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ABSTRACT:

Detection of buildings and vegetation, and even more reconstructiorbahuerrain from sequences of aerial images and videos is
known to be a challenging task. It has been established that those méthbtisave as input a high-quality Digital Surface Model
(DSM), are more straight-forward and produce more robust drabte results than those image-based methods that require matching
line segments or even whole regions. This motivated us to develop a mse dwtching technique for DSM generation that is capable
of simultaneous integration of multiple images in the reconstruction proéessDSMs generated by this new multi-image matching
technique can be used for urban object extraction. In the first cotitnibof this paper, two examples of external sources of information
added to the reconstruction pipeline will be shown. The GIS layers atefasescognition of streets and suppressing false alarms in
the depth maps that were caused by moving vehicles while the near éthéfzanel is applied for separating vegetation from buildings.
Three examples of data sets including both UAV-borne video sequevittea relatively high number of frames and high-resolution
(10cm ground sample distance) data sets consisting of (few spatial+@rihpdiverse) images from large-format aerial frame cameras,
will be presented. By an extensive quantitative evaluation of the Vaihiblpek from the ISPRS benchmark on urban object detection,
it will become clear that our procedure allows a straight-forward,iefficand reliable instantiation of 3D city models.

1 INTRODUCTION AND PREVIOUS WORK a moderate height. Exploiting a high redundancy of observations,
the authors first compute multi-view depth maps, or equivalently,

Extraction of buildings and vegetation from sequences of aeriaBD coordinates for a dense set of pixels. These 3D points can
images is known to be a difficult task. For several excellent stateagain be interpreted as elevation functiofx, ). From these
of-the-art methods, based on edge matching (Baillard and Zissenot necessarily geo-referenced DSMs (Digital Surface Model), it
man, 2000), color-segmentation (Hendricsson, 2005) and hierafs then possible to extract DTM (Digital Terrain Model), such as
chical assessment (Fischer et al., 1998), urban terrain modeling ige difference between DSM and DSM filtered by area (outliers)
carried out by a sophisticated combination of bottom-up and topand height (cars, bridges) either corresponds to buildings or veg-
down processes that require an elaborated choice of parametefation. Then, the elevated regions are separated into buildings
sets. However, detection and even more matching of non-zerand vegetation and the reconstruction of buildings is performed
dimensional structures is a non-trivial, data-dependent task. Agee Fig.1). The procedure not only uses a combination of el-
a consequence, these methods are often tested on a quite spaggation and image information, but also concerns integration of
and congeneric kind of data-sets. Because trees are known to casther sources into the algorithm. For example, registration with a
tain neither many 2D lines nor homogeneously colored regionsgeo-referenced orthophoto for geo-information applications was
these methods will have problems in reliable estimation of vegeearried out. Another example is presented in case of several avail-
tation. Despite a lower geometric accuracy and susceptibility irable 3D-points. In (Bulatov et al., 2011b, Bulatov et al., 2011a),
regions of homogeneous texture, it has therefore become mothese were automatically computed correspondences of charac-
attractive in the recent years to compute high-quality depth mapgeristic features in images, but, of course, a sparse set of ALS
together with aerial images (e. 9. (Zebedin et al., 2008) for binocpoints or manually measured ground control points can be con-
ular stereo) and apply the numerous approaches for building residered as well. By means oftaangle-based smoothness term
construction from the laser points, such a (Gross et al., 2005, Roind identification ourface consistertiangles, their depth val-
tensteiner, 2010, Vosselman and Dijkman, 2001). On the othelies were propagated to their neighbors in order to discard outliers
hand, consideration of multiple sensors in order to separate buildn homogeneously textured regions within triangles that coincide
ing and vegetation from the DSM, to classify, reconstruct and texwith the surface.
ture buildings, and to geo-reference the obtained models in the i i . )
world coordinate frame, can tremendously improve and upgradérh's present paper continues our previous work with respect to in-

the reconstruction results. The work of (Haala, 2005) summarizeSCrPorating additional sources of information into the reconstruc-
different possibilities of sensor data fusion in urban environmentton procedure. We dedicate a separate subsection within Sec. 3to
integration of GIS-layers and near infrared channel, after a short

Recently, (Bulatov et al., 2011a) presented a method that usgsesentation of data sets in Sec.2. These three data sets of di-
frames of a video recorded from a UAV (unmanned aerial vehiverse, partly challenging quality will help us to find in the second
cle) over urban terrain, taken from the almost-nadir perspective itask of this study answers for the both crucial questions that were
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not faced in (Bulatov et al., 2011a): 1) Is the presented method@he third test site is test area 3 of the ISPRS WG 111/4 bench-
also suitable for data-sets that are different from UAV-videos (pri-mark on object detection (ISPRS, 2012). It is a purely residential
marily, traditionally used large scale aerial images, with disad-area in the city of Vaihingen (Germany), containing 56 small and
vantages of reduced redundancy and limited resolution) and 2Jetached houses and many trees. The flying height was 800m
How good are reconstruction results quantitatively? This evalabove ground and the focal length was 120mm. Seven slightly
uation is carried out in Sec.4. Concluding remarks as well aslown-sampled 16 bit pan-sharpened color infrared images (see

directions for future research are provided in Sec. 5. Fig. 4, left) with a (GSD) of 8cm were used to compute the depth
and the elevation map (Fig. 4, middle). Also here, because of
@t: Image(s) and elevation maD temporal differences from image to image, additional problems

are made up by changes in the scene (cars and shadows). An-
other particular challenge here is a high building density, so that
L, -Splines for is it hard to separate buildings and roof details from each other
DTM-modeling and preserve topology. On the right of Fig. 4, we visualized the
ground truth on roof plane segmentation available from (ISPRS,
2012). One can see that the reference is very detailed; its 235
roof planes contain all dormers and even chimneys.

Preprocessing module

Extraction of DSM and DTM
Identification of buildings

e : Near infrared to
Filtering and labeling extract vegetation

Building reconstruction module RANSAC for pre-
segmentation of

Extracting building boundary roof planes i
Roofdetails analysis : - ;
Texturing | Uncover details i

Qdeling building and vegetatD

Figure 1: Essential steps of the algorithm. The most importan
innovations are specified by the dark-blue color and summarize
in the boxes on the right.

2 DATA SETS ""‘! :é- ' -
=4, : | ]L"’ ;A, ye ’4 ’ ) { Y

The first data set stems from a video sequence recorded on A ] 2 Left: Ref . ith buildi i
UAV flight over the villageBonnlandin Southern Germany. The igure 2: Left: Reference image with building outlines (green)

camera trajectory and a sparse point cloud were reconstructétf'd vegetation areas (yellow) obtained by our method for the data

(Bulatov, 2008) and depth maps from 23 (reference) frames of€tBonniand Right: the corresponding elevation map.

the sequence were generated with the method (Bulatov et al.,

2011b). For DSM computation, thecoordinates the thus ob- 3 PROPOSED METHOD

tained 3D points are projected into the rasterizgerid in order

to obtain a unique:-value for each grid cell. This is done by For all three data sets, we have as input the elevation map that was
considering the median value of all these/alues. The same computed from one or several depth maps. For completeness, we
procedure can be considered for the rgb-values; however, sin¢gscribe in Sec. 3.1 the main steps of our algorithm, which con-
a digital orthophoto of a part of the scene is available, we oversists, as indicated in the flow-chart of Fig. 1, of fireprocessing
wrote the overlapped region of the synthetic image by the bilinmoduleand thebuilding reconstruction module However, we
early interpolated rgh-values of the (registered) orthophoto, segill mostly focus on its methodological innovations that are also
Fig. 2, left. The resulting image will be denoted as mference  specified in Fig. 1. In Sec. 3.2, we present two additional sources
image that is, the elevation value of almost every cell is avail-that help to obtain better results in the preprocessing module. The
able (Fig. 2, right). The size of the reference image is X0B53  information about streets can be extracted from free geographic
which corresponds to the GSD of approximately 0.1m. For buildata and applied for reducing the number of false alarms that are
ing extraction, the procedure described in Sec. 3 is applied on theaused by moving vehicles. Additionally, making use of the near
resulting DSM. infrared channel allows a better separation of buildings and veg-

o etation among elevated regions.
The second data set was captured over the town of Fairfield, NSW

(Australia). It consisted of three overlapping analogue RGB true3.1 Overview of the algorithm

color aerial images scanned at a resolution of 0.15m. The image

scale was 1:11000, which corresponds to a GSD (ground san3:1.1 Preprocessing The three main preprocessing steps for
pling distance) of 0.17m. Camera orientations were available asur method are DTM computation, separation of buildings and
well. The focal length of the camera and the flying height abovevegetation as well as building labeling. For DTM extraction, we
ground were 310mm and 3400m, respectively. The quality oluse a box-car filter around every pixel of the elevation map to
these scanned images for pixel matching was very challenginghark the lowest point within the box as the ground point. Then, a
because of changes of shadows, illumination and resolution, aontinuously differentiable function that approximates all ground
one can see in Fig. 3, top. The corresponding elevation map wasints is computed. Here, solving the Neumann boundary equa-
computed from the depth map and the equation (3) of (Bulatov etion, as proposed in (Gross et al., 2005), is replaced by a more
al., 2011b). It is shown in Fig. 3, bottom. robust procedure of.;-splines (Bulatov and Lavery, 2010). In
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absence of the near infrared channel, the separation of buildings
and vegetation starts by identification of isolated trees from aerial
images and elevation maps. In (Bulatov et al., 2011a), it was
proposed to detect straight lines (Burns et al., 1986) in the refer-
ence image within every elevated region and then to divide sum
of their squared lengths by the area of the corresponding region.
This lineness measuris low for isolated trees because a large
amount of straight line segments can mostly be detected in man-
made objects only. In order to generalize this method for the most
challenging kind of regions, that is, buildings partly occluded by
trees, the RGB-values of the isolated trees were used as train-
ing data and propagated over the whole image. In the putative
areas of vegetation, the values of the DSM are excluded from
consideration for the building reconstruction procedure. Finally,
after suppression of false alarms by filtering elevated regions by
their altitude, area, and elongation, the remaining (labeled) re-
gions of the difference image between the DSM and the DTM
are our buildings hypothesis.

e 2y i v
o P oo

Figure 5: Building reconstruction procedure. From left to right:
Fragment of the rgb-image; building outline approximation with
minimal bounding rectangle indicated in brown; RANSAC-based
pre-segmentation of roof planes where different colors code in-
formation about normal vectors and the edges of the polygons
show how the building was subdivided; 3D-polygon with the
building roof textured by the reference image.

3.1.2 Building reconstruction The module for building re-
construction, illustrated in Fig.5, consists of three steps which
are applied on each building. In the first step, building con-
Figure 3: Top: Reference image with with building outlines tour in form of an (optionally) rectangular polygon is computed.
(green), vegetation areas (yellow) obtained by our method as wellhe straight lines obtained in the DSM (Burns et al., 1986) al-
as streets outlines (red) provided by means of the GIS for the dal@W determining building orientation. Starting from the height-
setFairfield. Bottom: the corresponding DSM computed from thresholded binary mask of minimal boundary rectangle of the
three images without laser points. The moving objects, WhicH)'UIIdlng, building contours are refined, for each blob, by recur-

end up as outliers in the depth map, are surrounded by the biVe adding and removing rectangular subparts. The process stops
rectangle. as soon as the area of the remaining blob lies under a threshold.

In the second step, the roof details analysis is performed. Here
the principal innovation with respect to (Gross et al., 2005, Bula-
tov et al., 2011a) consists of computing several dominant planes
from the 3D points within every building by means of a modi-
fied RANSAC-procedure (Fischler and Bolles, 1981). Our algo-
rithm is accelerated by computing the plane normal vector given
a RANSAC-sample. Those samples for which the plane slope
exceeds a threshold are discarded. After obtaining one domi-
nant plane, the inliers are temporarily deleted from the point list
and then the procedure begins again. Finally, the DSM values
for pixels corresponding to the inliers are updated. Too complex
buildings are subdivided along their diagonals in order to avoid
ghost planes, e.g.those that have few inliers in several parts of
the building. After a coarse set of planes is generated and several
Figure 4: Left: Reference image with building interiors (green) morphological operations are applied, roof polygons are built and
and vegetation areas (yellow) obtained by our method for the dat&tersected between each other and the building outlines. The re-
setvaihingen The red channel of the 16-bit image on the left cor- Maining, unassigned pixels are filled in one of the four reasonable
responds to the near-infrared channel. Middle: the correspondinﬁ""ys (depending on geometric configuration): single plane fit-
elevation map computed from seven images. Right: Ground trutfi"d: Merging with an adjacent polygon, single plane fitting from

result on roof plane segmentation, see Sec. 4 edges of all adjacent polygons and assigning to the building exte-
' o rior (ignoring). In the last step, only interesting for visual results,

the building roof is textured by the reference image.
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3.2 Sensor datafusion conditions are favorable and also when the trees have only few
characteristics colors; for instance, in case of leafless trees in

3.2.1 Free geographic data Especially in the data séair- winter, the characteristic colors of the elevated regions mostly
fie|d, the presence of moving Objects (Cars)’ deteriorates the ré:.OinCide with the background and are therefore not reliable. In
construction results. They not only can hardly be filtered out beour data sets, this method works well for the dataBsmtnland
cause of a small number of images, but they also move in the d@nd moderately for the data seairfield, where false positives
rection of epipolar lines. As a consequence, depth values withidre reported from shadowy areas. For the datd/aiitingen it
whole regions cannot be estimated correctly. To discard thesié possible to use the near infrared channel and pixel's vegeta-
mismatches, we developed a three-step procedure that consiststigin index in order to identify vegetation. All pixelsthat satisfy
exploiting the GIS data for identification of main roads, registra-the the empirical conditiomin(r(x)/g(x), r(x)/b(x)) > 1.75

tion of images and correction of the DTM in the areas of mainwere declared as tree-like pixels. For larger elevated tree-like re-
roads. Th@penStreetMap Communnyeates and provides free gions, tree models are added to the final result as described in
geographic data for huge areas in the world, such that the detaild@ulatov et al., 2011a) and shown in Figs. 9 and 10.

maps of a high quality are available for image analysis tasks. The

map format provides a tag structure allowing to describe a wide 4 RESULTS

variety of map features. Thus it is possible to extract street maps

for an area of interest described by the both edge coordinated.1 Building detection for the data set Vaihingen

The extracted osm-map is then exported to a shape file for fur-

ther evaluation by the OSM2SHP converter. The second step ba-he guantitative evaluation of the results of building detection in
gins by a registration of the reference image and the image coarea 3 of the data seaihingenwas carried out using the method-
responding to the mask matrix (|n our case, it was a GOOGLED'Ogy described in (Rutzinger et al., 2009) This method is based
Earth image). A2D-homographyis a suitable model for regis- ©n & comparison of two label images corresponding to the de-
tration of the GOOGLE-Earth and the RGB-image in case of arfection results and to the reference, respectively. After a corre-
almost Nadir view. If the elevation map is not geo-referenced, thépondence analysis, a topological clarification is carried out. Af-
homography can be automatically obtained by the DLT-algorithrrf€r that, the completeness, the correctness, and the quality of the
(Hartley and Zisserman, 2000) from at least four correspondin@uilding detection results are determined both on a per-area level
points; however, these points should stem from a matching opend on a per-object level. We also compute the RMS errors of
ator that is invariant against radiometric changes —e. g., (Shechpjanimetric distances between the points of the extracted build-
man and Irani, 2007). Alternatively, interactive selection of someing boundaries and their nearest correspondences on the referenc
4-7 correspondences can be considered. In the last step, gross @¢tline; to remove the impact of outliers, only distances smaller
rors are eliminated by means of the assumption that streets arethan 3m were used for computing the RMS error. For the object-
at least locally — planar. The reference image is then subdividetgvel evaluation, a building was considered to be a true positive if
into rectangles. In each rectangle, all pixels that correspond tat least 50% of its area was covered by a building in the other data
the streets are identified. A plane is computed through the co€t. The pixel-based evaluation of our building detection results
responding 3D points via RANSAC (Fischler and Bolles, 1981)is depicted in Fig. 7 top. The area-based and object-based quality
with a generously selected threshold (in order to obtain a possibl@etrics are shown in Table 1.

large set of inliers and to save computing time). Finally, all out-\ visual inspection of Fig. 7, left, shows that the majority of the

liers are projected into the plane and all further calculations are,, . . ) - . i
carried out for the modified elevation image (Fig. 6, top). The apf%undlngs is correctly detected. A few buildings are missed (actu

. . ’ -+ ally, most of them are garages), and there are also spurious classi-
proach described above has an additional output: those re9IoNR. ations at the building outlines (this can be partly explained by

where outliers form larger areas, usually correspond to the mov-
ing vehicles and their shadows, see Fig. 6, bottom.

uncertainties in the depth maps in the shadowy areas near larger
buildings, partly by a too coarse threshold for building general-
ization, i.e.removing too small rectangular subparts of the first
step in Sec.3.1). These errors at the building outlines are also
confirmed by the RMS errors of the outlines of 1.17m, which is
almost a factor 15 worse than the GSD of the images. The per-
area quality measures in Table 1 show that nevertheless 89.0% of
the building area in the reference are correctly detected, whereas
86.9% of the detected building area corresponds to a building in
the reference. However, the false positive areas correspond to ex-
isting buildings whose size is overestimated. This is shown by the
per-building correctness, which is 100%: There are no false posi-
tive buildings. The per-building completeness is somewhat lower
e e e ] than the per-pixel value, achieving 78.6%. Figure 8, left, shows
Figure 6: Top left: part of the model view for the data-Batr- ~ Why this is the case: the completeness on a per-building level de-
field. model was generated from the depth map of Fig. 3, rightP€nds on the area covered by the buildings. Our method could
Outliers caused by moving object are clearly visible. Right: sim-detect all buildings larger than 75ybut as the building area de-
ilar view of the improved model; pixel belonging to street have creases, fewer and fewer buildings can be detected. This analysis

been identified by means of GIS data and are marked in pin _hows that our method is capable of reliably detecting the major

Bottom left and right: Deviations between the original and the uildings in complex environments, though the geometrical ac-

corrected DSM provide alarms about moving objects. After ap_curacy is somewhat lower than could be expected given the GSD

. . - - . of the input data.
plying some morphological operations, several moving vehicles
have been detected. 4.2 Building reconstruction for the data set Vaihingen

4

322 Near infrared Generally, the performance of the sec- The evaluation of the building reconstruction results was focused
ond preprocessing module of Sec. 3 is better when illuminatioron the quality of the roof plane segmentation and is based on
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an adaptation of the method used for the evaluation of buildindgrhe height differences of planimetric distances of the roof bound-
detection. Again, an overlap analysis of two label images corary polygons is illustrated in the right part of Fig. 7. The RMS er-
responding to the roof plane segmentation and the reference, resr is 1.05m, again greater by an order than the GSD. The height
spectively, was carried out (Fig. 7, middle). In this case, the topolerror RMSZ, which measures correspondences between a refer-
ogy of the extracted roof planes was not adapted to the topologgnce plane and multiple extracted planes, is 0.62m. However, the
of the reference, but indicators for over- and under-segmentatioheight error RMSZ (determined from the main corresponding
were reported. We also evaluated the completeness and the cqlanes) is only 0.35 m. This is the height error to be expected for
rectness on a per-roof-plane basis, counting a roof plane as a treegle points if the parallax accuracy is about one image pixel:
positive if at least 50% of its area corresponded to roof planesur method delivers reasonable geometrical accuracies.

in the other data set. RMS errors in planimetry were determined

in the same way as for the building outlines. In addition, we["® % _—7 o TE T7<X
evaluated the height accuracy by computing the RMS error 0| % T~ 1y //// i
heights of corresponding positions in planes in two ways: thg ® R AT
value RMSZ takes into account any position where a referencg *° | — Completeness [%] so mpleteness (%) |
plane overlaps with any extracted roof plane, whereas RMSZ|? T Comnlative completeness 4 a0 == Coreciness [l
only takes into account the main overlapping plane. : e s e e e e o] MEAEEREEE RS TS
0‘? q;\(? ‘o'\:? Q’,\‘?\/’\:\’(? ’é\f”&{? ’&1(?’1’0(? "3;\(:: ’&Q\Q - - 8
. 5. e - Figure 8: Left: Completeness and cumulative completeness of
b A I J - the building detection results (correctness values are not shown
= g « ol - =
Chye Ly = - mmy because they are all 100%) for the data\fhingen The blue
- curve shows the completeness for buildings having an area indi-
_}' ['qL_J L—-‘LL“, i =: = 1 )| cated on the abscissa; the red curve shows the completeness for
e T Tt lm = ‘l n ‘ all buildings having a larger area than the one shown in the ab-
L,PE—‘ | L-VJF e’ | B scissa. Right: Completeness and correctness of the roof planes as
co 0 T | mr el | mte R a function of the area covered by a plane.
m g & ‘f\,‘ p—a a” A =g = a
am B o W | o . | 4.3 Qualitative evaluation of building detection and recon-
N struction for other data sets
<—1.27 0 >1.27

Figure 7: Left: Evaluation of the building detection results on aFor the data seBonnland following observation can be made
per-pixel level for the data s&fihingen Yellow color denotes  from the comparison of the reconstruction results with the ground
true positive pixels. Red color denotes false positive pixels andruth: All 19 houses covered in at least one of 23 reference image
blue false negative pixels. Middle: Result of the plain segmenof the sequence were detected and only two exhibit coarse de-
tation obtained by our method, to be compared to Fig. 4, rightviations in the roof structure. Qualitative results showing camera
Right: Absolute difference between ground truth and the DSMirajectory, DTM, buildings and vegetation are illustrated in Fig. 9.

obtained after building reconstruction algorithm. For the data sefairfield, three larger building out of 46 were not
detected. Also, one spurious result was caused by a larger car
Table 1: Quality metrics of the building detection results.  in the parking area. The accuracy of data was not sufficient for
Per-area| Per-object a detailed reconstruction of the majority of roof structures and
Completeness 89.0% 78.6% therefore, most buildings of Fig. 3 have one single roof plane.

Correctness | 86.9% 100.0%
Quality 78.5% 78.6%

5 CONCLUSIONSAND FUTURE WORK

The central part of Fig.7 shows our extraction results, whichWe presented in this paper a robust, straight-forward and almost
contain 136 roof planes, whereas the absolute difference of thigllly-automatic (with exception of the parameter choice and inte-
resulting DSM from the reference is shown on the right. By gration of additional sources of information) algorithm of context-
comparing our results with Fig. 4, right, it becomes clear that forbased urban terrain modeling from images and videos. Because
most buildings, the majority of the planes has been recovered, bifs most important component are the high quality depth maps,
some of the planes have irregular shapes, and there is both ov@nd as a consequence, additional inputs from original images
segmentation and under-segmentation. There were 48 cases (6f g results of segmentation information) are not indispensable,
1:1 relations between reference and extracted planes. The sevégllows obtaining building models for data set of challenging ra-
instances for 1:M relations and 44 instances of N:1 relations indidiometric quality In fact, for the tesfaihingen we could show
cate an over- and under-segmentation, respectively. Five clusteifs our detailed analysis that several high resolution images are,
of roof planes show a N:M relation, where both over- and underin principle, sufficient to detect all larger building and correctly
segmentation occur. reconstruct (almost) all roof planes. However, consideration of
external information sources offers a high potential for additional
The completeness and the correctness of the roof planes weggalysis tasks. We presented an example of OSM, which is mean-
82.6% and 83.1%, respectively, but the shortcomings again arghile accessible for many locations worldwide and can be used
made up by rather small planes. This can be seen in Fig. 8, righfor reduction of false alarms caused by moving vehicles. Addi-
which illustrates the completeness and the correctness of the ro@bnally, near infrared data greatly simplifies the task of separat-
planes as a function of the area covered by a plane. It showgg buildings from vegetation.
that in general, planes larger than 6Dare reliably and correctly
detected. Planes having an area between 30 and @@enstill Improving the procedure for roof detail analysis will mainly stay
detected to a reasonable degree (completeness and correctnasfocus of our future work. RANSAC has shown great advan-
> 80%), but the roof plane segmentation breaks down rathetages compared with normal vector extraction from local gradi-
quickly for smaller planes. ent proposed in (Gross et al., 2005), but it has a disadvantage
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