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ABSTRACT:

We propose a novel image-based strategy for a salrdtre quality georeferencing of Mobile Mappings®ms in urban areas.
The presented approach uses very high resolutidtipfieeview calibrated aerial images to extract atathase of 3D invariant
objects, namely road marks. These objects areeatsacted in 3D in the ground-based imagery andraiehed with the aerial data
source. These road features can then be used aad3@ntrol Objects for a photogrammetric resecdtiofinely register the images
of a terrestrial mobile mapping system. All theulés in this paper will be shown on a “zebra dragsroad mark. Nevertheless, the
process we describe could be applied to any otz mark.

1. INTRODUCTION 2. OUR MMS AND OUR GEOREFERENCING

STRATEGY
Most of the autonomous navigation systems are basedreal-

time extraction of visual landmarks and on a remétmatching
of these features with the ones collected fromrst ficquisition

Many authors have investigated mobile mapping asvfor the
automatic 3D modelling of large scale city modatsthese

with an image-based mobile mapping system. Theracgwand
the reliability of the navigation will directly depd on the
quality of the data acquired in the first place.

The pose estimation of mobile mapping systems istrabthe
time based on direct georeferencing devices. Evenugh
absolute decimetre accuracies are achievable in apgas, in
dense urban areas, GPS masks and multiple paitwrdpt the
quality of the measurements. Even though Inertiaviation
Systems (INS) can help filtering errors and intémfing
between GPS interruptions, intrinsic drifts of INGIl soon
cumulate and lead to metric accuracies which igffitsent for
many applications such as generation of databases
autonomous navigation

The images acquired by MMS systems have already bsed
to improve the relative georeferencing of MMS faample by
determining a better relative orientation betweadraidate and
inter-date images thanks to tie points (Chaplin &mpman
1998) (Bayouckt al, 2004) or tie segments (Baustral, 2002).

Nevertheless if the GPS interruptions are longnewith the

help of tie points, systematic errors of camerdbcation or tie

point extraction pile up and can become import&fery few

attempts have been made to use external sourcestafto
anchor (by matching) the vehicle trajectory. Asewample, an
aerial-based Digital Surface Model has been usesdister a
ground-based Lidar-acquired Digital Surface Modeathwa

Monte-Carlo localization technique (Frueh and ZakRB603).

papers, the 3D geometry is most of the time obthumng a
laser scanner mounted on the vehicle (Zhao andaSakb
2001).

Figure 1. The Séreopolis Mobile Mapping Stem

Our system, Stereopolis, is mainly image-base@ & mobile
mapping system developed within the IGN’'s MATIS and
LOEMI laboratories for automated acquisition of gerenced
terrestrial images in urban cities. As shown inufeg 1, the
platform is equipped with two couples of 4000 byo@0CCD
cameras and georeferencing devices. The systemidpsov
goods imaging geometry and coverage of object space

The road-looking cameras form a horizontal stereoisc
baseline (1.5 m) allowing the stereo-plotting obam features
(e.g. lampposts, traffic lights, road marks andsjgrees, etc.)



and a short stereo vertical baseline on each $itteewehicle (1
m) to survey the facades (only one vertical basehmas
mounted in the experiment of figure 2). The shoettical
stereoscopic baselines are divergent to enhanoeettieal field
of view covered by the two cameras. With 28 mm Ffdeagth
lenses, the field covers a six storey building diséance of 6 m.

Figure 2. Two stereopairs simultaneously acquired b

Stereopolis. (Up): the facade left-looking sterégp@ottom):
the road-looking stereopair.

Our aim with our MMS is to provide very high quglit
georeferencing providing 3D measurements on objeitts an
absolute positioning accuracy of less than onendetre thus
compliant for autonomous navigation applicationsdlso for a
“clean” merging of aerial-based and ground base
reconstructions for the generation of complete &p models
as in (Fruelet al 2005).

Our idea is to inject in terrestrial mobile mapping
georeferencing an external source of data, i.e &otomated
GCOs (Ground Control Objects) extracted from higéotution
aerial images (<20 cm GSD) to anchor the absobdalikation
of the ground-based acquisition system. The gesérategy we
will develop in the paper is to extract and recorgt3D road
marks from multiple digital aerial images (zebrapssings,
discontinuous white lines, etc). These features lvél matched
with the same road marks extracted from the grcaaskd
stereopairs in order to achieve an off-line decimeésolution
registration of the mobile mapping platform (segufe 3).
Indeed, road marks are extremely good featuresuseaaf their
invariant shapes and very constrained specificationaking
their extraction a quite easy pattern recogniticobfem.

The detection and the coarse 3D reconstructiorhefzebra
crossing will be performed from the calibrated aleimages
(Section 3). This step will provide focusing areadimit the

space of research in the ground-based imageryd@&tagled 3D
shape and surface of the road marks will be reogetsd from

the ground-based images of our road-looking MMS3esteig

(Section 4). We then present our strategy for roaark

matching between aerial and terrestrial imagespa@skent some
results on real data (Section 5) and on simulat{@gstion 6).
This matching process provides a highly georeferénmad
mark that is used to estimate the pose of the grtased
images (Section 7).

=

DR

Figure 3. Aerial images provide road mark ROls;draaarks

are then reconstructed in 3D from the ground-baseckopairs
and finely repositioned with respect to the agnages; finally

these road marks are used as Ground Control Objects
estimating the pose of the ground-based images.

In the following of the paper, all the results wiké shown on
the same running example and on a “zebra crossoagf mark.
Nevertheless, the process described in this papeld cbe
applied to any other road mark.

3. ZEBRA CROSSING DETECTION AND PARTIAL
RECONSTRUCTION FROM MULTIPLE CALIBRATED
AERIAL IMAGES

The algorithm developed for automatic reconstructib zebra
crossings from aerial imagery takes benefit of ke
geometric knowledge. Indeed, road-marks are goderiog
careful specifications (a fixed stripe width of O® and a
minimal length of 2.5 m; a regular inter stripetdixe varying
from 0.5 mto 0.8 m).

dAs described in (Tournairet al 2006) our strategy relies on the

matching of 2D segment lines features. Indeed in amrial
images the GSD is such that these objects can draaterised
and reconstructed using these features. We us€ahry edge
detector (Canny, 1986) to extract contour pointgvesal
classical steps are performed to obtain 2D linemsegs:
hysteresis threshold, subpixel contour points Iaabn,
chaining and straight line fitting.

In order to detect 2D segments belonging to zetwssings, we
use specifications and analyse their relative asgdion. First,
segments are filtered on their lengths, and we search for
groups of parallel segments respecting stripes hwidhd
distance between stripes. A length homogeneitgmoit is also
computed. This process is repeated independentlyaioh
image.

To reconstruct the stripes’ 3D segments, we useie rulti-
image matching algorithm as defined in (Collins,9@p of
sweep-planes giving us a set of possible matche»f
segments from each image (Taillandier and Deri2h82). For
a given match, we intersect two by two planes —ameis
defined by the projection centre and the extremited a
segment in focal plane —, obtaining thus a setfs@gments
for each stripe border. The final 3D segment boridethen
computed by minimising the angular deviation witttie set.

Each zebra crossing stripe solution is considesedra initial
solution and is refined independently to obtairettdy absolute
position. We translate, rotate and stretch theainghape (in a
hierarchical frame to speed up the process) antbtfind the



best one by maximising the image similarity witmalti image

correlation score (Paparoditet al, 2000). A result obtained
with four images is shown on figure 4. Our algaritiwas

evaluated with both simulated and real data (25G$D) and

shows a great relative accuracy (a few centimettedprms of

robustness, the algorithm has shown its abilitye Wulti image

framework is very important because if one objscbécluded

in one or more images, it is nevertheless possibteconstruct
it. More than 95% stripes are detected and welbnstucted

(our data set contains 114 stripes).

Figure 4. 3D reconstruction and images projectmfithe zebra
crossing from the multi-view aerial images of IGNgital
frame camera. In green, a one meter cube givesctie.

4. 3D ZEBRA CROSSING RECONSTRUCTION FROM
STEREOPAIRS OF THE GROUND BASED MMS

The zebra crossings reconstructed from aerial imagél
provide ROIs (Region Of Interest). Thus using thiéidl pose
of the ground-based imagery provided by the GPS/t\® can
severely cut down the number of ground-based images
investigate and the search spaces within the imagathin
these search spaces, we will reconstruct the zetwssing
borders in 3D. A contour detection is performedoam MMS
road-looking calibrated stereopair by applying hegain the
Canny filter. The contour points are then chained.

These contour chains are matched by a dynamic gmuging
optimisation approach on conjugate epipolar lirgsilard and
Dissard, 2000). The output of this step is a grobiD chains
of contours. Within these 3D chains of contoursleak for 3D
segment lines that are potential long sides ofaebvssings. It
consists in a 3D line segment regression of 3Drawhtontour
points followed by a grouping step for
fragmentation of contours. Sonaepriori known specifications
of zebra crossing like width and minimum lengthttodir bands

are used in order to generate the zebra crossinglsba

candidates. The last step consists in the finenstoaction of
the zebra crossing shape assuming a quasi pagadetoform
for the bands. The final result is a 3D reconstancof zebra
crossing in the relative 3D coordinate system faifdamera.

The algorithm has been successfully applied to mhages
containing 83 zebra crossing bands. The rate dcctleh is

coping with

about 92% and 70 bands are correctly reconstrudted.3D
internal accuracy of reconstruction is about 1cire method is
robust to different size, shape, orientation ansitjpm of zebra
crossing relatively to the images. figure 5. shawsexample of
our reconstruction results with a stereo pair ahd same
reconstructed zebra crossing in 3D.

Figure 5. 3D Reconstruction of the zebra crossimgnfthe
ground-based stereopair. The zebra is partiallpnsttucted
because not completely seen and occluded in theirgge.

5. ROAD MARK MATCHING OF AERIAL AND
TERRESTRIAL IMAGERY

As we have shown, we have built robust algorithragh tfor
ground based and aerial imagery in order to obtaih
reconstructions of zebra crossings.

On the one hand, we can have a good absolutedatiah from
the aerial reconstruction based on a classicahlaeiangulation
process. Nevertheless the extracted content is efecaily

poor due to the object size / ground pixel sizer&n the other
hand, we can have a fine shape description of moadk

patterns from the ground based imagery. The masa id thus
to combine both descriptions by matching objectpiaed from

the two points of view to achieve the finest accyria terms of
geometry and absolute positioning (figure 6).
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Figure 6. Synthetic diagram of our matching framewo



Our matching is based on the “analysis-synthesisicjple in
computer graphics and in computer vision (Gagalewi®94).
The synthesis — physics of image formation — litilesobject to
its image following equation 1.

where R is the point spread functioi is the road mark
object, | k is an image within the set, is the image function

model, (i, j) are the coordinates in image space én,dy, z)
the coordinates in object space.

From our ground-based images we can extract a aecyrate
3D surface and orthoimages of the road mark. Negekss, we
do not know the exact absolute position of the noaak object
but only an approximate position(lX, Y, z) provided by the

GPS/INS mix. Thus we are only looking for an opted
position and orientation of the 3D road mark objactthe
neighbourhood of the initial solution with respéatthe aerial
images. Thus for one possible instance of the madk, we
simulate what the aerial images looking this roaatkrshould
be and we compare those images with the real images

The transformation we are looking for is a compositof a
translation and a rotation. To cut down the seaphce, we
estimate the rotation from the set of 3D long-s&dgments
coming from both ground-based and
reconstructions (providing mean planes and meagctiins).
This rotation is a priori corrected to simplify tpeoblem to a

(dx,dy,dz) translation offset estimation. To conclude, we ldou

like to find (dx, dy,dz) following equation 2.

How do we do this matching in practice? Thanksh&dround-
based road mark reconstruction, we can generatdg#alD
Surface Model by Delaunay’s triangulation on thebrae
crossing corners (see figure 7) and as a conseguauitd an
extremely high resolution road mark orthoimage & mixel

size).

Figure 7. 3D surface obtained by triangulation loé¢ zebra
crossing stripes corners.

Figure 8. (Up left) Orthoimage computed from a grdbbased
image with the road surface DSM. (Up right) Sambamage
but with a superimposition of the grid of pixelsthé resolution
of the aerial images for a givédk,dy,dz)- (Bottom left) Result

of the integration of the object with the imagedgsat aerial
resolution. (Bottom right) Corresponding DSM.

For each offset of our DSM, a new set of aeridh@rectified-

aerial-basedmages is generated (see figure 9.), and a sityileoirelation

score between the “ground-based reference pattrd’these
rectified images is calculated with equation 3.

Where COV is the normalised covarianc€, , is the ortho-

template of the zebra crossing, aR:_I)SM is the set of samples
of the 3D surface of the zebra crossing centred(xy, z),

f | is the photogrammetric model of imade, g, provides
k

the grey-levels of image, .

From the road mark DSM and orthoimage we generate a

subsampled image at the resolution of the aerialges as
shown in figure 8. We call that image the “groursbéd
reference pattern”. All possible offsets along edEhaxis (for

example with a sampling step of one centimetrehiwia search

space of one meter) have to be tested.

Figure 9. One aerial image resampled in ortho-gégnfer
different offsets(dx, dy, dz)-



We finally choose the offset providing the bestredsee figure
10).

Figure 10. Correlation surface at Z=0 on real insage

As we match the complete pattern (or at least aspteie as
possible) we have no problem of matching ambigsitle we

had matched only one stripe of the zebra-crosswegwould of

course encounter matching problems. Neverthelessyes
objects (e.g. cars) can sometimes occlude someeaiarking,

thus leading to possible ambiguous matches. Incasg, this
lack of robustness can be taken into account irthéar
processing as described in section 8.

In practice, we do not take into account the padiptead
function for the subsampling of the ground-basddaimage at
aerial resolution. We would like to stress thas thk correct if
and only if the point spread function is symmetfridanot a
solution would be to estimate the PSF by anotheanmier
example in a laboratory calibration and to conwlotir object
with the PSF model.

6. VALIDATING MATCHING RESULTS ON
SIMULATIONS

The described matching protocol was tested alssironlations
to evaluate its potential accuracy. The simulatiame both
created for aerial and terrestrial images from evkm3D zebra
crossing reconstruction. Stripes corners are pi@jemn all the
images within the set thus providing us with 2D ygoins.
Using the AGE& C++ library, we draw anti-aliased polygon for
each stripe in all the images. Thus, the polygamesent the
exact image position of the 3D surface with colyeicitegrated
grey-values (figure 11).

Figure 11. Simulation of the ground-based orthoienadpich is
very similar to the real image itself.

Two tests were performed. The first one consistsdtiing a
huge search space (4 meters on the X and Y axek aneder on
the Z one with a 2 cm sampling distance). All translations
within the search spaces are performed and a atimelscore is
computed. The algorithm must find the best corr@tascore
for the translation (0, O, 0). It is effectivelyeticase as it can be
seen on the figure below (figure 12). Note that tmemative
peaks symmetrically around the positive peak arando
showing the shift of the 3D surface of exactly strépe width.
The represented surface is also symmetric and ssivee
maxima (a given stripe of the surface is correlatéth its
neighbour in the image) are decreasing.

Figure 12. Correlation surface at Z=0 on simulateages.

The second test being performed consists in simglamages
in the same way as in the first described testnTiwe added a
known translation to the 3D surface. The algorifioomd again
the highest correlation score for the simulateddiation.

These two tests validate the strategy employed tfor
positioning of the 3D surface obtained from groupased
images using the aerial images.

7. ABSOLUTE POSE ESTIMATION OF GROUND-
BASED IMAGES

At this stage, we have achieved adjusted 3D graooddinates
for the zebra crossing. These 3D coordinates degeisting as
such to enrich a road mark database. But a morertamt

result is that together with the corresponding ienagordinates
in the ground-based images (see section 4.), BiBsmeasures
and the corresponding image observations can ketég in a
photogrammetric bundle adjustment to improve theohite

localisation of all the ground-based images ofttloek.

We have not yet performed the “complete” bundlegnating
these Ground Control Road Marks (GCRMs) togetheth wi
more classical tie points in between intra-dategesaand inter-
date images. This is a work in progress. Nevertiselere have
estimated the pose of the stereopairs in whichrohe marks
were extracted and compared them with a centinstogirate
ground truth acquired with classical field survgfaPS and
total station). The pose is sub-decimetric andgrezision is
currently limited by the “poor” standard quality aferial-
triangulations. These results are preliminary amdehbeen
performed on too reduced a set to provide signifigaenough
quantitative quality figures.



8. CONCLUSION

We have presented a novel concept and approachgreerial
and ground-based imagery, to achieve what we véll a
“GCO-based georeferencing” (for Ground Control @tg} i.e.
a very high quality absolute georeferencing of guabbased
Mobile Mapping devices in dense urban areas usingxéernal
source of data. This is, we believe, an interestimgribution to
the state of the art. This approach has mixed ctenpision
and photogrammetric techniques to achieve both stoland
accurate results: extraction and matching of imvds, 3D
object reconstruction, and adaptive shape imagehimat.

All the methodology was shown on the same runnicegrle:

a zebra crossing. Of course, this approach canobwletely

generalised to all other road marks to densifydisé&ribution of

GCOs to improve this “image-map matching” with thighest

spatial sampling as possible. This higher dendityukl also
limit the impact of possible false 3D road mark swwaments
(as described in section 5) with the help of rolmssimators and
robust filtering within the bundle adjustment.
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