of projective difference of corresponding p®in

a. Cross-road b. Coneediuildings with
large range variance
Fig.5 Segments with large range variance

2.3 Image mosaic

Usually for large buildings, facade texture is aaeeby a segment of image sequence as explainegre®us sec-
tion. To be able to complete the entire facadegesehave to be combined, which is the next stegseptly, the exist-



ing image mosaic software specializes only in pssitey images with small geometry distortion. Howewehicle-

based imagery as discussed in this article hag lgegmetric distortions. This section presentsmethod for auto-
matic image mosaic after the raw images are redtifinto a vertical plane.

As shown in Fig.3, the facade is considered asaaephnd parallel to the public projective planeer€fore, the rela-
tively spatial relationship of the image sequersceecovered when the corresponding rays of eachmages intersect
on the public projective plane via adjusting théeewpr orientation parameters (EOPs) of each imllgéng spatial re-
lationship of the image sequence determined almwegthod similar to that of generating ortho-imagemployed to
generate the whole facade texture. According tothieery of optic projection, the corresponding rafsach image
can intersect each other on the public projectia@e via adjusting the EOPs of each image. Theivelapatial rela-
tionship of the image sequence is determined lsyl#iaist square adjustment.

2.4 Correspondence between facade texture and 2D vector map

After the recovery of facade texture, a 2D vect@pns combined to reconstruct the 3D model of lnjdacade. If
the facade of a building is approximately planaydwo corresponding corner point pairs need tesélected to link
the facade texture with the map. As a result, taxameters scalg@ and rotation angle between facade texture and
map is computed. Roof and height information whghnavailable in the map can be extracted fronfabade. Ac-
cordingly, the 3D model of facade is reconstru@ed geo-referenced to the 2D vector map.

However, the facade of a single building or seveainected buildings possibly consists of convexmrcave parts
which are visible in the vector map. As shown ig.6j the corner points (Highlighted by cross) oe tlonvex and
concave parts of vector map should be referencétktéacade texture, except for the two corner tsdiighlighted by
solid dot.

2.4.1 Corner point extraction

Firstly, two corresponding point pairs A1 and aB, #d a6 are selected in vector map and facader¢eseéspectively
as shown in Fig.6. The transformation parametetwd®n texture coordinate system and ground coaelisystem are
computed with these two corresponding point pairs.

a Vector map b Facade texture

Fig.6 Building with convex or concave parts

The cornerpoints are projected onto facade texture accortng and & as pointa, (i = 2,...,5) in Fig.6(b). After-
wards, those points are projected onto raw imageesee. For instance, in Fig.7, projective pointsaw images of
point as are around the actual corners. However, cornertgonay not be distinct features in close-rangeatjies. Fur-
thermore, due to the occlusion between objects diffierent range, the extraction can also fail.iAsan be seen in
Fig.7 and 8 that there is always a long vertiaa Ipassing the corner of wall and the corner pafifihterest must lie
on this vertical line. The searching for cornernpas thereby limited on the vertical line. To edt the vertical line,
raw images are firstly rectified onto vertical @ciive plane and then an image strip, which widtBd pixels and cen-
ter is the projective point, is taken out. Consexdjye vertical line extraction is implemented inghmage strip. As
visible in Fig.8, although there might be sevettical lines extracted, the longest line is madatly on the corner of
wall. As a result, the longest line highlightedsiolid is picked out to search the actual cornentpdis image Ill and
IV as be concerned, the vertical lines, extractethfplanes with different range, are close to esbkr so that only the
line length is possibly not enough to determinertgkt line passing corner point.
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Fig.7 The projective points of corner pointaw image sequence

To tackle this problem, a strategy to eliminatasdahccepted line is implemented based on thewvelggatial relation-
ship of image sequence acquired after image mo&aishown in Fig.8, vertical lines are firstly eadtted from the raw
image (e.g. I) in which the geometric differencéw@en planes with variant range values is mostifsigmt since it is
most likely to pick up the correct vertical lineofn this image. In this image, the longest vertload is selected and
projected onto other adjacent images accordindneorélative spatial relationship of image sequefite projective
line in image 1V is highlighted in square dot arahde used as predicted position of the correticaétine (Fig 9). As
a result, an image strip, which width is narrowedl® pixels and center point is the center of ftdje line, is taken
out for vertical line extraction. Although the pietgd position is close to the actual vertical Jias Fig.8, the distance
is only 6 pixels between the dash line and actolid $ine in the while rectangle and moreover tlashiline is long as
well. Under this circumstance, the dash line isspug to be falsely accepted. Therefore, the setbtine is projected
into image |. As Fig.10, the distance is still sii@tween the correct projective line from image (highlighted in
dash) and the actual vertical line in image | (hgited in solid). The distance, however, beconaegd between the
false dash line and the actual solid line. Obvigusie falsely accepted line can be eliminatedhiy $trategy.

After the extraction of vertical lines passing aarpoints, the line between corner poiats as in Fig.6 is projected
into raw images and the actual corner points agdritersected points between extracted verticakliand projective
line of a;a¢ in corresponding raw image. All extracted and ctelé corner points are used to calculate paramstets
A and rotation anglé.

Fig.8 Vertical linesteacted Fig.9 Line prediction Fig.10 &rline elimination

2.4.2 lterative process

Since the scale factot and rotation anglé@ are firstly computed with the two correspondingnp@airs selected, the
further the cross points on the convex and conpaves on the texture away from the solid dot copwénts, the larger
deviation is between projective and actual pointfacade texture, e.g. projective podgta; in Fig.11 (a). The itera-
tive strategy is thereupon employed to tackle phablem.

Based on the method presented above, paints closest to solid dot corner points are firstlyragted from raw im-
ages and thed andg are recalculated combined with extracted point selected corner points. According to the



transformation parameters recalculated, pairdndag are extracted. This iterative process repeataltitorner points
are extracted. In Fig.11 (b), large deviation bemverojective poings~a; and actual corner points in facade texture is
eliminated after iterative process.

Using all of the extracted and selected cornertppitombined with facade texture, the 3D modelagffle is recon-
structed and geo-referenced to the 2D vector map.

b. After iterativequess

Fig.11 Projective points

L |

Fig.12 Image sequence along the optic axis

3. Road texture recovery

The image sequence illustrated in Fig.12 is takedigital camera moving along the optical axis.cgithe whole road
texture instead of facade texture can be covehélkind of image sequence is a good source fat teture recovery.
In this section a method is therefore presentemd¢over road texture using this data source. Isists of two steps:
image rectification to level plane and image masaic

3.1 Image rectification to level plane

Similar to the facade texture recovery, raw imagssd to be rectified onto level plane to covertéxture close to the
real road surface.

As shown in Fig.13, plang denotes the raw imagp,; denotes the image rectified to vertical plaRalenotes the im-
age rectified to level plane. As Fig.12, becauserttw image is taken along the optical axis, tlalidmage plane of
raw image is the vertical plane. Therefore, theess of rectification ip - py » P, namely the raw image is firstly
rectified onto the vertical plane and then redtifmto level plane.

A least square adjustment system based on theraomsif straight lines bundle is used to computeusf and three
angular orientation parameteps « ,k . Then raw images are rectified onto level planagithose computed parame-
ters. As we know, the larger is the depth of roadase, the larger geometric distortion has thdified image. As a
result, only the region with the size of 3000 ps2eR000 pixels which has smallest geometric distoriiothe rectified
image is used to recover road texture (Fig.14).genmosaic is necessary to acquire the whole roddreeof street
with high resolution.



4. Experimental results 7

Po: Xor Yo

Fig.13 Rectificatiprocess Fig.14 Reetfioad texture

3.2 Mosaic for road texture

The road surface can be considered as a planeaatigpto the public projective plane. The projeetgeometry of
corresponding points of the image sequence aloa@piical axis is illustrated in Fig.15. The lewmbage plané?, of
the first image is considered as public projecpiane. According to the theory of optic projectitime corresponding
raysSa; and$a, can intersect at poirt, on planeP, via adjusting the EOPs of each image. A least sjadjustment
is employed to calculate the EOPs by which all @drdinate difference between correspondingly ptojegoints is
least square. Using the EOPs computed, a metholdistothat of generating ortho-image is employedenerate the
whole road texture of street (Fig. 16).

As presented in Section 2, the 3D model of straeade was reconstructed and geo-referenced tadthe@or map,

therefore integrated with the road texture of $treeovered the 3D visualization of walk-througtest scene is real-
ized.

Fig.16 mosaic road texture

4. Experimental results

Experiments were implemented on two image sequeneeside-shooting (Fig.17) and along the opits §Fig.12),

taken by digital camera KODAK PROFESSIONAL DCS BioR/n along the street. For side-shooting, theadist

between photographic center and building is ab6ut.IThe image size is 3000 pixelsx4500 pixels. iXdHe interior

parameter during the process of taking photosfdbal length is set to infinitude and the functimhautomatic focal-
ization is turned off. Actually, it's not necessdoyprocess the imagery with such large image $iegefore, the raw
images were compressed and image size is redudéD@pixelsx1000 pixels.



Fig.17 Side-shooting image sequence

Automatic image sequence subsection was implemersied) the method presented in Section 2.2. Aftersubsec-
tion of image sequence, every building has a cpaording image segment to recover facade texturgrésented in
Section 2.3, image mosaic is required to genefratemhole facade texture. For comparison, facadeiiexs mosaic
from close-ranged digital camera images respegtibglthe existing image mosaic software and thie stiethod pre-
sented in Section 2.3. The results of existing ienamsaic software are shown respectively in FigQi8viously, the
existing software tools of image mosaic are notiagple for processing images with large obliquifythe posture of

digital camera.

TR

a. ImageSuite b. PhotoStitch
Fig.18 Mosaic obtained using existing software

The average time consuming for the rectificatioradadingle image is 30 seconds. As the buildingdacaith 82m
length in Figure as be concerned, the corresporidiage segment consists of 36 images. Total tinreaiffication is
18 minutes. For image mosaic, there are 216 unkrmavameters in the adjustment system of strip ntedral the
time consuming is 10 seconds. The whole proceislysautomatic and fast. Moreover, as Fig. 19, theade texture
generated from 36 images has a very high resolatiohclose to the seamless mosaic.
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Fig.19 Whole facade texture

Combined the facade texture and 2D vector map3ihenodel of the facade was reconstruct as showrigr20 @).
For the facade consists of convex or concave paltsnodel was reconstructed as Fig.BPusing the semi-automatic

algorithm presented in Section 2.4.
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b. Buildings with convex or concave parts

Fig.20 3D facade models

Fig.21 3del of street Fig.22 3D walk-through sef street

Finally 3D models of 28 building facades along tleglestrian street were reconstructed and geo-refedeto 2D vec-
tor map (Fig.21). Using the method presented ini&e8, the whole road texture of street was receddrom 255 im-
ages along the optic axis. Integrated the roadutextecovered with 3D models of building facadés, 3D model of
walk-through street scene is reconstructed (Fig.32)ce terrestrial close-ranged images have héglolution and
moreover are taken along the street, the walk-titi@ireet scene is close to the real impressigeaople on the street.

5. Conclusion

In this paper, an approach was presented that sllomfast reconstruction and 3D visualizationi@lk-through street
scene. The image sequences (side and along tleeagsishooting) are collected by camera mounted wehicle. The

presented approach has numerous advantages comdiner approaches:

Because the acquisition of image sequence is web&sed and moreover the recovery of building facectture

which is always low efficiency to existing methagslizes automation in our method, the whole proéesn data ac-
quisition to 3D model reconstruction is implemenited rapid and high efficient way.

Image sequence along the optic axis is an ideatedo recover road texture with high resolutiohe Texture recov-
ery can be completed by image rectification andaitos an efficient way. Terrestrial close-rangethges have high
resolution and since they are taken along thetsitée possible to create a walk-through 3D s¢evigch is very close
to the reality. The approach presented in this pep@pplicable also for streets with high densityuildings.

This approach is quite appropriate fast reconstnand 3D visualization is emergency response {mgd or earth-

guake). The process is fully automatic and very. fagice the texture is acquired from images, ttene should have
good visibility (with some exceptions, e.g. smokE)e building facades should be roughly or pardynplete so that
the facade model can be reconstructed from imageaesee and 2D vector map. The image sequence cacgoired



by a person instead of a vehicle moving along thees if the road is blocked or damaged. The deesloprototype
system can be further optimized to allow for nesai+time reconstruction and visualization. Firdtreations of build-
ing damages can be then send to rescue teamdesindgh

Future work will concentrate on 3D model recondinrcfor more complex facade and improvement oflakdity for
disaster management.
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