3 Segment Stereo Matching

Many methods for edge-based stereo matching rely on extracting straight 2-D
edges from images and then matching them [1]. These methods, although fast
and reliable, have one drawback: if an edge extracted from one image is occluded
or only partially defined in one of the other images, it may not be matched.
In outdoor scenes, this happens often, for example when shadows cut edges.
Another class of methods [2] consists of moving a template along the epipolar line
to find correspondences. It is much closer to correlation-based stereo and avoids
the problem described above. We propose a variant of the latter approach for
segment matching that can cope with noise and ambiguities. Edges are extracted
from only one image (the source image) and are matched in the other images
by maximizing an “edginess measure” along the epipolar line. The source image
is the nadir (most top-view) image because it is assumed to contain few (if
any) self-occluded roof parts. Geometric and photometric constraints are used
to reduce the number of 3-D interpretations of each 2-D edge. We outline this
approach below and refer the interested reader to [3] for further details.

P

\

Figure 4 (A) Matched 3-D segments. Notice the false matches.
(B) Manually measured 3-D CAD model.

For a given edge in the source image we want to find the location of its cor-
respondences in the other image. A segment is described by the position of its
middle point, its orientation and length. We use the epipolar geometry to con-
strain the location in the second image so that only 2 parameters are required
to describe its counterpart: s, the position along the epipolar line, and 6 the
orientation. The length , in the other images, is predicted by using (sm, ) and
the epipolar geometry. For a given s,, and 0, we evaluate its probability of being
correct by measuring the edginess f. It is a function of the image gradient:

r=4

fem®) = 3 G| =5

re=—4

where G(r) is the image gradient at r, 6(r) its orientation. The function f is
maximum when the virtual segment lies on a straight edge and decreases quickly
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with any translation or rotation. Further, f can be large even if if the edge is
only partially visible in the image, that is occluded or broken.

The search for the most likely counterparts for the source edge now reduces
to finding the maxima of f by discretizing @ and s,, and performing a 2-D search.
In the presence of parallel structures, the edginess typically has several maxima
that cannot be distinguished using only two images. However, using more than
two images, we can reduce the number of matches and only keep the very best
by checking for consistency across image pairs.

We can further reduce the hypothesis set by using the photometric edge at-
tributes of section 2.2 after photometric equalization of the images. We compute
the 2-D projections of each candidate 3-D edge into all the images. The image
photometry in areas that pertains to at least one side of the 2-D edges should be
similar across images. Figure 4 shows all matched 3-D segments as well as the
manually measured CAD model for the house in Fig. 3A.

4 Coplanar Grouping of 3-D Segments

To group 3-D segments into infinite planes, we propose a simple method that
accounts for outliers in the data. It proceeds in two steps:

— Explore: We first find an initial set of hypotheses using a deterministic ver-
sion of the RANSAC approach [5]: Given the relationships of section 2.3 and
the 3-D geometry of the segments, we fit planes to pairs of related contours
that are roughly coplanar. We then extend the support of those planes by
iteratively including segments that are related to the hypothesis and that
are close enough to the plane. After each iteration the plane parameters are
re-approximated.

— Merge: We now have a set of plane hypotheses. Because all the edges belong-
ing to the same physical plane may not be related in the sense of section 2.3,
this plane may give rise to several hypotheses that must be merged. This is
done by performing an F-test on pairs of parallel planar hypotheses to check
whether or not they describe the same plane.

: NSO,

Figure 5 Selection of planes extracted from the 3-D segments of the house in Fig. 3A.
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Each plane in Fig. 5 consists of a number of 3-D segments, some of which
are correctly matched and do belong to a planar object part. However, quite a
few 3-D segments are incorrectly matched and accidentally lie on the plane and
other segments, such as the contours on the ground aligned with the roof plane,
are correctly matched but do not belong to the object part.

5 Extracting and Selecting 2-D Enclosures

In the preceding section we presented an approach to group 3-D segments into
infinite planes. However, only a subset of all segments on each plane actually
belongs to valid 3-D patches, see Fig. 5. To obtain an ordered list of 2-D con-
tours describing a 3-D patch, we propose to group contours in 2-D where more
complete data is available and subsequently merge the extracted enclosures with
the corresponding planes. The tight coupling between the 2-D and 3-D processes
plays an important role; the extracted planes that are not vertical initialize the
enclosure finding algorithm. We therefore do not need to find all possible 2-D
enclosures, only those that overlap with non-vertical planes.

We use the edge and region based approach described in [11] since it allows
to group contours on other grounds than geometric regularity. The method con-
sists of defining contour similarity relations (section 2.3), which are then used to
build a relations graph, in which each cycle defines a 2-D enclosure. At last, all
extracted 2-D enclosures are ranked according to simple geometric shape criteria.

5.1 Extracting 2-D Enclosures

Instances of 2-D roof-primitives can be found by grouping related contours to
polygonal shaped structures. A computationally attractive approach is to build
a relations graph and use it to find these structures [6, 12]. By construction each
cycle in the relations graph describe an enclosure. Each contour relation define
a node in the graph and two nodes are linked together if they have a compatibly
directed contour. We use a standard depth-first search algorithm to find cycles
in the directed relations graph.

The procedure work as follows: select a not already used node that belongs
to the plane and find all valid cycles in the graph given this start node. Pick the
next not already used node on the same plane and iterate the procedure until
there are no more nodes left. A valid cycle is a set of directed contours that
have a boundary length not exceeding a large value and that does not form a
self-loop; the boundary of the enclosure must be compact.

5.2 Selecting 2-D Enclosures

The above algorithm produces for each plane a set of 2-D enclosure hypotheses.
To alleviate the fusion of enclosures and planes, we rank the enclosures within
each plane according to simple geometrical shape criteria. We assume that each
roof part has a compact and simple polygonal shape. In addition we require a
large overlap between the contours in the 2-D enclosure and the corresponding
3-D segments of the plane. We propose the following criteria:
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Shape simplicity Shape simplicity is defined as number of straight contours
required to represent the enclosure boundary (including missing links). Given
an error tolerance, we use a standard polygon approximation algorithm to
compute the required number of straight lines. The simpler the description
of a 2-D enclosure is, the more likely it is that it will describe a roof part.

Shape compactness Compactnessis defined as the squared length of the bound-
ary of the enclosure divided by the enclosed area.

3-D completeness The 3-D completeness is defined as the ratio of the length
of the 3-D contours that lie on the enclosure boundary and on the plane,
with respect to the total length of the enclosure boundary. This measure
will be high whenever a large portion of the extracted 2-D contours have
correctly matched 3-D segments that lie on the same infinite plane.

Figure 6 shows a few representative 2-D enclosures for the larger planes of the
house in Fig. 3A. Two thresholds are applied, one for shape simplicity (< 10)
and one for 3-D completeness (> 0.4). Together with the 3-D patch consistency
test in next section these thresholds preclude highly unlikely hypotheses of 2-D
enclosures before fusing them with planes to hypotheses of 3-D patches.

Figure 6 A few representative 2-D enclosures for the larger planes.

6 Finding Coherent 3-D Patches

Each 2-D enclosure describes a possible boundary description of the correspond-
ing 3-D plane. It is reasonable to assume that roofs are usually constructed of
adjoining planes. For this reason, only hypotheses of 3-D patches that mutually
adjoin with other 3-D patches along their boundaries are retained. In addition
we require that the 2-D contours belonging to the adjoining boundary of the 3-D
patches are collinear in 2-D. Those 3-D patches that fulfill these constraints are
consistent.
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The iterative procedure initially selects a subset of 3-D patches and verifies
the mutual consistency along the boundaries. If one or more 3-D patches do
not fulfill this consistency, they are rejected and a new subset of 3-D patches is
selected. Moreover, the subset of 3-D patches should be maximally consistent,
i.e. have the maximum number of mutually consistent boundaries. The order
of selection is initially based on shape simplicity, and in a second step on the
product of the normalized compactness and 3-D completeness. To obtain the 3-D
coordinates of those contours that are contained in the 2-D enclosure but not on
the plane, we project their endpoints onto the plane. The result is a complete
3-D boundary for each plane that is likely to describe a roof.

7 Results

We use the presented framework to extract complex roofs of houses in suburban
scenes, see Fig. 1. The process is initialized by selecting a rectangular window
enclosing the same house in all four images. It has been demonstrated [7] that
this initialization procedure can be automated by locating elevation blobs in the
digital surface model. After this initialization, the roof is automatically extracted.

The roof depicted in Fig. 7A is complex because it consists of several adjoin-
ing planar and non-rectangular shapes. The feature extraction finds 171 straight
2-D edges. The segment stereo matching produces 170 3-D segments, and the
coplanar grouping extracts 33 infinite planes of which 7 are mutually adjoin-
ing and non-vertical. Given these 7 non-vertical planes, the algorithm finds 373
valid 2-D enclosures (resp. 3-D patches). The five 3-D patches in Fig. 7B are
finally selected since they maximizes the geometrical shape score and mutual
consistency among all 3-D patches. The result is a 3-D CAD model with 3-D
segments, 3-D planes and their topology. This procedure yields the main parts
of the roof, however, 3-D patches that are not mutually consistent with the final
set of 3-D patches, but nevertheless belongs to the house, are not included. One
such example is the 3-D patch describing the dormer window in Fig. 7A.

Figure 7 (A) cut-out from the aerial image in Fig.1A, (B) the recon-
structed house roof in 3-D.

In Fig. 8 we demonstrate the performance of our approach on the entire

scene in Fig. 1. To the automatically extracted CAD models of the roofs we
add artificial vertical walls. The height of the vertical walls is estimated through
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the available digital terrain model (DTM). Ten of the twelve house roofs are
extracted, nine of them with a high degree of accuracy and completeness. The
marked house to the right is not complete, since the algorithm fails to extract
the two triangular shaped planes, however, the corresponding 2-D enclosures are
correctly extracted. The algorithm fails to extract the two upper left houses.
The lower of the two is under construction and should not be included in the
performance analysis. Even manual measuring this house is troublesome. The
upper house is complicated because a bunch of trees cast large shadows on
the right roof part. Because of these shadows the algorithm fails to find the
corresponding plane, however, the left roof part is correctly reconstructed.

Figure 8 The result of ruhing the algorithm on all houses in the scene of

Fig.1. The artificial vertical walls are added and projected down to the ground.
The ground height is estimated through the digital terrain model (DTM).

8 Conclusions and Future Work

We have addressed the problem of reconstructing complex objects in real images
for which no specific template exists. We have implemented a working frame-
work for the purpose of extracting complicated and generic roofs from sets of
aerial images. The framework successfully performs the following tasks: hierar-
chical integration of multiple data sources, generic shape extraction, and efficient
hypothesis generation and selection.

We combine geometry, photometry, chromaticity and stereo information about
edges and their flanking regions. We thus make effective use of much of the avail-
able 2-D and 3-D information present in several images of a given site. As a result,
our procedure is more robust than one that uses only partial information. We
further use weak coplanarity constraints together with a generic extraction of
2-D enclosures; a combination that allow us to effectively find instances of 3-D
patches. The polygonal shape of these 3-D patches can be arbitrarily complex.

Future work will concentrate on: improvement of each individual module
(whenever possible), better exploitation of existing knowledge, e.g. DSMs and

0514



color, better interaction between 2-D and 3-D information, further tests with
other data, and improving the selection of 2-D enclosures by also modelling the
color homogeneity of the enclosed area with for example MDL encoding, see [6].
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Interactive 3D reconstruction for urban areas
An image based tool
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Abstract:

1.

Urban applications (for example arrangement, new buildings, virtual
sightseeing and walkthrough) require a three dimensional (3D) geometrical

model of town areas. However, most of them do not need an accurate model of
reality. Such model would occupy a considerable memory space and would be
too slow to handle. Architects, urban designers and civil engineers can find in
our tool a medium to conceive their projects. Some types of software exist but
they do not correspond exactly to our needs. Consequently we have conceived
and developed an interactive tool for virtual 3D rough reconstruction of
buildings. The software development has been performed in the Maya
environment (ALIAS Wavefront) with C++ language and MEL (Maya
Embedded Language). A constraint we set for oursclves was the use of only
light devices (for easy transportation) at low price (everybody can buy such
devices). The principle is to overlay on the scanned photograph of the area we
want to deal with, the two dimensional (2D) cadastral plan displayed from the
same viewpoint as the picture. Then each building body can be extruded from
its ground polygon and the roof can be created from what the user sees on the
picture. A constraint is the flatness of the polygonal surfaces. Our application
context was the town of Nancy in France for which some areas have been
reconstructed. Some pictures have been used as textures for polygonal
surfaces, giving more reality effect to the simulation.

INTRODUCTION

Urban applications require a three dimensional (3D) geometrical model
of town areas: urban arrangements, new buildings (augmented reality
simulations with handling of the interactions between real and virtual worlds

1
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2 CAAD Futures 2001

(Chevrier, 1996b), virtual sightseeing and walkthrough). However, most of
them do not need an accurate model of reality. Such a model would hold a
great memory place and would be too slow to handle.

We have conceived and developed an interactive tool for virtual 3D
rough reconstruction of buildings. The software development has been
performed in the Maya environment (ALIAS Wavefront). Architects, urban
designers and civil engineers can find in this tool a medium to conceive their
projects.

The principle is to overlay on the scanned photograph of the area we
want to deal with, the two dimensional (2D) cadastral plan displayed from
the same viewpoint as the picture. Then each building body can be extruded
from its ground polygon and the roof can be created from what the user sees
on the picture. A constraint is the flatness of the polygonal surfaces.

We developed a set  commands making the creation of various roof
shapes easier, taking advantage of the use of photographs. A constraint we
also set for ourselves was the use of only light devices at low price: only a
camera without any specific features (simpler if it is a digital camera) and if
possible a hand-held distance meter are required. This lowers the cost of the
devices and the time spent for the camera shots. We can use as input data,
the results of the automatic rough reconstruction from Medina software
(Allani and Perrin, 1998) developed by our team.

Part 2 presents the state of the art for 3D reconstruction and viewpoint
recovery. The next Part (3) explains the principles of our method and the
required input data. Then, we see in the following part (4) how to retrieve
the photograph viewpoints. The reconstruction task can finally begin with
the extrusion of the building bodies (part 5) and the building up of the roofs
(part 6). Part 7 presents the results with the help of a concrete application.
Finally, part 8 presents future work and concludes.

2. STATE OF THE ART

Medina (Allani and Perrin, 1998) is a program for automatic 3D
simplified reconstruction from 2D cadastral plans. It utilises information
stored in the plans (for instance the number of storeys in a Dxf format file),
urban regulations and architectural laws to build up the global shape of the
urban area being treated. The most appropriate roof is constructed for each
building. This program allows one quick reconstruction of large areas.
However, the results lack accuracy for some applications (augmented
reality) and complex roofs are not correctly managed. Nevertheless, the
resulting file from Medina can be used as an input for our module. Only the
badly or non built-up houses are then dealt with,
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Different types of commercial interactive software exist to solve the
problem of 3D reconstruction. Let us examine some of them. Canoma
(Canoma, 2000), ImageModeler (RealViz, 2000) and PhotoModeler
(PhotoModeler, 2000) are software based on the principle of photograph
aided modelling.

PhotoModeler is based on the principles of photogrammetry. Canoma
does not require a viewpoint recovery of the digital images, but several
images of the same object have to be used in order to fix the object position
and shape correctly in the scene. On the contrary, ImageModeler and
PhotoModeler require a viewpoint recovery. The calibration process enables
the building in the scene of the 3D indices corresponding to the 2D indices
selected on the pictures. Then, the user can rebuild the objects with the help
of these 3D indices and the photographs. In the case of PhotoModeler, the
2D indices can be segments (not only points); one can automatically obtain a
3D model composed of segments. All these software have simple primitives
such as plane, cube, cylinder, cone, and sphere, interactively positioned in
the scene with manipulators. Main shapes for a rough reconstruction are
more or less provided according to the software. However, no composition
of simple roofs to create complex roofing is possible. An application
example of Canoma is the reconstruction of parts of the town of Phoenix
(Arizona) mainly composed of box-shaped buildings. Nothing ensures the
flatness of the polygons after modification in most programs. In architecture,
most of the roofs are composed of planar polygons: it is important to respect
this constraint. These software are not based on modellers so they do not
dispose of classical commands. They can render images by wrapping the
photographs around the 3D primitives.

Automatic reconstruction with the help of image analysis process
produces good results for indoor and simple scenes. For urban scenes, most
of the research carried out on that subject uses aerial video sequences
(Faugeras, laveau, et al., 1995) (Collins, Hanson, et al., 1995). Photographs
taken by a walking man are difficult to deal with: scenes are composed of
lots of objects of various kinds (lots of “parasite” objects in front of the
buildings).

We want to create an interactive tool for helping 3D rough reconstruction
of urban areas. To simplify this task an interactive modeller is useful.
Classical modellers (AutoCad, Arc+) allow neither intuitive and simple
handling of the objects, nor reakttime 3D visualisation. Maya contains
several modules, among which such a modeller. The Open Inventor library
(Wemecke, 1995) allows real time visualisation and handling with
manipulators of 3D graphical objects. However, no standard modelling
feature is provided. Thus, we choose to develop our prototype in the Maya
environment with the C++ programming language and MEL (Maya
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Embedded Language), avoiding the fastidious task of writing all the standard
operations of a modeller. Nevertheless, we can note that Maya’s modeller is
not as complete and accurate as classical modellers but it fits our needs.

Furthermore, Maya allows us to overlay a 3D scene on a background
image. This image is associated to a given camera viewpoint. Several
cameras and also several images can be used at the same time for our
reconstruction goal

As far as the viewpoint recovery is concemned, one can find more and
more commercial software (realViz, 3Dstudio, Mayalive) and a large amount
of research has been carried out on that subject (Devemnay, Faugeras,
1995)(Berger, Chevrier, et al., 1996)(Simon, Berger, 1999). Some tests with
MayaLive did not satisfy us for several reasons:

1) MayaLive deals with video sequences and not with just one picture. It
obliged us to film the scene instead of taking a few pictures. We had to use a
tripod and to borrow an expensive digital video camera. The room taken up
by such devices was too great and they were not easy to move. The time
spent on the shooting was also long.

2) The recovery of the viewpoint requires several steps (as usual for
video sequences, whatever the software): 2D relevant indices tracking and
resolution of the system. These steps are too long for the one picture that
interests us in the sequence.

3) The first tests we made were in an indoor courtyard of the school of
Architecture (a very linear new building). The results were very promising.
Unfortunately, trials in an urban context were not satisfactory: we do not
dispose of enough relevant indices in the images and in the 3D scene. Points
in the cadastral plan were often not visible in the images because they were
hidden by other objects (dustbins, cars, trees, low walls, etc).

ImageModeler and PhotoModeler utilise calibrated images for the 3D
reconstruction. One can use pictures or movies. Camera calibration is
processed as in MayaLive with the help of relevant indices (points in
ImageModeler, points and segments in PhotoModeler) seen on at least three
images. These points are manually pointed with a large cover in the images
and in the three main directions of the space. Six points are required. 3D
calculated points can be manually adjusted in case of errors and calibration
is processed subsequently. In our applications, we mainly have at our
disposal points on a 2D plan (cadastral plan), and hardly any indices in the
vertical direction.

Thus we have developed a simple, interactive and sufficiently effective
method for our needs in order to recover the viewpoint of a scanned
photograph. This method was created in Maya, ensuring compatibility with
the 3D reconstruction software, as in the same environment.

0519



Erreur ! Style non défini. 5

3. PRINCIPLES

31 Steps of the reconstruction

The first step consists, for each picture, in recovering the camera position
in the scene in order to visualise the 2D plan according to the same
viewpoint. The second step is the creation of the building todies: ground
polygon extrusion (special case of the non-planar and non-horizontal
ground). Finally the third step allows us to construct the roofs: Some
commands make easier the creation of simple roofs (1, 2, 3 or 4 slopes,
pyramidal or flat) and composed roofs (association of several simple roofs).

3.2 Input data

Geometrical data about the existing scenes are necessary for viewpoint
recovery: this step utilises the matching of the 3D data and their
corresponding 2D data on the images. The data we use are:

- a cadastral plan with ground point elevations. If we do not dispose of
such altitudes, we can interpolate them from the altitudes of reference
points (geodesic points). Cadastral data have sometimes to be cleaned
and treated to create closed ground polygons.

- Coordinates of several points at other altitudes. These points are useful
in order to recover the viewpoint. It reduces the risk of error in the third
space direction. These points can be measured with the help of a hand
laser: distance between the laser and a target point (for example the
comer of the buildings at the roof gutter level). One point per picture is
enough. If we do not dispose of such points, a small uncertainty will
subsist on the height of the reconstructed objects. This will be minimised
with the use of several images.

- Photographs of the area: pictures of a street-level pedestrian and
heightened views shot from high buildings in order to have a better
vision of the roofs. Images are taken with a digital camera thus avoiding
losing time with development and scanning (scanning produces troubles
with pixel size and position of the optical centre projection).
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4, VIEWPOINT RECOVERY

Recovering the viewpoint implies identifying two sets of parameters: the
intrinsic and the extrinsic parameters. This means eleven parameters in
totality (Horaud, Monga, 1993)(Toscani, 1987).

Intrinsic parameters are specific to the camera and are unvarying when it
moves in the scene: focal length or aperture, pixel size, position of the
optical centre. The use of a calibration grid (regular grid) picture allows a
reliable identification of these parameters (Toscani, 1987).

Extrinsic parameters are the position of the camera in the scene, the
target and the rolling angle (orientation of the camera according to the sight
axis). These parameters are specific to each image. If the intrinsic parameters
have been previously determined, one can compute the extrinsic parameters
from a small set of corresponding 2D and 3D relevant indices (Horaud,
Monga, 1993). However, estimating these parameters for noisy and complex
images is not easy (Chevrier, 1996a).

Trials carried out with MayaLive did not satisfy us, so we have
developed a simple interactive method that allows us both quick and good
positioning of the camera in the scene.

4.1 Principle

- We utilise a first fixed point 71 chosen by the user in the image. To this
point corresponds a 3D point PI in the scene. The two points are
superimposed: translation of the camera (see Figure 1a).

- A second semi-fixed point I2 is chosen in the image, to which
corresponds the 3D point P2. These two points are also stacked keeping
the first superposition: rotation x around the X axis, rotation y around the
transform of Y axis by rotation x, scaling e of the image plane (see
Figure 1b).

- The image plane can be rotated according to the two fixed points in
order to correctly orientate it according to the scene: rotation r (see
Figure Ic).

- The point P2 can move along the line (Camera position C, point 12 on
the image): parameter p. A modification of p leads to a modification of
scaling factor e and the rotation angles x and y (see Figure 1d).

- Finally the focal length f of the camera can vary. A modification of f
leads to variations on the points 17 and I2 as the image plane dimensions
change.
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camera

Figure 1. Estimation of the viewpoint

The first four parameters (I1,I12,P1 and P2) are fixed once at the
beginning by the user. The other three parameters {p, rand f) must be
adjusted together. From eleven unknown variables, we reduce that number to
three. Furthermore, if the focal length is known, it can be fixed leaving us
with only two unknown variables. In practice, even if the focal length has
been fixed, we sometimes have to vary it a little to get better results. One can
use the vanishing points to estimate the focal length value, and knowledge of
the scene and the perspective of the image to approximately fix the starting
value of parameter p. Finally, one can approach the value of the rotation
angle r according to the high angle shot or low angle shot.

Note that as we do not have at our disposal a lot of high points, we create
some vertical lines from relevant points of the cadastral plan. When several
buildings have been reconstructed, these lines are not useful any more: the
buildings themselves are used.

In some cases, one can use a third fixed point /3, corresponding to a 3D
point P3. This point P3 must not be aligned with the two first points PI and
P2. This is not always possible, for instance when we have a picture of
frontages in a street. Thanks to this third point, the rotation r can be
estimated from the value of the parameter p given by the user. With the
rotation r, the projection of P3 on the image plane is on the line (11,13) (see
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Figure 1c). With a variation of the parameter p, the projection of P3 comes
on the point I3. This greatly simplifies the process. Only the parameter p
needs to be estimated and the focal f sometimes needs to be adjusted.

4.2 Distorted images

Main distortions, which means mdial distortions, are identical for all the
points along a primary ray (ray shot from the eye towards a given direction).
In image based aided work (medicine for example), it is often important to
have non-distorted images but not necessary to know the shooting
parameters. In this case, distorting the image is sufficient. It means putting it
in conformity with a perfect perspective projection. In order to do that, a
method of comparison between a perfect image and a photograph of a
specific object (regular grid) allows one to globally correct all the distortions
with no need to model them (Peuchot, 1994). As this kind of distortion
depends on the focal length, this correction has to be done for each change in
the focal length.

We use this method to distort our images before viewpoint recovery. For
small focal lengths (less than 50 mm), one can observe distortions in a small
cushion, and for long focal lengths (more than 50 mm), distortions are in a
small barrel. The grid (composed of squares of S5cm) has been shot with our
digital camera (Olympus) for three various focal lengths : the smallest, the
greatest and one in the middle. The wide angle corresponds to a focal length
of 9.2 (equivalent to 36 mm for a standard 24x36 camera). The telephoto
focal length is 28mm (110 mm for a standard camera). We have developed a
program to distort the images according to the focal length used. Most of the
shots were made with the widest angle.

S. BUILDING BODIES

The second step is the extrusion of the ground polygons to create the
building bodies. If the ground is not horizontal, we must first position the
cadastral plan according to the ground altitudes: we vertically project the
polygons on the 3D mesh created with the known-altitude points. With
Maya, the extrusion of a polygon is performed perpendicularly to that
polygon, which does not correspond to what we expected. Thus we develop
a command to extrude vertically non-horizontal polygons: a bottom part is
automatically created to get the horizontal level before extruding the

polygon (Figure 2).
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The extrusion can be performed with various options: a given height if an
in-situ measure has been taken, or the number of storeys and a height per
storey (estimated from architectural customs and laws of the construction
period). Then, a manipulator can be used to adjust the height according to
the picture.

Figure 2. Polygon extrusion for a sloped ground

6. ROOF CONSTRUCTION

Thanks to the pictures, we are now able to create the roofs. We
distinguish two types of roof: the simple roof and the composed roof. Simple
roofs are pyramidal, flat, made of one, two, three or four slopes. Complex
roofs are composed of several simple roofs with particular association rules:
“A la Mansard” roofs, L, T or U shaped roofs.

A set of commands makes the roof creation easier taking into account the
use of photographs. In classical modellers, roofs are created from the slope
of the various sides. In our case, we do not know these data, so we have used
other data: the position of the roof top. Two, three and four slope roofs are
then created from the top.

6.1 Simple roofs

A flat roof is created by the raising of the top side points. The user can
modify the position of the top points of the flat roof to create for example the
bottom part of a “A la Mansard” roof. A simple roof (two or four slope roof)
has to be constructed over that part to complete the roof.

Steeples can be modelled with pyramidal roofs. The height of the top
point can be adjusted with the help of the picture. A one slope roof is created
from three relevant points defining the slope plane. For this the user moves
vertically one or more points of the top side of the building body.

In order to create a two, three or four slope roof, we first have to create a
roof top (segment positioned thanks to its representation on various
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pictures). We can create a top parallel to a selected edge on the top polygon
of the building body. Otherwise, the top is arbitrarily placed in the centre of
the top polygon. Then, the user interactively adjusts the roof top with the
help of the background pictures and the point manipulator.

First case: the user selects the top and two points on the top polygon
(one point per main slope). These points have to be at their correct place to
define the corresponding slope plan. The other points on the top polygon will
be vertically modified to create planar slopes. To create the sided slopes, we
use the closest points to each extremity of the top roof. If other points have
to be used, the second case has to be followed.

Second case: the user selects four correctly placed points on the top
polygon to define the side slopes.

However, if he knows the roof slopes, the user can build the roof with
these data with no help from the picture.

One can modify some points of the roof if necessary (adjustment
according to other pictures), the various quadrilateral sides may not be
planar any more. A command makes them planar by computing the planar
shape closest to the original shape. One can notice the case of quasi-vertical
polygons that can be modified to be vertical.

Figure 3. Examples of four slope roofs
3.2. Complex roofs

A L, U or T shaped roof is a concatenation of simple roofs according to
assembling rules. In order to create a composed roof, we first have to cut the
ground polygon of the building into several polygons: each part will be
separately extruded and be covered with one or several simple roofs in the
case of superimposing. Finally, we define the connection between two
simple roofs (Figure 4).

Primary and secondary roof connection: the secondary roof is
extended to lay on the primary roof. The top of the secondary roof was only
approximately created towards the primary roof. Several cases have to be
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distinguished according to the height of the top polygons and roof tops of the
two parts.
Algorithm:
1. Stretch the roof top of the secondary roof until it intersects the primary roof (not possible
to continue if there is no intersection)
2. If the top polygon of the building body of the secondary building is lower than the top
polygon of the building body of the primary building then
Points have to be added to the secondary roof to fit the primary building (Figure 4a).
else
Points have to be added to the secondary body to fit the primary building (Figure 4b):
the two side edges are extended until they intersect the primary roof.

Stuck roofs along a mutual wall: the two building bodies need to have a
mutual wall. The two simple roofs are then stuck together along this wall
(Figure 4c).

Algorithm:
1. look for the common wall
2. stretch the two roof tops to this common wall
3. modify the two roofs according to the new tops.

Figure 4. Composed roofs

7. RESULTS AND APPLICATIONS

Our application context was the city of Nancy in France for which some
areas have been reconstructed. Pictures have been taken from the streets and
from various buildings on which we were authorized to go upstairs (religious
monuments, hotels, commercial centers, ...). We used our Olympus digital
camera. Aerial photographs can be useful for the cutting of ground polygons
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and also for the horizontal placement of the roof tops. They are no helpful
for neither polygon extrusion nor for roof construction because vertical lines
are not visible (except if they are taken at quite a low level). Some pictures
have been used as textures for polygonal surfaces, giving more reality effect
to the simulation. Pictures must be taken perpendicularly to the surface that
interests us, thus avoiding perspective vision problems (balconies, window-
blinds). Furthermore, pictures have been unbent, and cleaned from undesired
foreground objects.

Figure 5 shows results for the area around the cathedral: (a) is the result
of the viewpoint recovery, (b) is the 3D reconstruction of buildings, (c) and
(d) are examples with textures.

Figure 5. Results for the city of Nancy

8. FUTURE WORKS AND CONCLUSION

We have presented in this paper our system for interactive 3D rough
reconstruction of urban areas from cadastral plans. However the method can
be applied to any kind of known 3D data of an existing scene.
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Perspectives for this work are principally to deal with curved roofs.
Medina has been developed with Open Inventor library. We plan to write it
under the Maya environment. Another possibility is to develop the two
modules (the automatic one and the interactive one) in another modeller
environment: Maya‘s functionalities do not comrespond to what urban
designers or architects need. A solution would be to use AutoCad.
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ABSTRACT

We present a new approach for modeling and rendering existing ar-
chitectural scenes from a sparse set of still photographs. Our mod-
eling approach, which combines both geometry-based and image-
based techniques, has two components. The first component is a
photogrammetric modeling method which facilitates the recovery of
the basic geometry of the photographed scene. Our photogrammet-
ric modeling approach is effective, convenient, and robust because
it exploits the constraints that are characteristic of architectural
scenes. The second component is a model-based stereo algorithm,
which recovers how the real scene deviates from the basic model.
By making use of the model, our stereo technique robustly recovers
accurate depth from widely-spaced image pairs. Consequently, our
approach can model large architectural environments with far fewer
photographs than current image-based modeling approaches. For
producing renderings, we present view-dependent texture mapping,
a method of compositing multiple views of a scene that better sim-
ulates geometric detail on basic models. Our approach can be used
to recover models for use in either geometry-based or image-based
rendering systems. We present results that demonstrate our ap-
proach’s ability to create realistic renderings of architectural scenes
from viewpoints far from the original photographs.

CR Descriptors: 1.2.10 [Artificial Intelligence]: Vision and
Scene Understanding - Modeling and recovery of physical at-
tributes, 1.3.7 [Computer Graphics]: Three-Dimensional Graph-
ics and Realism - Color; shading, shadowing, and texture14.8 [Im-
age Processing]: Scene Analysis - Stereo; J.6 [Computer-Aided
Engineering]: Computer-aided design (CAD).

1 INTRODUCTION

Efforts to model the appearance and dynamics of the real world
have produced some of the most compelling imagery in computer
graphics. In particular, efforts to model architectural scenes, from
the Amiens Cathedral to the Giza Pyramids to Berkeley’s Soda
Hall, have produced impressive walk-throughs and inspiring fly-
bys. Clearly, it is an attractive application to be able to explore the
world’s architecture unencumbered by fences, gravity, customs, or
jetlag.

'Computer Science Division, University of California at Berkeley,
Berkeley, CA 94720-1776. {debevec,camillo,malik}@cs.berkeley.edu. See
also http://www.cs.berkeley.edu/ debevec/Research

0529

Unfortunately, current geometry-based methods (Fig. 1a) of
modeling existing architecture, in which a modeling program is
used to manually position the elements of the scene, have several
drawbacks. First, the process is extremely labor-intensive, typically
involving surveying the site, locating and digitizing architectural
plans (if available), or converting existing CAD data (again, if avail-
able). Second, it is difficult to verify whether the resulting model is
accurate. Most disappointing, though, is that the renderings of the
resulting models are noticeably computer-generated; even those that
employ liberal texture-mapping generally fail to resemble real pho-
tographs.

(b) Hybrid Approach

g

(a) Geometry—Based

e
«usennputg texture.

Figure 1: Schematic of how our hybrid approach combines
geometry-based and image-based approaches to modeling and ren-
dering architecture from photographs.,

Recently, creating models directly from photographs has re-
ceived increased interest in computer graphics. Since real images
are used as input, such an image-based system (Fig. 1¢) has an ad-
vantage in producing photorealistic renderings as output. Some of
the most promising of these systems [16, 13] rely on the computer
vision technique of computational stereopsis to automaticaily deter-
mine the structure of the scene from the multiple photographs avail-
able. As a consequence, however, these systems are only as strong
as the underlying stereo algorithms. This has caused problems be-
cause state-of-the-art stereo algorithms have a number of signifi-
cant weaknesses; in particular, the photographs need to appear very
similar for reliable results to be obtained. Because of this, current
image-based techniques must use many closely spaced images, and
in some cases employ significant amounts of user input for each im-
age pair to supervise the stereo algorithm. In this framework, cap-
turing the data for a realistically renderable model would require an
impractical number of closely spaced photographs, and deriving the
depth from the photographs could require an impractical amount of
user input. These concessions to the weakness of stereo algorithms
bode poorly for creating large-scale, freely navigable virtual envi-
ronments from photographs.

Our research aims to make the process of modeling architectural

Inventor: Chris Pershing
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scenes more convenient, more accurate, and more photorealistic
than the methods currently available. To do this, we have developed
a new approach that draws on the strengths of both geometry-based
and image-basedmethods, as illustrated in Fig. 1b. The result is that
our approach to modeling and rendering architecture requires only a
sparse set of photographs and can produce realistic renderings from
arbitrary viewpoints. In our approach, a basic geometric model of
the architecture is recovered interactively with an easy-to-use pho-
togrammetric modeling system, novel views are created using view-
dependent texture mapping, and additional geometric detail can be
recovered automatically through stereo correspondence. The final
images can be rendered with current image-based rendering tech-
niques. Because only photographs are required, our approach to
modeling architecture is neither invasive nor does it require archi-
tectural plans, CAD models, or specialized instrumentation such as
surveying equipment, GPS sensors or range scanners.

1.1 Background and Related Work

The process of recovering 3D structure from 2D images has been
a central endeavor within computer vision, and the process of ren-
dering such recovered structures is a subject receiving increased
interest in computer graphics. Although no general technique ex-
ists to derive models from images, four particular areas of research
have provided results that are applicable to the problem of modeling
and rendering architectural scenes. They are: Camera Calibration,
Structure from Motion, Stereo Correspondence, and Image-Based
Rendering.

1.1.1 Camera Calibration

Recovering 3D structure from images becomes a simpler problem
when the cameras used are calibrated, that is, the mapping between
image coordinates and directions relative to each camera is known.
This mapping is determined by, among other parameters, the cam-
era’s focal length and its pattern of radial distortion. Camera cali-
bration is a well-studied problem both in photogrammetry and com-
puter vision; some successful methods include [20] and [S]. While
there has been recent progress in the use of uncalibrated views for
3D reconstruction [7], we have found camera calibration to be a
straightforward process that considerably simplifies the problem.

1.1.2 Structure from Motion

Given the 2D projection of a point in the world, its position in 3D
space could be anywhere on a ray extending out in a particular di-
rection from the camera’s optical center. However, when the pro-
jections of a sufficient number of points in the world are observed
in multiple images from different positions, it is theoretically possi-
ble to deduce the 3D locations of the points as well as the positions
of the original cameras, up to an unknown factor of scale.

This problem has been studied in the area of photogrammetry
for the principal purpose of producing topographic maps. In 1913,
Kruppa [10] proved the fundamental result that given two views of
five distinct points, one could recover the rotation and translation
between the two camera positions as well as the 3D locations of the
points (up to a scale factor). Since then, the problem’s mathematical
and algorithmic aspects have been explored starting from the funda-
mental work of Ullman [21] and Longuet-Higgins [11], in the early
1980s. Faugeras’s book [6] overviews the state of the art as of 1992.
So far, a key realization has been that the recovery of structure is
very sensitive to noise in image measurements when the translation
between the available camera positions is small.

Attention has turned to using more than two views with image
stream methods such as [19] or recursive approaches (e.g. [1]). [19]
shows excellent results for the case of orthographic cameras, but di-
rect solutions for the perspective case remain elusive. In general,
linear algorithms for the problem fail to make use of all available

information while nonlinear minimization methods are prone to dif-
ficulties arising from local minima in the parameter space. An alter-
native formulation of the problem [17] uses lines rather than points
as image measurements, but the previously stated concerns were
shown to remain largely valid. For purposes of computer graph-
ics, there is yet another problem: the models recovered by these al-
gorithms consist of sparse point fields or individual line segments,
which are not directly renderable as solid 3D models.

In our approach, we exploit the fact that we are trying to re-
cover geometric models of architectural scenes, not arbitrary three-
dimensional point sets. This enables us to include additional con-
straints not typically available to structure from motion algorithms
and to overcome the problems of numerical instability that plague
such approaches. Our approach is demonstrated in a useful interac-
tive system for building architectural models from photographs.

1.1.3 Stereo Correspondence

The geometrical theory of structure from motion assumes that one
is able to solve the correspondenceproblem, which is to identify the
points in two or more images that are projections of the same point
in the world. In humans, corresponding points in the two slightly
differing images on the retinas are determined by the visual cortex
in the process called binocular stereopsis.

Years of research (e.g. [2, 4, 8, 9, 12, 15]) have shown that de-
termining stereo correspondences by computer is difficult problem.
In general, current methods are successful only when the images are
similar in appearance, as in the case of human vision, which is usu-
ally obtained by using cameras that are closely spaced relative to the
objects in the scene. When the distance between the cameras (often
called the baseline) becomes large, surfaces in the images exhibit
different degrees of foreshortening, different patterns of occlusion,
and large disparities in their locations in the two images, all of which
makes it much more difficult for the computer to determine correct
stereo correspondences. Unfortunately, the alternative of improving
stereo correspondence by using images taken from nearby locations
has the disadvantage that computing depth becomes very sensitive
to noise in image measurements.

In this paper, we show that having an approximate model of the
photographed scene makes it possible to robustly determine stereo
correspondences from images taken from widely varying view-
points. Specifically, the model enables us to warp the images to
eliminate unequal foreshortening and to predict major instances of
occlusion before trying to find correspondences.

1.1.4 Image-Based Rendering

In an image-based rendering system, the model consists of a set of
images of a scene and their corresponding depth maps. When the
depth of every point in an image is known, the image can be re-
rendered from any nearby point of view by projecting the pixels of
the image to their proper 3D locations and reprojecting them onto
a new image plane. Thus, a new image of the scene is created by
warping the images according to their depth maps. A principal at-
traction of image-based rendering is that it offers a method of ren-
dering arbitrarily complex scenes with a constant amount of com-
putation required per pixel. Using this property, [23] demonstrated
how regularly spaced synthetic images (with their computed depth
maps) could be warped and composited in real time to produce a vir-
tual environment.

More recently, [13] presented a real-time image-based rendering
system that used panoramic photographs with depth computed, in
part, from stereo correspondence. One finding of the paper was that
extracting reliable depth estimates from stereo is “very difficult”.
The method was nonetheless able to obtain acceptable results for
nearby views using user input to aid the stereo depth recovery: the
correspondence map for eachimage pair was seeded with 100 to 500
user-supplied point correspondences and also post-processed. Even
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with user assistance, the images used still had to be closely spaced,;
the largest baseline described in the paper was five feet.

The requirement that samples be close together is a serious lim-
itation to generating a freely navigable virtual environment. Cov-
ering the size of just one city block would require thousands of
panoramic images spaced five feet apart. Clearly, acquiring so
many photographs is impractical. Moreover, even a dense lattice of
ground-based photographs would only allow renderings to be gener-
ated from within a few feet of the original camera level, precluding
any virtual fly-bys of the scene. Extending the dense lattice of pho-
tographs into three dimensions would clearly make the acquisition
process even more difficult. The approach described in this paper
takes advantage of the structure in architectural scenes so that it re-
quires only a sparse set of photographs. For example, our approach
has yielded a virtual fly-around of a building from just twelve stan-
dard photographs.

1.2 Overview

In this paper we present three new modeling and rendering tech-
niques: photogrammetric modeling, view-dependent texture map-
ping, and model-based stereo. We show how these techniques can
be used in conjunction to yield a convenient, accurate, and photo-
realistic method of modeling and rendering architecture from pho-
tographs. In our approach, the photogrammetric modeling program
is used to create a basic volumetric model of the scene, which is then
used to constrain stereo matching. Our rendering method compos-
ites information from multiple images with view-dependent texture-
mapping. Our approach is successful because it splits the task of
modeling from images into tasks which are easily accomplished by
a person (but not a computer algorithm), and tasks which are easily
performed by a computer algorithm (but not a person).

In Section 2, we present our photogrammetric modeling
method. In essence, we have recast the structure from motion prob-
lem not as the recovery of individual point coordinates, but as the
recovery of the parameters of a constrained hierarchy of parametric
primitives. The result is that accurate architectural models can be
recovered robustly from just a few photographs and with a minimal
number of user-supplied correspondences.

In Section 3, we present view-dependent texture mapping, and
show how it can be used to realistically render the recovered model.
Unlike traditional texture-mapping, in which a single static image
is used to color in each face of the model, view-dependent tex-
ture mapping interpolates between the available photographs of the
scene depending on the user’s point of view. This results in more
lifelike animations that better capture surface specularities and un-
modeled geometric detail.

Lastly, in Section 4, we present model-based stereo, which is
used to automatically refine a basic model of a photographed scene.
This technique can be used to recover the structure of architectural
ornamentation that would be difficult to recover with photogram-
metric modeling. In particular, we show that projecting pairs of im-
ages onto an initial approximate model allows conventional stereo
techniques to robustly recover very accurate depth measurements
from images with widely varying viewpoints.

2 Photogrammetric Modeling

In this section we present our method for photogrammetric model-
ing, in which the computer determines the parameters of a hierar-
chical model of parametric polyhedral primitives to reconstruct the
architectural scene. We have implemented this method in Facade,
an easy-to-use interactive modeling program that allows the user to
construct a geometric model of a scene from digitized photographs.
We first overview Fagade from the point of view of the user, then we
describe our model representation, and then we explain our recon-
struction algorithm. Lastly, we present results from using Fagade to
reconstruct several architectural scenes.
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2.1 The User's View

Constructing a geometric model of an architectural scene using
Fagade is an incremental and straightforward process. Typically, the
user selects a small number of photographsto begin with, and mod-
els the scene one piece at a time. The user may refine the model and
include more images in the project until the model meets the desired
level of detail.

Fig. 2(a) and (b) shows the two types of windows used in Fagade:
image viewers and model viewers. The user instantiates the com-
ponents of the model, marks edges in the images, and corresponds
the edges in the images to the edges in the model. When instructed,
Fagade computes the sizes and relative positions of the model com-
ponents that best fit the edges marked in the photographs.

Components of the model, called blocks, are parameterized ge-
ometric primitives such as boxes, prisms, and surfaces of revolu-
tion. A box, for example, is parameterized by its length, width, and
height. The user models the scene as a collection of such blocks,
creating new block classes as desired. Of course, the user does not
need to specify numerical values for the blocks’ parameters, since
these are recovered by the program.

The user may choose to constrain the sizes and positions of any
of the blocks. InFig. 2(b), most of the blocks have been constrained
to have equal length and width. Additionally, the four pinnacles
have been constrained to have the same shape. Blocks may also be
placed in constrained relations to one other. For example, many of
the blocks in Fig. 2(b) have been constrained to sit centered and on
top of the block below. Such constraints are specified using a graph-
ical 3D interface. When such constraints are provided, they are used
to simplify the reconstruction problem.

The user marks edge features in the images using a point-and-
click interface; a gradient-based technique as in [14] can be used to
align the edges with sub-pixel accuracy. We use edge rather than
point features since they are easier to localize and less likely to
be completely obscured. Only a section of each edge needs to be
marked, making it possible to use partially visible edges. For each
marked edge, the user also indicates the corresponding edge in the
model. Generally, accurate reconstructions are obtained if there are
as many correspondences in the images as there are free camera
and model parameters. Thus, Fagade reconstructs scenes accurately
even when just a portion of the visible edges and marked in the im-
ages, and when just a portion of the model edges are given corre-
spondences.

At any time, the user may instruct the computer to reconstruct the
scene. The computer then solves for the parameters of the model
that cause it to align with the marked features in the images. Dur-
ing the reconstruction, the computer computes and displays the lo-
cations from which the photographs were taken. For simple models
consisting of just a few blocks, a full reconstruction takes only a few
seconds; for more complex models, it can take a few minutes. For
this reason, the user can instruct the computer to employ faster but
less precise reconstruction algorithms (see Sec. 2.4) during the in-
termediate stages of modeling.

To verify the the accuracy of the recovered model and camera po-
sitions, Fagade can project the model into the original photographs.
Typically, the projected model deviates from the photographs by
less than a pixel. Fig. 2(c) shows the results of projecting the edges
of the model in Fig. 2(b) into the original photograph.

Lastly, the user may generate novel views of the model by posi-
tioning a virtual camera at any desired location. Fagade will then use
the view-dependent texture-mapping method of Section 3 to render
anovel view of the scene from the desired location. Fig. 2(d) shows
an aerial rendering of the tower model.

2.2 Model Representation

The purpose of our choice of model representation is to represent the
scene as a surface model with as few parameters as possible: when
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Figure 2: (a) A photograph of the Campanile, Berkeley s clock tower, with marked edges shown in green. (b) The model recovered by our
photogrammetric modeling method. Although only the left pinnacle was marked, the remaining three (including one not visible) were recovered
from symmetrical constraints in the model. Our method allows any number of images to be used, but in this case constraints of symmetry
made it possible to recover an accurate 3D model from a single photograph. (¢) The accuracy of the model is verified by reprojecting it into
the original photograph through the recovered camera position. (d) A synthetic view of the Campanile generated using the view-dependent
texture-mapping method described in Section 3. A real photograph from this position would be difficult to take since the camera position is

250 feet above the ground.

the model has fewer parameters, the user needs to specify fewer cor-
respondences, and the computer can reconstruct the model more ef-
ficiently. In Fagade, the scene is represented as a constrained hier-
archical model of parametric polyhedral primitives, called blocks.
Each block has a small set of parameters which serve to define
its size and shape. Each coordinate of each vertex of the block is
then expressed as linear combination of the block’s parameters, rel-
ative to an internal coordinate frame. For example, for the wedge
block in Fig. 3, the coordinates of the vertex P, are written in
terms of the block parameters width, height, and length as P, =
(—width, —height, Iength)T. Each block is also given an associ-
ated bounding box.

(@
Figure 4: (a) A geometric model of a simple building. (b) The
model s hierarchical representation. The nodes in the tree repre-
sent parametric primitives (called blocks) while the links contain
the spatial relationships between the blocks.

®

Theblocks in Fagade are organized in a hierarchical tree structure
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as shown in Fig. 4(b). Eachnode of the tree represents an individual
block, while the links in the tree contain the spatial relationships be-
tween blocks, called relations. Such hierarchical structures are also
used in traditional modeling systems.

The relation between a block and its parent is most generally rep-
resented as a rotation matrix R and a translation vector ¢. This rep-
resentation requires six parameters: three each for R and ¢. In archi-
tectural scenes, however, the relationship between two blocks usu-
ally has a simple form that can be represented with fewer parame-
ters, and Fagade allows the user to build such constraints on R and
t into the model. The rotation R between a block and its parent can
be specified in one of three ways: first, as an unconstrained rotation,
requiring three parameters; second, as a rotation about a particular
coordinate axis, requiring just one parameter;, or third, as a fixed or
null rotation, requiring no parameters.

Likewise, Fagade allows for constraints to be placed on each
component of the translation vector ¢. Specifically, the user can
constrain the bounding boxes of two blocks to align themselves in
some manner along each dimension. For example, in order to en-
sure that the roof block in Fig. 4 lies on top of the first story block,
the user can require that the maximum y extent of the first story
block be equal to the minimum y extent of the roof block. With
this constraint, the translation along the y axis is computed (¢,
(first-story24* — roofy"!")) rather than represented as a pa-
rameter of the model.

Each parameter of each instantiated block is actually a reference
to a named symbolic variable, as illustrated in Fig. 5. As a result,
two parameters of different blocks (or of the same block) can be
equated by having each parameter reference the same symbol. This
facility allows the user to equate two or more of the dimensions in
a model, which makes modeling symmetrical blocks and repeated
structure more convenient. Importantly, these constraints reducethe
number of degrees of freedom in the model, which, as we will show,
simplifies the structure recovery problem.

Once the blocks and their relations have been parameterized, it
is straightforward to derive expressions for the world coordinates
of the block vertices. Consider the set of edges which link a spe-
cific block in the model to the ground plane as shown in Fig. 4.
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VARIABLES

Figure 5: Representationof block parameters as symbol references.
A single variable can be referenced by the model in multiple places,
allowing constraints of symmetry to be embedded in the model.

Letg;{X), ..., gn(X) represent the rigid transformations associated
with each of these links, where X represents the vector of all the
model parameters. The world coordinates Py, (X) of a particular
block vertex P(.X) is then:

Po(X) = g1(X)...gn(X)P(X) 0

Similarly, the world orientation w,(X) of a particular line seg-
ment v(X) is:
vu(X) = 91(X)...ga(X)u(X) @

In these equations, the point vectors P and P,, and the orientation
vectors v and v,, are represented in homogeneous coordinates.

Modeling the scene with polyhedral blocks, as opposed to points,
line segments, surface patches, or polygons, is advantageous for a
number of reasons:

e Mostarchitectural scenes are well modeled by an arrangement
of geometric primitives.

Blocks implicitly contain common architectural elements such
as parallel lines and right angles.

Manipulating block primitives is convenient since they are at
a suitably high level of abstraction; individual features such as
points and lines are less manageable.

A surface model of the scene is readily obtained from the
blocks, so there is no need to infer surfaces from discrete fea-
tures.

Modeling in terms of blocks and relationships greatly reduces
the number of parameters that the reconstruction algorithm
needs to recover.

The last point is crucial to the robustness of our reconstruction al-
gorithm and the viability of our modeling system, and is illustrated
best with an example. The model in Fig. 2 is parameterized by just
33 variables (the unknown camera position adds six more). If each
block in the scene were unconstrained (in its dimensions and posi-
tion), the model would have 240 parameters; if each line segmentin
the scene were treated independently, the model would have 2,896
parameters. This reduction in the number of parameters greatly en-
hances the robustness and efficiency of the method as compared to
traditional structure from motion algorithms. Lastly, since the num-
ber of correspondences needed to suitably overconstrain the mini-
mization is roughly proportional to the number of parameters in the
model, this reduction means that the number of correspondencesre-
quired of the user is manageable.

2.3 Reconstruction Algorithm

Our reconstruction algorithm works by minimizing an objective
function O that sums the disparity between the projected edges of
the model and the edges marked in the images, i.e. O = ) Err;
where Err; represents the disparity computed for edge feature 1.
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Thus, the unknown model parameters and camera positions are
computed by minimizing O with respectto these variables. Our sys-
temn uses the the error function Err; from [17], described below.

(x, 1)

3D fine
P
his) () Observed edge

. Segment

predicted line:
mx+my+ mf=0

X
World Coordinate
System

x5
(b)

Figure 6: (a) Projection of a straight line onto a camera s image
plane. (b) The error function used in the reconstruction algorithm.

The heavy line represents the observededge segment (marked by the

user) and the lighter line represents the model edge predicted by the
current camera and model parameters.

@

Fig. 6(a) shows how a straight line in the model projects onto
the image plane of a camera. The straight line can be defined by
a pair of vectors (v, d) where v represents the direction of the line
and d represents a point on the line. These vectors can be computed
from equations 2 and 1 respectively. The position of the camera with
respectto world coordinatesis given in terms of a rotation matrix R;
and a translation vector ¢;. The normal vector denoted by m in the
figure is computed from the following expression:

m = R;(v x (d - tj)) 3)

The projection of the line onto the image plane is simply the in-
tersection of the plane defined by m with the image plane, located at
z = —f where f is the focal length of the camera. Thus, the image
edge is defined by the equation m;z + myy — m.f = 0.

Fig. 6(b) shows how the error between the observed image edge
{(z1,41), (z2,y2)} and the predicted image line is calculated for
each correspondence. Points on the observed edge segment can be
parameterized by a single scalar variable s € [0,1] where { is the
length of the edge. We let (s) be the function that returns the short-
est distance from a point on the segment, p(s), to the predicted edge.

With these definitions, the total error between the observed edge
segment and the predicted edge is calculated as:

!
Err; = / h*(s)ds = é(hf+h1h2+h§) = mT(ATBA)m
1]
O]
where:
m = (m,,my,mz)T
A — ( Iy 121 1 )
T2 Y2 1
B = l 1 05
T 3(m24+m2)\ 05 1

The final objective function O is the sum of the error terms result-
ing from each correspondence. We minimize  using a variant of
the Newton-Raphson method, which involves calculating the gradi-
ent and Hessian of O with respect to the parameters of the camera
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and the model. As we have shown, it is simple to construct sym-
bolic expressions for m in terms of the unknown model parameters.
The minimization algorithm differentiates these expressions sym-
bolically to evaluate the gradient and Hessian after each iteration.
The procedure is inexpensive since the expressions for d and v in
Equations 2 and 1 have a particularly simple form.

2.4 Computing an Initial Estimate

The objective function described in Section 2.3 section is non-linear
with respect to the model and camera parameters and consequently
can have local minima. If the algorithm begins at a random loca-
tion in the parameter space, it stands little chance of converging to
the correct solution. To overcome this problem we have developed
a method to directly compute a good initial estimate for the model
parameters and camera positions that is near the correct solution. In
practice, our initial estimate method consistently enables the non-
linear minimization algorithm to converge to the correct solution.

Ourinitial estimate method consists of two procedures performed
in sequence. The first procedure estimates the camera rotations
while the second estimates the camera translations and the parame-
ters of the model. Both initial estimate procedures are based upon an
examination of Equation 3. From this equation the following con-
straints can be deduced:

mTRiv = 0 ®)
mTR;(d - t;) (6

Givenanobservededge u ;; the measured normal m’ to the plane
passing through the camera center is:

x X2
m’ = Y1 X Y2 )
-f -f

From these equations, we see that any model edges of known ori-
entation constrain the possible values for R;. Since most architec-
tural models contain many such edges (e.g. horizontal and vertical
lines), each camera rotation can be usually be estimated from the
model independent of the model parameters and independent of the
camera’s location in space. Our method does this by minimizing the
following objective function O; that sums the extents to which the
rotations R; violate the constraints arising from Equation 5:

01 =) (m"Rwvi)?, vi€ {95} ®

Once initial estimates for the camera rotations are computed,
Equation 6 is used to obtain initial estimates of the model param-
eters and camera locations. Equation 6 reflects the constraint that
all of the points on the line defined by the tuple (v, d) should lic on
the plane with normal vector m passing through the camera center.
This constraint is expressed in the following objective function O,
where P;(X) and Q;(X) are expressions for the vertices of an edge
of the model.

02 = Y (mTR;(Pi(X) — £;)) + (m" R;(Qi(X) = 1,))* (9)

In the special case where all of the block relations in the model
have a known rotation, this objective function becomes a simple
quadratic form which is easily minimized by solving a set of linear
equations.

Once the initial estimate is obtained, the non-linear minimization
over the entire parameter space is applied to produce the best possi-
ble reconstruction. Typically, the minimization requires fewer than
ten iterations and adjusts the parameters of the model by at most a
few percent from the initial estimates. The edges of the recovered
models typically conform to the original photographs to within a
pixel.

)

Figure 7: Threeof twelve photographs used to reconstruct the entire
exterior of University High School in Urbana, Illinois. The super-
Imposed lines indicate the edges the user has marked.

(©)
Figure 8: The high school model, reconstructed from twelve pho-
tographs. (a) Overhead view. (b) Rear view. (¢) Aerial view show-
ing the recovered camera positions. Two nearly coincident cameras
can be observed in front of the building; their photographs were
taken from the second story of a building across the street.

Figure 9: A synthetic view of University High School. This is a
frame from an animation of flying around the entire building.
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Figure 10: Reconstructionof Hoover Tower, Stanford, CA (a) Origi-
nal photograph, with marked edges indicated. (b) Model recovered
from the single photograph shown in (a). (c) Texmre-maﬁpedaerial

view from the virtual camera position indicated in (b).

egions not
seen in (a) are indicated in blue.

2.5 Results

Fig. 2 showed the results of using Fagade to reconstruct a clock
tower from a single image. Figs. 7 and 8 show the results of us-
ing Fagade to reconstruct a high school building from twelve pho-
tographs. (The model was originally constructed from just five im-
ages; the remaining images were added to the project for purposes of
generating renderings using the techniques of Section 3.) The pho-
tographs were taken with a calibrated 35mm still camera with a stan-
dard 50mm lens and digitized with the PhotoCD process. Images at
the 1536 x 1024 pixel resolution were processed to correct for lens
distortion, then filtered down to 768 x 512 pixels for use in the mod-
eling system. Fig. 8 shows some views of the recovered model and
camera positions, and Fig. 9 shows a synthetic view of the building
generated by the technique in Sec. 3.

Fig. 10 shows the reconstruction of another tower from a sin-
gle photograph. The dome was modeled specially since the recon-
struction algorithm does not recover curved surfaces. The user con-
strained a two-parameter hemisphere block to sit centered on top of
the tower, and manually adjusted its height and width to align with
the photograph. Each of the models presented took approximately
four hours to create.

3 View-Dependent Texture-Mapping

In this section we present view-dependent texture-mapping, an ef-
fective method of rendering the scene that involves projecting the
original photographs onto the model. This form of texture-mapping
is most effective when the model conforms closely to the actual
structure of the scene, and when the original photographs show the
scene in similar lighting conditions. In Section 4 we will show how
view-dependent texture-mapping can be used in conjunction with
model-based stereo to produce realistic renderings when the recov-
ered model only approximately models the structure of the scene.

Since the camera positions of the original photographs are re-
covered during the modeling phase, projecting the images onto the
model is straightforward. In this section we first describe how we
project a single image onto the model, and then how we merge sev-
eral image projections to render the entire model. Unlike tradi-
tional texture-mapping, our method projects different images onto
the model depending on the user’s viewpoint. As a result, our view-
dependent texture mapping can give a better illusion of additional
geometric detail in the model.

3.1 Projecting a Single Image

The process of texture-mapping a single image onto the model can
be thought of as replacing each camera with a slide projector that
projects the original image onto the model. When the model is not

convex, it is possible that some parts of the model will shadow oth-
ers with respect to the camera. While such shadowed regions could
be determined using an object-space visible surface algorithm, or an
image-space ray casting algorithm, we use an image-space shadow
map algorithm based on [22] since it is efficiently implemented us-
ing z-buffer hardware.

Fig. 11, upper left, shows the results of mapping a single image
onto the high school building model. The recovered camera posi-
tion for the projected image is indicated in the lower left comer of
the image. Because of self-shadowing, not every point on the model
within the camera’s viewing frustum is mapped.

3.2 Compositing Multiple Images

In general, each photograph will view only a piece of the model.
Thus, it is usually necessary to use multiple images in order to ren-
der the entire model from a novel point of view. The top images of
Fig. 11 show two different images mapped onto the model and ren-
dered from a novel viewpoint. Some pixels are colored in just one of
the renderings, while some are colored in both. These two render-
ings can be merged into a composite rendering by considering the
corresponding pixels in the rendered views. If a pixel is mapped in
only one rendering, its value from that rendering is used in the com-
posite. If it is mapped in more than one rendering, the renderer has
to decide which image (or combination of images) to use.

It would be convenient, of course, if the projected images would
agree perfectly where they overlap. However, the images will not
necessarily agree if there is unmodeled geometric detail in the build-
ing, or if the surfaces of the building exhibit non-Lambertian reflec-
tion. In this case, the best image to use is clearly the one with the
viewing angle closest to that of the rendered view. However, using
the image closest in angle at every pixel means that neighboring ren-
dered pixels may be sampled from different original images. When
this happens, specularity and unmodeled geometric detail can cause
visible seams in the rendering. To avoid this problem, we smooth
these transitions through weighted averaging as in Fig. 12.

Figure 11: The process of assembling projected images to form a
composite rendering. The top two pictures show two images pro-
Jected onto the model from their respective recovered camera posi-
tions. The lower left picture shows the results of compositing these
two renderings using our view-dependent weighting function. The
lower right picture shows the results of compositing renderings of
all twelve original images. Some pixels near the front edge of the
roof not seen in any image have been filled in with the hole-filling
algorithm from [ 23}]' ;

Even with this weighting, neighboring pixels can still be sam-
pled from different views at the boundary of a projected image, since
the contribution of an image must be zero outside its boundary. To
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virtual view

Figure 12: The weighting function used in view-dependent texture
mapping. The pixel in the virtual view corresponding to the point
on the model is assigned a weighted average of the corresponding
pixels in actual views 1 and 2. The weightsw andw> are inversely
inversely proportional to the magnitude of angles a, and a;. Al-
ternately, more sophisticated weighting functions based on expected
foreshortening and image resampling can be used.

address this, the pixel weights are ramped down near the boundary
of the projected images. Although this method does not guarantee
smooth transitions in all cases, we have found that it eliminates most
artifacts in renderings and animations arising from such seams.

If an original photograph features an unwanted car, tourist, or
other object in front of the architecture of interest, the unwanted ob-
ject will be projected onto the surface of the model. To prevent this
from happening, the user may mask out the object by painting over
the obstruction with a reserved color. The rendering algorithm will
then set the weights for any pixels corresponding to the masked re-
gions to zero, and decrease the weights of the pixels near the bound-
ary as before to minimize seams. Any regions in the composite im-
age which are occluded in every projected image are filled in using
the hole-filling method from [23].

In the discussion so far, projected image weights are computed at
every pixel of every projected rendering. Since the weighting func-
tion is smooth (though not constant) across flat surfaces, it is not
generally not necessary to compute it for every pixel of every face
of the model. For example, using a single weight for each face of
the model, computed at the face’s center, produces acceptable re-
sults. By coarsely subdividing large faces, the results are visually
indistinguishable from the case where a unique weight is computed
for every pixel. Importantly, this technique suggests a real-time im-
plementation of view-dependent texture mapping using a texture-
mapping graphics pipeline to render the projected views, and a-
channel blending to composite them.

For complex models where most images are entirely occluded for
the typical view, it can be very inefficient to project every original
photographto the novel viewpoint. Some efficient techniques to de-
termine such visibility a priori in architectural scenes through spa-
tial partitioning are presented in [18].

4 Model-Based Stereopsis

The modeling system described in Section 2 allows the user to cre-
ate a basic model of a scene, but in general the scene will have ad-
ditional geometric detail (such as friezes and cornices) not captured
in the model. In this section we present a new method of recov-
ering such additional geometric detail automatically through sterco
correspondence, which we call model-based stereo. Model-based
stereo differs from traditional stereo in that it measures how the ac-
tual scene deviates from the approximate model, rather than trying
to measure the structure of the scene without any prior information.
The model serves to place the images into a common frame of ref-
erence that makes the stereo correspondence possible even for im-

@

Figure 13: View-dependent texture mapping. (a) A detail view of the
high school model. (b) A renderingof the model from the same posi-
tion using view-dependent texture mapping. Note that although the
model does not capture the slightly recessed windows, the windows
appear properly recessed because the texture map is sampled pri-

marily from a photograph which viewed the windows from approx-
imately the same direction. (¢) The same piece of the model viewed
from a different angle, using the same texture map as in (b). Since
the texture is not selected from an image that viewed the model from
approximately the same angle, the recessed windows appearunnat-

ural. (d) A more natural result obtained by using view-dependent
texture mapping. Since the angle of view in (d) is different than in
(b), a different composition of original images is usedto texture-map
the model.

ages taken from relatively far apart. The stereo correspondence in-
formation can then be used to render novel views of the scene using
image-based rendering techniques.

As in traditional stereo, given two images (which we call the
key and offsef), model-based stereo computes the associated depth
map for the key image by determining corresponding points in the
key and offset images. Like many stereo algorithms, our method is
correlation-based, in that it attempts to determine the corresponding
point in the offset image by comparing small pixel neighborhoods
around the points. As such, correlation-based stereo algorithms gen-
erally require the neighborhood of each point in the key image to
resemble the neighborhood of its corresponding point in the offset
image.

The problem we face is that when the key and offset images
are taken from relatively far apart, as is the case for our modeling
method, corresponding pixel neighborhoods can be foreshortened
very differently. In Figs. 14(a) and (c), pixel neighborhoodstoward
the right of the key image are foreshortened horizontally by nearly
a factor of four in the offset image.

The key observation in model-based stereo is that even though
two images of the same scene may appear very different, they ap-
pear similar afier being projected onto an approximate model of the
scene. In particular, projecting the offset image onto the model and
viewing it from the position of the key image produces what we call
the warped offset image, which appears very similar to the key im-
age. The geometrically detailed scene in Fig. 14 was modeled as
two flat surfaces with our modeling program, which also determined
the relative camera positions. As expected, the warped offset image
(Fig. 14(b)) exhibits the same pattern of foreshortening as the key
image.

In model-based stereo, pixel neighborhoods are compared be-
tween the key and warped offset images rather than the key and off-
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(b) Warped Offset Image

(a) Key Image

model-based stereo algorithm.

set images. When a correspondence is found, it is simple to convert
its disparity to the corresponding disparity between the key and off-
set images, from which the point’s depth is easily calculated. Fig.
14(d) shows a disparity map computed for the key image in (a).

The reduction of differences in foreshortening is just one of sev-
eral ways that the warped offset image simplifies stereo correspon-
dence. Some other desirable properties of the warped offset image
are:

¢ Any point in the scene which lies on the approximate model
will have zero disparity between the key image and the warped
offset image.

¢ Disparities between the key and warped offset images are eas-
ily converted to a depth map for the key image.

¢ Depth estimates are far less sensitive to noise in image mea-
surements since images taken from relatively far apart can be
compared.

¢ Places where the model occludes itself relative to the key im-
age can be detected and indicated in the warped offset image.

¢ A linear epipolar geometry (Sec. 4.1) exists between the key
and warped offset images, despite the warping. In fact, the
epipolar lines of the warped offset image coincide with the
epipolar lines of the key image.

4.1 Model-Based Epipolar Geometry

In traditional stereo, the epipolar constraint (see [6]) is often used
to constrain the search for corresponding points in the offset im-
age to searching along an epipolar line. This constraint simplifies
stereo not only by reducing the search for each correspondence to
one dimension, but also by reducing the chance of selecting a false
matches. In this section we show that taking advantage of the epipo-
lar constraint is no more difficult in model-based stereo case, despite
the fact that the offset image is non-uniformly warped.

Fig. 15 shows the epipolar geometry for model-based stereo. If
we consider a point P in the scene, there is a unique epipolar plane
which passes through P and the centers of the key and offset cam-
eras. This epipolar plane intersects the key and offset image planes
in epipolar lines ey and e,. If we consider the projection px of P
onto the key image plane, the epipolar constraint states that the cor-
responding point in the offset image must lie somewhere along the
offset image’s epipolar line.

In model-based stereo, neighborhoods in the key image are com-
pared to the warped offset image rather than the offset image. Thus,
to make use of the epipolar constraint, it is necessary to determine
where the pixels on the offset image’s epipolar line project to in the
warped offset image. The warped offset image is formed by project-
ing the offset image onto the model, and then reprojecting the model
onto the image plane of the key camera. Thus, the projection p, of
P in the offset image projects onto the model at @, and then repro-
jects to gk in the warped offset image. Since each of these projec-
tions occurs within the epipolar plane, any possible correspondence

(c) Offset Image

(d) Computed Disparity Map
Figure 14: (a) and (c) Two images of the entrance to Peterhouse chapel in Cambridge, UK. The Fagade program was used to model the
fagade and ground as a flat surfaces and to recover the relative camera positions. (b) The warped offset image, produced by projecting the
offset image onto the approximate model and viewing it from the position of the key camera. This projection eliminates most of the disparity
and foreshortening with respect to the key image, greatly simplifying stereo correspondence. (d) An unedited disparity map produced by our
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Figure 15: Epipolar geometry for model-based stereo.

for px in the key image must lie on the key image’s epipolar line in
the warped offset image. In the case where the actual structure and
the model coincide at P, p, is projected to P and then reprojected
to px, yielding a correspondence with zero disparity.

The fact that the epipolar geometry remains linear after the warp-
ing step also facilitates the use of the ordering constraint [2, 6]
through a dynamic programming technique.

4.2 Stereo Results and Rerendering

While the warping step makes it dramatically easier to determine
stereo correspondences, a stereo algorithm is still necessary to ac-
tually determine them. The algorithm we developed to produce the
images in this paper is described in [3].

Once a depth map has been computed for a particular image, we
can rerender the scene from novel viewpoints using the methods
described in [23, 16, 13]. Furthermore, when several images and
their corresponding depth maps are available, we can use the view-
dependent texture-mapping method of Section 3 to composite the
multiple renderings. The novel views of the chapel fagade in Fig.
16 were produced through such compositing of four images.

5 Conclusion and Future Work

To conclude, we have presented a new, photograph-based approach
to modeling and rendering architectural scenes. Our modeling
approach, which combines both geometry-based and image-based
modeling techniques, is built from two components that we have
developed. The first component is an easy-to-use photogrammet-
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Figure 16: Novel views of the scene generated from four original photographs. These are frames from an animated movie in which the fagade

rotates continuously. The depth is computed from model-based stereo and the frames are made by compositing image-based renderings with
view-dependent texture-mapping.

ric modeling system which facilitates the recovery of a basic geo-
metric model of the photographed scene. The second component is
a model-based stereo algorithm, which recovers precisely how the
real scene differs from the basic model. For rendering, we have pre-
sented view-dependent texture-mapping, which producesimages by
warping and compositing multiple views of the scene. Through ju-
dicious use of images, models, and human assistance, our approach
is more convenient, more accurate, and more photorealistic than
current geometry-based or image-based approaches for modeling
and rendering real-world architectural scenes.

There are several improvements and extensions that can be made
to our approach. First, surfaces of revolution represent an important
component of architecture (¢.g. domes, columns, and minarets) that
are not recovered in our photogrammetric modeling approach. (As
noted, the dome in Fig. 10 was manually sized by the user.) Fortu-
nately, there has been much work (e.g. [24]) that presents methods
of recovering such structures from image contours. Curved model
geometry is also entirely consistent with our approach to recovering
additional detail with model-based stereo.

Second, our techniques should be extended to recognize and
model the photometric properties of the materials in the scene. The
system should be able to make better use of photographs taken in
varying lighting conditions, and it should be able to render images
of the scene as it would appear at any time of day, in any weather,
and with any configuration of artificial light. Already, the recovered
model can be used to predict shadowing in the scene with respect to
an arbitrary light source. However, a full treatment of the problem
will require estimating the photometric properties (i.e. the bidirec-
tional reflectance distribution functions) of the surfaces in the scene.

Third, it is clear that further investigation should be made into the
problem of selecting which original images to use when rendering
a novel view of the scene. This problem is especially difficult when
the available images are taken at arbitrary locations. Our current so-
lution to this problem, the weighting function presented in Section
3, still allows seams to appear in renderings and does not consider
issues arising from image resampling. Another form of view selec-
tion is required to choose which pairs of images should be matched
to recover depth in the model-based stereo algorithm.

Lastly, it will clearly be an attractive application to integrate
the models created with the techniques presented in this paper into
forthcoming real-time image-based rendering systems.
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Searching for Clients From Above

More Small Businesspeople Use Aerial Mapping Services To Scout Potential Customers

By KEVIN J. DELANEY

When a customer recently inquired about roofing nine hours, | spent 10 minutes on the computer,”
five apartment buildings in Grass Valley, Calif., Jay he says.
Saber didn't bother to jump in his truck to drive
out and take measurements. Many small businesspeople like Mr. Saber are
turning to Google Earth and other mapping
Mr. Saber, the owner of Saber Roofing Inc. in services with aerial imagery such as Microsoft
Redwood City, Calif., instead punched the Corp.'s Live Search Maps and closely held Zillow.
addresses into Google Inc.'s free Earth software to com to find new clients, estimate job costs and
pull up aerial views of the buildings. He used the inspect properties, saving time they would have
program to measure the roofs and eyeball their spent driving around.
conditions. After he determined that the job would
cost more than $100,000, he emailed the estimate Those services provide access to aerial images of
to the client the next day. buildings taken by airplanes and satellites, and in
some cases let users extract measurements and
mother useful data as well. Businesses in the past
ould buy aerial photos, but the cost and time
quired to find the images, or commission
omeone to take specific shots, put them out of
e reach of most mom-and-pop companies.
icrosoft's Live Search Maps and Zillow.com, a
eal-estate site with extensive aerial imagery, are
eb-based. Google Earth requires a software
ownload, though the related Google Maps service
is Web-based. The services are all free of charge,
Ithough premium versions of Google Earth cost
20 a year or more.

Seber Rocfing |
(ouiated the aree of
Grace Body Shoo in
South San Francisco,
202 orevided an
CLraie estimate
using 3 Soogle Emth
meascring festwe.
The comosay xred >
down b job tor
Taonplo La Lua, ¢
cherth i Recwood
Uty baged on the
steep siooe of Un
roof 3Ner sedinga
Google Lwrih
sarufite inaye.
Photas: Googe Lotr 2,

oofers aren't the only ones taking advantage of
yacrial mapping - landscapers, pool maintenance
Apeople, real-estate agents and insurance

- e Sy companies are also using such services. In some
The software saved Mr. Saber a roughly 350-mile cases, they're checking out specific locations
round trip to see the roofs in person. "Instead of where they're bidding for or working on a job. In

it
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others, they're perusing the images for signs --
such as pools or big lawns -- indicating homes
that might be potential clients for their services.
Some of the mapping services are now adding
photographs of buildings and streets taken from
the street level, potentially increasing their
usefulness to small businesspeople.

While the aerial images can be as much as a few
years old, things such as roofs and the areas of
lawns generally don't change much over that
period of time. And the small businesses often
find the tools provided by the mapping services
are accurate enough for their purposes. Mr. Saber
says he recently was within 50 square feet of
accuracy measuring a 10,000-square-foot San
Francisco roof using Google Earth that he later
measured in person, which he deems remarkably
good.

A water treatment complex seen from Google
Earth. Keith Harper of Summer101 Lawn Care,
Chattanooga, Tenn., used the service to scout
jobs.

Keith Harper of Chattanooga, Tenn., has used
Google Earth to prospect for large lawns for his
landscaping business to mow. Mr. Harper a few
years ago discovered three lawns, each about two
acres large, while scouting in Google Earth for
potential clients in his neighborhood. The next
day he knocked on the homeowners' doors and
landed a contract to mow one of them, for a price
of around $80 per mow. "l knew the area, just
hadn't realized they were there," says Mr. Harper.

http://online.wsj.com/public/article/SB118584306224482891.html?mod=yahoo_free

Page 2 of 3

Looking for homes that might be interested in his
pressure-washing services, Mr. Harper also used
Google Earth to find houses with concrete patios.
Such patios are normally made of lighter-colored
concrete, so they are visible when zooming in on
Google Earth; Mr. Harper says he found several
clients this way.

George Wittren, who has a landscape design
business in Renton, Wash., takes property
measurements using Google Earth and looks at the
surrounding environment with Zillow.com. "It
saves my clients a little bit of money, just in terms
of minimizing site visits a little more and saving
time," Mr. Wittren says.

Even companies that potentially compete with
Google and others to provide aerial images to
businesses are themselves using the free software.
Stockton Infrared Thermographic Services Inc.,
Randleman, N.C., takes high-resolution and
infrared aerial images of buildings that it sells to
clients. President Gregory Stockton says the
custom infrared images can offer more detail than
Google Earth for service providers, such as the
condition of roofs and the effectiveness of
building insulation. But his company also uses
Google Earth to plan out image-gathering flights
and check the measurement of roofs it plans to
photograph. "It's very, very handy,” Mr. Stockton
says.

Meanwhile, Whitegold Solutions Inc. in San Rafael,
Calif., employs about 75 people in India to analyze
aerial images from Google Earth and other

sources. Using information gleaned from the
images, Whitegold's precigeo service offers
customers the addresses of prospective clients in
specific areas that meet certain criteria -- such as
pool owners or people with large lawns.

President Jack Zoken says precigeo customers
include lawn-care companies, roofers, insurance
company adjusters and solar panel installers. He
says Whitegold's custom software tools and
specialized staff make it more efficient in
analyzing the images than its clients would be on
their own. He wouldn't be specific about how
much the company charges customers, saying the
price varies.
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But some small businesses find they can get real
value out of free acrial imaging services without
such help. In addition to using Google Earth for
jobs, for example, Saber Roofing also relies on it
to decline them. Terry Nagel, the mayor of Silicon
Valley town Burlingame, Calif., says she called
Saber last year about roofing her home. While she -
was on the phone, a Saber employee told her he
was looking at her roof using Google Earth and
that it was too steep for his company to tackle.

Ms. Nagel says she found another roofer to handle
the job, but was surprised by the experience. "It
sort of gives you a feeling that Big Brother is
watching,” she says.

Write to Kevin J. Delaney at kevin.delaney@wsj.
comPrinted in The Wall Street Journal, page Bl
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Abstract: In this paper, we address the problem of the recovery of the Euclidean geometry of a scene
from a sequence of images without any prior knowledge either about the parameters of the cameras,
or about the motion of the camera(s). We do not require any knowledge of the absolute coordinates of
some control points in the scene to achieve this goal. Using various computer vision tools, we estab-
lish correspondences between images and recover the epipolar geometry of the set of images, from
which we show how to compute the complete set of perspective projection matrices for each camera
position. These being known, we proceed to reconstruct the scene. This reconstruction is defined up
to an unknown projective transformation (i.e. is parameterized with 15 arbitrary parameters). Next
we show how to go from this reconstruction to a more constrained class of reconstructions, defined up
to an unknown affine transformation (i.e. parameterized with 12 arbitrary parameters) by exploiting
known geometric relations between features in the scene such as parallelism. Finally, we show how to
go from this reconstruction to another class, defined up to an unknown similitude (i.e. parameterized
with 7 arbitrary parameters). This means that in an Euclidean frame attached to the scene or to one of
the cameras, the reconstruction depends only upon one parameter, the global scale. This parameter
is easily fixed as soon as one absolute length measurement is known. We see this vision system as a
building block, a vision server, of a CAD system that is used by a human to model a scene for such
applications as simulation, virtual or augmented reality. We believe that such a system can save a lot
of tedious work to the human observer as well as play a leading role in keeping the geometric data
base accurate and coherent.
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Reconstruction tridimensionnelle de scénes urbaines a partir de
séquences d’images

Résumé : Dans cet article, nous nous penchons sur le probléme de retrouver la structure géométrique
Euclidienne d’une scéne a partir d’une séquence d’images, sans information préalable sur les para-
métres ou le mouvement des caméras. Pour cela, il ne nous est pas nécessaire de connaitre les coor-
données de points de controle dans la scéne. En utilisant diverses techniques de vision par ordinateur,
nous établissons des correspondances entre les images, et nous retrouvons la géométrie épipolaire de
I’ensemble des images, a partir de laquelle nous calculons les matrices de projection correspondant a
toutes les prises de vue. A partir de celles-ci, nous pouvons reconstruire la scéne tridimensionnelle.
Cette reconstruction est définie 4 une transformation projective inconnue prés, c’est-a-dire qu’elle
dépend de 15 paramétres arbitraires. Ensuite, nous montrons comment passer de cette reconstruction
a une classe plus restreinte de reconstructions, définies a une transformation affine pres (il reste alors
12 paramétres arbitraires) en exploitant la connaissance de relations géométriques entre certains é1¢é-
ments de la scéne, comme le parallélisme. Enfin, nous montrons comment se ramener a une classe
encore plus restreinte de reconstructions, définies cette fois a une similitude prés (7 paramétres ar-
bitraires). Cela signifie que dans un repére Euclidien attaché a la scéne ou a I’'une des caméras, la
reconstruction ne dépend que d’un paramétre; ’échelle globale. Pour fixer ce parametre, il suffit de
connaitre une mesure de distance dans la scéne. Ce systéme de vision est concu comme un module
(serveur de vision) d’un systéme de CAOQ utilisé par un humain afin de créer des modéles de scénes
en vue d’applications comme la simulation, ou la réalité virtuelle ou augmentée. Nous croyons qu’un
tel systéme peut permettre d’économiser un temps de travail considérable dans la construction d’une
base de donnée tridimensionnelle, tout en garantissant son exactitude.

Mots-clé : géométrie projective, reconstruction, CAO, architecture
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3-D Reconstruction of Urban Scenes from Sequences of Images 3

1 Introduction

The problem which is tackled in this paper and for which we propose a number of partial solutions
is the following: we want to reconstruct a three-dimensional model of a static environment viewed
by one or several cameras whose motions or relative positions are unknown and whose intrinsic pa-
rameters are also unknown and may vary.

The sequence of images that is used can be either a video sequence, or a film, or a number of
snapshots taken from usually fairly distinct viewpoints. In the first two cases, which we will denote
as the M(ovie)-situation, it is, as explained in section 2.1 possible to use the continuity in time of
the images to help simplify the problem. In the third case, which we will denote by the S(napshot)-
situation, this is not possible, and we must work a little harder, as also explained in the same section.

Solving this problem at relatively low cost is extremely important for such applications as image
synthesis, simulation, virtual and augmented reality where 3-D models are required and are obtained
today through lengthy manual interaction with the images. Our techniques build upon the knowledge
which has been acquired in computer vision and photogrammetry in the last 20 years or so and can
potentially reduce by a significant factor the amount of manual interaction which is currently neces-
sary to get 3-D models of the world in the computer.

The Esprit project 8878, Realise, has set up as one of its goals the partial automation of the acqui-
sition of computerized 3-D models of urban scenes from sequences of images taken from the ground
or from an aircraft flying at a low altitude. As was mentioned before, no hypotheses are made upon
the relative positions of the cameras, their intrinsic parameters, all of them are assumed unknown, or
upon the presence in the environment to be modeled of control points with known coordinates in some
fixed frame of reference. We nonetheless show in this article that the complete projective, affine, and
Euclidean geometry (up to a global scale factor) of the scene can be accurately captured by a combina-
tion of techniques which have been developed over the years in computer vision and photogrammetry.
We would like to emphasize the fact that these techniques encompass a wide range of traditionally
distinct subjects such as feature detection (edges, comers, junctions) using non-parametric (image-
based) and parametric (snake-like) models, tracking of image features in a sequence of images, geo-
metric modeling of image correspondences at the projective, affine, and Euclidean levels with a clear
distinction between those levels and the amount of information they require, robust estimation of al-
gebraic instantiation of this geometry (i.e. the perspective projection matrices).

This is only one aspect of the Realise project, the geometric aspect; this project also aims at deve-
loping a deeper understanding of the photometry and colorimetry of real scenes in order, for example,
to improve significantly the quality of the rendering of simulated scenes. This important topic is not
covered in this article.

Before we describe in detail the techniques which lead from a set of images to a 3-D model of the
scene they represent, we sketch in figure 1 the general flow of information in our method. We start
with either a set of NV snapshots (S-situation) or with a set of video sequences from which we select N.
In the second case, we can use a variety of feature trackers to establish a number of correspondences
between the IV images, as explained in section 2.1. Note that we do not require that all features be
tracked in all sequences, a notoriously non-realistic hypothesis. Also, even though this makes the
next process of estimating the perspective projection matrices easier, it is by no means mandatory.
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M-situation

Y

Select N images

S-situation
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projective matrices and
their uncertainty up to a
projective transformation
of 3-space

Projective geometry
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Estimate N-1 fundamental
matrices and their uncertainty

Y

Robust initial estimation of
the N perspective projection
matrices v

h {

Refine the estimation by
bundle block adjustment
or epipolar line adjustment

Estimate the plane at

Affine geometry
of the scene

Estimate the metric of
the 3-D scene

)

Euclidean geometry of the scene
up to a global scale factor

Use a priori information
about the affine structure
of the scene: 3-D parallel
lines or ratios of lengths of
parallel 3-D segments...

Use a priori information
about the metric structure
of the scene: 3-D angles,
ratios of lengths of 3-D

segments...

Figure 1: Flowchart of the method described in the paper: this is the backbone of the visual server
which is being developed for the Esprit project Realise.
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3-D Reconstruction of Urban Scenes from Sequences of Images 5

The next step is to estimate the perspective projection matrices of each of the IV images. We found
that this was the best way of representing the geometry of a set of cameras rather than, for example,
the fundamental matrices describing the epipolar geometry. At this stage the perspective projection
matrices are defined up to an unknown projective transformation, i.e. they can be multiplied on the
right by the same arbitrary 4 x 4 full rank matrix. This reflects the fact that if only image correspon-
dences are available, only the projective geometry of the 3-D scene, i.e. those properties which are
invariant under the action of the group of projective transformations, can be recovered. Since pro-
jective geometry is now widely used in computer vision and has been in computer graphics since the
early days, we refer the interested reader to the corresponding literature [39, 34, 9). The estimation
of the perspective projection matrices is done in three steps:

1. We estimate the N — 1 fundamental matrices defining the epipolar geometry between conse-
cutive images,

2. these are then used to obtain a first estimate of the perspective projection matrices,

3. which is then refined using possibly several methods, one of them, being the famous bundle
adjustment [5, 6, 16, 17].

Once this estimation has been completed, the 3-D scene can be reconstructed up to an arbitrary pro-
jective transformation. To be complete, let us mention that we track the uncertainty at all levels, star-
ting from the pixel level, through the level of the fundamental matrices, the perspective projection
matrices, and the reconstructed 3-D points. This is described in detail in section 2.

The next step, if required by the application, is to estimate the affine geometry of the scene, i.e.
those properties of the scene which are invariant under the action of 3-D affine transformations. This
can be achieved in several ways as described in [10] depending upon whether or not one can control
the motion of the sensors. In the application described in this article we only use a priori information
about the scene such as parallel lines or known ratios of collinear line segments. This is described in
section 3.

The final step, again, if required by the application, is to estimate the Euclidean geometry of the
scene, i.e. those properties of the scene which are invariant under the action of 3-D Euclidean trans-
formations, i.e. similitudes. This can again be achieved in several ways as discussed also in [10].
In the application described in this article we use a priori information about the scene such as angles
of lines, planes, or known ratios of line segments, to take a few examples. This is also described in
section 3.

To summarize, by carefully distinguishing the various geometric levels at which the scene can be
reconstructed, i.e. projective, affine, and Euclidean, we are able to determine the minimum amount
of information necessary to access a given level from image measurements only. Note that, contrary
to the case of the so-called "Self-Calibration” methods in photogrammetry [17], our method does
not require the knowledge of the Euclidean coordinates of a small number of control points in the
scene. Nonetheless, it does require, in the version presented in this article, some knowledge about
the 3-D geometry of the scene such as parallel lines and angles. But we have shown in previous
work [33, 28, 12] that even this assumption is not necessary. We use it here because there is such a
rich geometric information in images of urban scenes and because the system we are developing is
partially interactive.
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6 Olivier Faugeras, Stéphane Laveau, Luc Robert and Gabriella Csurka, Cyril Zeller

This last point is extremely important since it is the stepping stone of the philosophy of the design
of the Realise project. Far from being after a complete automation of the modeling of the scene, the
project aims at providing to a human agent working with a CAD system from a set of images of the
environment he wants to model, the most advanced tools in computer vision to help him solve such
problems as accurate (i.e. subpixel) detection of image features, matching of those features across
views, estimation of the geometry of the set of views, computation of the 3-D coordinates of scene
points, curves, and surfaces. This framework is depicted in figure 2.

Queries
Vision Server - CAD system = 3-D models
Answers
)
Images Work-station
3

Human

Figure 2: The principle of the interactive recovery of the 3-D geometry of the scene in the Esprit
Realise Project.

We now briefly review the necessary background material that will be used in the rest of the ar-
ticle.

1.1 Epipolar Geometry

Recently, it has been discovered that the full calibration of the cameras (intrinsic and extrinsic para-
meters) is not needed to obtain a useful reconstruction of a scene viewed by a stereo system [8, 21].
This theory make use of epipolar geometry which can be retrieved easily from point correspondences
in pair of images.

Since these first attempts at an uncalibrated stereovision, a lot of work has been done on the esti-
mation of the epipolar geometry of two images [29, 26, 32, 31, 30, 22, 20, 36, 4]. Robust programs
which work automatically are now publicly available. We will consider this problem as solved for
the rest of this article; the interested reader is referred to the bibliography.

We will use the fundamental matrix representation of the epipolar geometry. In this representa-
tion, 2 points in correspondence in images | and 2 (expressed in homogeneous coordinates) m; and
my; satisfy the following projective relation: mf F;,m,; = 0. The fundamental matrix is defined up
to a scale factor and satisfies Fa1 €21 = Fi2e12 = 0, with e;; being the epipole in image i generated
by image j (or equivalently, the image in ¢ of the optical center of camera 7).

INRIA
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3-D Reconstruction of Urban Scenes from Sequences of Images 7

From this, we can conclude that the fundamental matrix depends upon at most seven parameters.
It is shown elsewhere [28] that it depends exactly on seven parameters. Therefore, the set of all pos-
sible fundamental matrices between N cameras would depend on 7N (N — 1)/2 parameters if there
were no constraints between them. However, in our simple perspective model, each camera depends
on a fixed number of parameters (we use 6 for the pose and orientation and S for the intrinsic or inter-
nal parameters). This leads to O(N') parameters for the cameras and since the fundamental matrices
are represented by O(N?) parameters, there exist constraints between them. These constraints can
be enumerated [13, 14], but they are difficult to use and we prefer the more compact representation
of the projective camera matrices.

1.2 Perspective Projection Matrices

A point M in space projects to a point m in the image if and only if m = PM where P is the 3 x 4 so-
called perspective projection matrix of the camera. All quantities are defined up to an unknown scale
factor. It has been shown by [27] that given a set of fundamental matrices satisfying the constraints,
one can find corresponding projection matrices. The solution is unique up to an unknown projective
transformation in space if the optical centers are not aligned.

The relation of the projection matrices to the fundamental matrices is extremely simple: If we
write P; as [M;]|t;], the epipoles e;; satisfy Equation (1) by definition (as images of an optical center).

e; =t;— M,‘Mj-ltj 0))

For the fundamental matrices, an elimination scheme leads to

Fij = [}« M;M; @

where [e;;] is the 3 x 3 matrix representing the cross-product with the vector e;;.

It is understood that these equations are projective and therefore are defined only up to an unk-
nown scale factor. We assume that M; and M are invertible. If they are not, we can always trans-
form them by a proper choice of a projective transformation to a new frame such that they are inver-
tible and satisfy our assumptions.

1.3 Reconstruction

From the consistent epipolar geometry, we can recover the 3-D scene up to an unknown projective
transformation of space. This is not as far from a Euclidean reconstruction as it seems. The set of
projection matrices for N cameras depends upon 11N — 7 parameters in the Euclidean case, whereas
only 11N — 15 in the projective case.

These 8 additional free parameters are the Jowprice to pay for not knowing the internal parameters
of the cameras and their relative positions in space. We will later see how these unknown parameters
can be recovered using very little information. As stated previously, the epipolar geometry of a set
of cameras is best represented by a set of projection matrices that we will in the sequel assume to be
defined up to a projective transformation in space.

RR n°2572
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8 Olivier Faugeras, Stéphane Laveau, Luc Robert and Gabriella Csurka, Cyril Zeller

2 Robust recovery of the geometry

In the M-situation, we select (presently manually but we plan to automate this process in the near
future) a subset of the images in the sequence so that we end up in the S-situation. The important
difference is that the intermediate images can be used, as explained below, to simplify the process of
establishing correspondences between the views.

2.1 Obtaining correspondences between images

The algorithm used to compute the projection matrices needs correspondences and a few epipoles
in order to work. We first obtain feature points using very simple comer detectors (we use [19], but
other possibilities are [23, 35, 18, 15]) and we refine their position using a model-based approach [3].

In the S-situation, we then establish correspondences between the comers using grey-level cor-
relation between neighboring regions of those feature points. For a given point in one image several
candidate matches are in general possible in another image. In order to reduce the number of hypo-
theses, we make use of relaxation methods [42]. Figure 3(bottom) shows a subset of the correspon-
dences which have been automatically obtained between the images shown on the top row.

In the M-situation we track the feature points in the sequence whenever possible (small motion
between frames). If a given point can be tracked all the way between two of the selected views, a
correspondence is established. Tracking of a point of interest is performed by predicting its position
from one image to the next and searching in a small neighborhood of the predicted point for an actual
point. An example of such a tracking is shown in Figure 4. We can of course also use the method of
the previous paragraph.

2.2 Estimating the fundamental matrices between pairs of images

At this stage, we have obtained a number of correspondences between some images. Correspon-
dences between pairs of images are input to a program that reliably and robustly estimates the fun-
damental matrices between those pairs [42]. In particular this program has the capability of rejecting
some of the correspondences as outliers.

2.3 Estimating the uncertainty of the fundamental matrices

The uncertainty associated with points of interest (typically between 0.1 and 1 pixel) is propagated
to the fundamental matrices. In order to compute an estimate of this uncertainty, we parameterize the
fundamental matrix with the minimum number of parameters, namely 7, and compute the covariance
matrix of the corresponding vector of size 7. There are several technical difficulties in doing this.
First, the parameterization using 7 parameters is nonlinear, not unique, and has singularities. We
therefore have to find the best one in the sense that it is the most remote from singularities. Second,
the criterion which is minimized in order to estimate the fundamental matrix is also nonlinear and
does not provide an analytical expression of the solution as a function of the point correspondences.
We therefore have to use the implicit function theorem to actually compute the covariance matrix of
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Figure 3: Top: Four images (labeled 5888, 5889, 5897, 5898) of the “Avenches” series provided by
ETH, Zurich. Bottom: Points extracted from image 5888 which have been matched by the Image-
Matching algorithm with at least one point in another image.

Figure 4: Tracking of points of interest in the library sequence.
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10 Olivier Faugeras, Stéphane Laveau, Luc Robert and Gabriella Csurka, Cyril Zeller

the parameter vector of the fundamental matrix. The details of those computations can be found in

(7]

2.4 Recovering the geometry of the N cameras

Up to this stage in the processing, we have estimated the fundamental matrices of consecutive pairs
of images as well as obtained a number of point correspondences between the views. Nonetheless,
we usually still have false matches to account for. The set of false matches for the epipolar geometry
between pairs of images is a strict subset of the false matches for the projective geometry: this simply
means that the images of a point can satisfy the epipolar geometry between pairs of images and still
be incorrect when considering the complete set of images. The geometry estimation algorithm has
been designed to deal with this problem.

We have the choice of the projective basis in which we want to express the perspective projection
matrices, knowing that the choice of a particular basis will not have any influence on the final results.
We are going to use this property to compute our projection matrices. Using the theory developed in
[8], from 5 points in correspondence in a pair of images and the epipoles, we can obtain the projection
matrices, expressed in the projective basis defined by those points. This step is just a matter of writing
equations of the type:

mi=Pj-Ei7i€ {1)"-’5}7j€{1a2} (3)

where the E; represent the canonic 3-D projective basis: [0, 0,0, 1]7,[0,0,1,0]%, [0, 1,0,0]7,[1,0,0,0)7,
[1,1,1,1)T. The 20 scalar equations given by (3) need to the be completed by two equations exploi-
ting the fact that the epipoles are known.

In order to obtain a set of projection matrices, we first choose 5 points in correspondence in the
N images. These points are usually chosen in the scene. We then proceed pairwise. For each conse-
cutive pair of images, we compute the projection matrices in the basis of the 5 chosen points. For
this, we make use of the coordinates of the points in the images and of the coordinates of the epipoles
that we determined previously. Of course, there can be conflicts: the projection matrix P; computed
from the pair (§ — 1, j) can be different form the one computed with (7, j + 1)'. We do not consider
this as a major problem because there are usually not very different and because this initial estimate is
Jjust a starting point for a refinement procedure. Only one of the possible projection matrices is kept.

Of course, running through this process only once has very little chance to succeed because of
the possible outliers. If one of the correspondences is erroneous, then the projection matrix and its
neighbors will be useless?. To overcome this problem, we use robust methods.

24.1 Least Median of Squares

The Least Median of Squares (LMedS) is a classic method in outlier detection. A very good intro-
duction can be found in [38]. We need a quality measure of the set of projection matrices for each

! This can only be due to the epipoles, because the coordinates of the 5 points remain unchanged.
2Note that all other matrices will be correct. This quality of localness is desirable and cannot be achieved with iterative
(image after image) techniques
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point. We define r; as the distance between a given point and the reprojection of the reconstructed
3-D point with these projections.

Ty = Zd(mij,Pj-Mi) )
j

M, is obtained with the reconstruction algorithms mentioned in section 3. The LMedS method
estimates the parameters by solving the non-linear minimization problem:

min(med;(r?)) )

That is, the estimator must yield the smallest value for the median of squared residuals computed
for the complete set of points. Of course, it is not reasonable to gencrate all the possible subsets of
5 point correspondences. Rather, we use a Monte-Carlo technique to draw m random subsamples of
p = 5 different point correspondences. For each subsample J, we estimate the set of projection ma-
trices P by the methods previously described. For each set P/, we can determine the median of the
squared residuals denoted M7 = med;(r?), with respect to the whole set of point correspondences.
We retain the estimate of the P; leading to the minimal M”.

The question now is: how do we determinem ? A subsample is considered good if it consists of p
good correspondences across the N images. Assuming that the probability of a point correspondence
across 2 images being an outlier is €, the probability of a point correspondence across the N images
being an outlier is 1 — (1 — ) ~1. The probability that at least one of the n subsamples is good is
given by

P=1-(1-(1-¢¥-Dpym (6)

In our implementation, we assume that e = 15% and require P = 0.99, thus m = 6907. Note
that the algorithm can be sped up by means of parallel computation, because the processing for each
subsample is done separately.

The five points of a subsample may be very close to each other. Such a situation should be avoi-
ded because the estimation of the 3-D structure from such a projective basis is highly unstable and
the result is useless. It is a waste of time to evaluate such a subsample. Bucketing techniques were
developed to ensure that such configurations are avoided. The images are evenly divided in buckets
and we impose that the points be drawn from different buckets (i.e. different regions of the image).
The previous formula determining m still holds under the assumption that the outliers are uniformly
distributed over the image.

2.4.2 Block estimation

Overa long sequence, it is very difficult or even impossible to find correspondences for the same five
points across the whole sequence of images. We therefore split our estimation process over different
consecutive blocks of images, with the precaution that the intersection of two consecutive blocks of
images contains at least two images. Knowing the projective bases used in each such pair of blocks,
we can compute the projective transformation from one to the other and apply it to the matrices of
the second block. This process glues the blocks together.
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2.5 Refinement

Once a correct set of projection matrices has been computed, we can refine it by two possible methods.
Of course, the outliers found at the previous step are marked as invalid and are not taken into account
any further.

2.5.1 Epipolar line adjustment

From the set of projection matrices, we can compute a consistent set of fundamental matrices. The
points that we have matched must satisfy the epipolar constraints. We then minimize the sum of the
distances between the points and the epipolar lines generated by their correspondents by varying the
projection matrices. However, this method is slow because we have to recompute the epipolar lines
at each step. In other words, there is no possible decoupling of the minimization because of its high
non-linearity.

2.5.2 Bundle adjustment

This classical method in photogrammetry [5, 6, 16, 40, 17] is very well suited to our problem. With
our initial estimation, the optical rays used in the method approximately intersect because the repro-
jections of the 3-D point are close to the initial points. This method has the advantage of being fast.
The only modification that we have made is that instead of reconstructing the actual Euclidean 3-D
points, we reconstruct the points in a projective basis. Although our problem is over-parameterized
(we allow the projective basis in space to change), the minimization converges because of the nice
properties of the Levenberg-Marquardt algorithm. The average distance between one point and the
reprojection of its reconstruction is initially around 1 pixel and typically goes down to 0.3 pixels.

The epipolar line adjustment is slower than the bundle adjustment but performs best in the bad
cases when the set of projection matrices is not very well initialized.

Figure 5 shows the epipolar geometry obtained with the calibration data on the aerial images pro-
vided by ETH, the epipolar geometry obtained by our algorithm without any prior knowledge and a
close-up. We worked with images of reduced size (1000 x 1000 pixels). The computation took 6.3
minutes for 10000 projective bases tried. The average image error was less than 0.3 pixels on the 183
points used for the refinement.

3 Reconstruction

As mentioned in section 2, the projection matrices that we have determined allow us to compute
three-dimensional structure from image cormrespondences, up fo an unknown projective transforma-
tion. This fact had been first stated in [24] in the case of two affine cameras (in this case, the unk-
nown transformation in space is affine). The case of two projective cameras has been then presented
in [8, 21].
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Figure 5: The top row shows the epipolar geometry obtained with the calibration data provided by
ETH, the middle row shows the epipolar geometry obtained by the method described in the article
without any prior knowledge and the bottom row demonstrates on four subimages the high quality
of the estimated epipolar geometry.
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From a practical standpoint, this means that from image carrespondences, we can compute three-
dimensional points represented by their homogeneous coordinates (4-vectors). Knowing the coor-
dinates of a point, we can back-project it onto any of the cameras for which a projection matrix has
been computed. We can even project it onto an arbitrary virtual camera: this way we can produce
new views of the scene. This process, usually called view transfer [2, 41], has been used for image
synthesis[11, 25].

However, for simple reasons, the projective reconstruction may not be sufficient: for instance wi-
thin Realise, the generated building models are used for realistic rendering and virtual walk-through,
requiring fast-rendering hardware which can only handle Euclidean descriptions.

Without any additional information, recovering Euclidean structure is impossible: all the geome-
tric relations induced by point correspondences have been already used. We need to use additional
information, either on the viewing system, or on the scene.

Approaches have been developed which deal with the former case [33, 28, 12]: assuming that the
intrinsic parameters of the camera do not vary across at least three views, they can be computed from
a number of point correspondences in the three views. Though good results have been obtained, this
approach tends to be very sensitive to noise.

In the latter case, we assume that some information is known about the scene:

¢ If we know the coordinates of at least five reconstructed points in general configuration (i.e.,
a projective basis) with respect to a Euclidean frame, we can compute the projective transfor-
mation which changes projective coordinates into Euclidean ones. This principle of using a
few “anchor points” to derive Euclidean coordinates is also used in self-calibration [17]. It
supposes that one has performed manual measurements on the real scene.

o A Euclidean frame can be characterized as a frame where parallel lines intersect at infinity, and
where orthogonal lines are indeed orthogonal (the dot-product of their directions is zero). The
first property characterizes affine structure, whereas the second one characterizes Euclidean
structure up to an unknown scale. As shown below, using images of parallel lines we canreco-
ver affine structure; Using pairs of orthogonal direction, we then reach scaled Euclidean struc-
ture. Less restrictive than the above approach (here, no manual measurement is performed),
this approach is perfectly suited to the requirements of Kealise, because there are in general
many images of parallel or orthogonal lines in views of buildings.

Let us now see in more detail the various stages of the process. In the first stage, we recover
affine structure, in which parallelism is preserved. In the second one, we recover Euclidean structure
in which orthogonality is preserved as well.

After the first stage described in the previous section, the world is modeled as a three-dimensional
projective space P*. We use the standard embedding of a three-dimensional affine space A% into P3
obtained by identifying .A® with P3 \ I, where Il is a plane, called the plane at infinity and which
can be thought as the set of directions of lines in A%, In particular, two parallel lines of A3, seen as
lines of P intersect at a point of IL, (called their point at infinity). Such a point is not as mysterious
as it sounds since when viewed by a camera, the images of the two lines usually intersect at a point
(called their vanishing point) which can be thought of as (in fact in some sense is) the image of the
point at infinity of the two lines. Hence, in order to determine the plane at infinity, it is in principle
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sufficient to have in the scene three pairs of non coplanar parallel lines. Once the plane at infinity has
been determined, an affine coordinate system can be chosen and affine coordinates of the points in
the scene computed.

In the remainder of this article, we use the standard embedding of .4® into P3 which maps a point
of affine coordinates [z, y, z]7 onto its corresponding point of 73 \ Tl of homogeneous coordinates
[x,¥,2,1)T. This embedding simply means that the plane at infinity is the plane of equation T = 0
in the projective space with homogeneous coordinates X, Y, Z, T'.

3.1 Parallel lines: affine structure

Two lines in space are parallel if and only if they intersect each other in the plane at infinity. A projec-
tive transformation preserves affine structure if and only if preserves parallelism, which means that
it leaves the plane at infinity (the set of all points at infinity) globally invariant.

Thus, the problem of recovering affine structure is equivalent to finding a projective transforma-
tion H, which maps the plane at infinity onto the plane represented by [0,0,0,1]7. This is a very
simple operation provided that we can compute the coordinates of the plane at infinity in the initial
projective frame. For this purpose, we first need to determine at least three non-aligned points on
this plane, i.e. three non coplanar directions of lines. Since we observe images of lines, each of these
points is computed as the vanishing points point of a set of parallel lines observed in the images. This
is shown in Figure 6.

In this figure the three pairs of lines (L1, L;), (M1, M), and (V;, N2) are respectively parallel
and the images of their points at infinity Vi, Vs, Vi are the points of intersection v, vy, vsm 0fthe
pairs of image lines (11, l2), (m1, m2), (n1,n2), respectively.

From a practical standpoint, parallel directions are defined manually in the images. For each
image, we compute a polygonal approximation of the edge chains extracted with a sub-pixel feature
detector. Line segments representing parallel lines are selected in the different images. Each group
of segments representing parallel lines in space allows computing one point at infinity. In Figure 7
we show the line segments in image 5888 with which points at infinity have been computed.

3.1.1 Computing points at infinity

Let us assume that we measure in the images the projections of parallel space lines {D;). {d;;), repre-
sented by the three-dimensional homogeneous vector d;;, is the image of (D;) in view j. We want
to compute their point of intersection V = (,(D;) which we know to be in II.. The image v; of
V in view j is the vanishing point of the image lines d;;. The problem that we need to solve is the
following: given d;;, compute V.

Since the image of V in camera j lies on line d;;, we have:

Vi,j dLP;V =0.
This is system of P linear, homogeneous equations in the four homogeneous coordinates of V, where

P is the total number of lines observed in the images. We solve it using SVD, obtaining the homo-
geneous vector V.
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Figure 6: The plane at infinity is determined from the vanishing points of the images of three sets of
non-coplanar parallel lines (Ly, L2), (My, Ms), and (N1, N3).

Figure 7: Line segments of image 5888 used for the computation of I1.
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Remark: Anothermethod for computing V consists of first computing in each image the vanishing
points v; as solutions of the homogeneous system:

Vi dfv;=0

Then, V is obtained using standard reconstruction of the computed vanishing points. This method
tends to provide much worse results than the previous one. It is probably because vanishing points are
computed independently in all the images, so they are not constrained to satisfy the epipolar constraint
before they are reconstructed. In the previous method, they are constrained to be the image of one
single point V, so they necessarily satisfy the epipolar constraint.

3.1.2 Computing any point on the plane at infinity

The previous process can be applied to all the directions for which parallel lines are observed, yiel-
ding points at infinity V. Provided that there are at least three non-aligned points at infinity, we can
compute the plane at infinity II., represented by the four-dimensional homogeneous vector I, as
the non-zero solution of the linear homogeneous system:

Vi Vi, =0

Once we know Il ., we can compute the point at infinity of any line as long as this line can be
reconstructed in space, by computing the intersection of this line with the plane at infinity.

3.1.3 Deriving an affine reconstruction

To define the transformation which maps the plane at infinity onto [0, 0, 0, 1]7, we proceed as follows:

First, we compute a projective reconstruction of the scene, using standard multi-camera recons--
truction based on SVD [37].

One reconstructed point of the scene, denoted by C, is chosen as the origin: in the new frame, it
has coordinates [0, 0,0, 1)7. Then, three arbitrary independent directions are selected as coordinate
axes, and their points at infinity V x, Vy, V z are computed using the method described above. They
are respectively mapped onto [1,0,0,0]%,
[0,1,0,0]7, [0,0,1,0]7. To define a projective transformation in space, we need a fifth point map-
ping. We select another reconstructed point S, which does not lie on any of the three planes defined
by the origin and two of the three axes. In the new frame, this point is assigned arbitrary non-zero
coordinates [a, 3, v, 1].

H, is then computed as the projective transformation which maps the initial projective basis
Vx,Vy,Vz,C,S onto the final one. Since Vx, Vy, V7 are all mapped onto points whose fourth
component is zero, any point of the plane at infinity will also be mapped onto a point whose fourth
component is zero, which is precisely what we needed for the reconstruction to be affine. Figure 8
shows an example of affine reconstruction. Two of the three directions chosen as coordinate axes
form a very small angle (left). This implies a strong affine skew effect on the reconstructed scene

(right).
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Parameters a, 3, have a very simple meaning: they represent scale factors along the three co-
ordinate axes. For instance, if « is multiplied by a non-zero factor, then the reconstructed scene will
be stretched by the same scale factor along the V x axis. This is visible in Figure 9, which displays
two affine reconstructions which differ by only one scale factor (along the direction of the top edge
of the roof).

Figure 8: Line segments and directions used for defining the coordinate axes (left), top-view (middle)
and side-view (right) of the affine reconstruction (see text).

3.2 Euclidean structure up to three scale factors

As we have seen in Figure 8, the choice of non-orthogonal reference directions may cause severe
affine distortion of the reconstructed scene. A first step toward the recovery of Euclidean structure is
to use three pairwise orthogonal directions.

In this case, the directions of edges parallel to the reference directions are preserved. In fact, the
recovered structure is equivalent to Euclidean structure scaled with three scale factors along the three
coordinate axes. As a consequence, two edges aligned with two orthogonal coordinate axes remain
orthogonal in the final affine reconstruction, for any value of the scale parameters o, 8,7 (e.g. pre-
vious section). This is for instance the case of the roof on which the two horizontal directions have
been defined (left). The relative values of the scale factors used for the two displayed affine recons-
tructions (middle,right) are very different. This modifies drastically the aspect of the reconstructed
roof (at the bottom-right in each view), but the principal directions remain orthogonal in both recons-
tructions.

Of course, angles between lines which are not aligned with the coordinate axes are not preserved.
In particular, orthogonality is not preserved for such directions (see the roof on the bottom-left). We
will now see how this property can be used for recovering Euclidean structure up to one global scale
factor.
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3.3 Euclidean structure up to one scale factor

We now assume that some pairs of orthogonal lines are known a priori. The points at infinity of these
lines, V;, are computed as described above. In a Euclidean frame, lines i, j are orthogonal if and only
ifvIv; =0.

If we consider the orthogonal frame defined in the previous paragraph, finding Euclidean struc-
ture is equivalent to finding relative values of the scale parameters a, 3, v for which the dot-products
VTV; are zero for all pairs (3, j) of orthogonal lines.

If the three reference axes used for affine reconstruction are not orthogonal, three additional para-
meters (“skew” parameters) are introduced which account for the non-orthogonality of the reference
affine frame. More precisely, instead of using the mapping defined in 3.1.3, we respectively map
Vx,Vy,Vz onto[1,0,0,0]7 (this has not changed), [}, 1,0,0]7, [, ,1,0]7 .

We end up with the following criterion to be minimized over the scale parameters and the skew
parameters: :

E(e,fmhmr)= Y, (VIV))?
1,5 orthogonal

The global scale of the scene cannot be recovered. So, we search for the particular solution for
which o = 1. Minimizing E(1, 3,4, A, &, v) with the standard Levenberg-Marquardt iterative tech-
nique (the initial values of the five parameters are the ones used for affine reconstruction), we end up
with a Euclidean reconstruction up to a global scale factor (see Figure 10).

This way we have computed a Euclidean reconstruction of the scene without any knowledge of
the camera parameters, nor of the scene coordinates. Only information about point and line matches,
parallel and orthogonal relations have been used.

Figure 9: Line segments and directions used for defining the coordinate axes (left); two top-views
(left) and (right) of the scene reconstructed with two different values of the scale-factor along one of
the horizontal axes (see text).
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Figure 10: Top-view (left) and side-view (right) of the scene reconstructed after automatic adjust-

ment of the scale factors in order to preserve orthogonality. The frame of reference is the same as in
Figure 9.
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4 Conclusion

We have described in this article the skeleton of a system based on computer vision that is going to
be used to partially automate the 3-D modeling of urban scenes. The system can use any number of
cameras and images of the scenes to be modeled and proceeds to estimate automatically the perspec-
tive projection matrices corresponding to all the images by matching image features such as comers,
junctions, lines. The resulting matrices do not allow to recover a metric model of the scene since no
metric information has been used so far, only a projective one which can be used for some applica-
tions. In order to go further, the system can use information provided by the user about the actual
affine or Euclidean structure of the scene, such as parallel lines, ratios of lengths, and angles. This
information allows the system to specialize its representation of the environment from a projective
one to an affine one and finally a Euclidean one. The whole system uses sophisticated computer vi-
sion tools and has been developed as a flexible server, a vision server, that can be queried by a human
user who is using a CAD system to develop a 3-D model of the scene.

One of the advantages of this system is that it does not require any prior knowledge about the
cameras, which is handy in applications like video-based modeling for example. The user is then
allowed to use his camera the way he likes, without any special set-up.

We think that this concept of an interactive approach in which the user can have at its fingertips
the most sophisticated tools in computer vision and photogrammetry can save a lot of tedious work
that is presently done by the human modeler.
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Abstract

Reliable and accurste 3-D reconstruction of man-made objects is essentia) for many applications
using digital 3-D city models. Manual reconstruction of buildings from aerial images is time con-
suming and requires skilled personncl, hence large efforts are being directed 1owards the outoma-
tion of building detection and reconstruction. In this paper we present ARUBA — a framewark
for automated 3-D building rcconstruction. Afier highlighting our strategy and concisely describ-
ing the framework and its modules, we evaluate the reconstructed roofs relative 10 accurate roter-
ence data based on three criteria: completeness, geometric accuracy and shape similarity. Finally,
we interpret the results of the performance evaluation and make suggestions (or imnpro

1 Introduction

Analysis of digital aerial images has been an active research topic in the Computer Vision
community as well as in Photogrammetry for a number of years. Automated methods for
reliable and accurate 3-D reconstruction of man-made objects are essential to many users
and providers of 3-D cily data, including urban pl architcets, and telecommuni-
cation and environmental cngineers. A 3-D city model captures primarily the geometric
description of all objects of interest in an urban area in computer compatible form. Objects
of interest include for example buildings, terrain, vegetation, traffic networks, and public
utilities. This paper deals with the most important urban object — buildings. Manual
3-D processing of aerial images is time consuning and requires the expertise of qualified
personnel and ofien expensive equipment. Therefore, the necessity to interpret and quan-
titatively process digital aerial images in a semi- or fully automatic mode using a standard
computer and 10 integrate the results into CAD- or spatial information systems is more
urgent than ever.

'ARUBA: Al

uction of Buildings from Acrial Images
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Early work on building extraction/detection bascd their processing on single grey-valued
images applying heuristics, simple object models, and shadow analysis to solve the bui/d-
ing detection problem. The main task was not to reconstruct the building in 3-D but to
detect it and find its 2-D outline. These approachcs rcly on the assumption that man-made
objects possess a large amount of geometric regularity (e.g. flat rectilinear roofs), which
is explicitly used to reduce the number of building hypotheses. However, even when rely-
ing on such simple roof models the analysis of monocular images is an extremely difficult
1ask since it gencrally leads to ambiguous solutions,

In the last few yeors, several (academic) groups have presented new promising results in
automated 3-D building reconstruction, for example (Roux and McKeown 1994, Haala
and Hahn 1995, Lang and Forstner 1996, Weidner 1996, Wiman and Axelsson 1996,
Noronha and Nevatia 1996). Shadow analysis, as the main cue for inferring 3-D structures
from monocular images, has been abandoned for 3-D processing techniques using 3-D
information such as a Digital Surface Model (DSM), 3-D edges, and 3-D corners extracted
from multiple, overlapping acrial images. With this aerial imagery, building roofs can be
reconstructed in 3-D. Vertical walls may be added aflerwards by projecting the eaves of
the roof down to an existing Digital Terrain Modet (DTM).

With this paper we demonstrate that it is possible to automatically reconstruct the roof of
buildings even when the shapes of the 3-D parts is not known a priori. ARUBA is a gen-
eral framework for automatic reconstruction of building roofs from high resolution aerial
images (Henricsson et al. 1996, Henricsson 1996, Bignone et sl. 1996) and is designed
to reconstruct a general class of reof types with a high metric accuracy. The strategy em-
ployed consists in extracting planar 3-D patches, which are then assembled to complete
roofs. A generic 3-D patch is non-vertical, roughly planar and encloses a compact polyg-
onal 2-D enclosure with similar photometric and chromatic attributes along its boundary.
ARUBA relies on hierarchical hypothesis generation in both 2-D and 3-D, thereby us-
ing procedures for feature extraction, segment stereo matching, 2-D and 3-D grouping,
and color and object modeling. We argue that geometric regularity. although important,
cannot serve as sole basis for extracting complex struciures for which no generic models
exist,

The main objectives with this paper are twofold: (0 present the building reconstruction
framework and to evaluate the reconstructed roofs of buildings with respect to accurate
reference data, Section 2 describes our sirategy for automated 3-D building reconstruc-
tion. After a short presentation of the framework (section 3). we cvaluate the reconstructed
building roofs with respect to accurate reference data (section 4). We focus on three cri-
teria: completeness, yeometric accuracy and shape similarity. We interpret the results of
the assessment and make an in-depth analysis of the underlying causes. Based on this
analysis we make suggestions for improvements (section 5).

2 A Strategy for 3-D Buildiag Reconstruction

The goal of ARUBA is to automatically reconstruct the main 3-D roof structure of a
general class of buildings with a high metric accuracy using high resolution acrial images.
Bascd on this objective we describe the main features of our strategy for 3-D building

P
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reconstruction.

. make use of multiple, overlapping color images

early transition to 3-D data (3-D contours and planes)

. generic object modeling directly in 3-D (set of adjoining 3-D patches)
. make use of general object knowledge (geometric, surface)

[T P

. mutual interaction between 2-D and 3-D processes

6. scparation of building detection and reconstruction

Color images indisputably contain more information than grey-valued images. The main
issue is how this color information can be used in generic object reconstruction. In this
work, we generally assume that cach roof surface is locally perceptually uniform along
its boundary. This does require that the surface has a particular color, e.g., red, it just
states that boundary of a roof is assumed to have locally similar spectral characteristics.
Color cues, in the form of color region attributes, are used together with geometric cues to
considerably improve the performance of 2-D and 3-D grouping, hence making it possible
to reconstruct also complicated roof shapes.

‘We propose an approach to 3-D building reconstruction which consists in extracting
generic planar patches, which are then assembled to complete roofs. A generic 3-D patch
is non-vertical, roughly planar and encloses a compact polygonal 2-D enclosure with sim-
ilar photometric and chromatic attributes along its boundary. By modeling not only the
geometry of the roof, but also spectral propertics along its boundary we can handle a large
varicty of roof shapes. General knowledge about the geometry of roof parts (e.g. bound-
ary length and shape complexity) and surface characteristics (e.g. color homogeneity) are
thereby be used to reduce the algorithmic complexity in generating hypotheses.
Whenever 3-D features are incomplete or entirely missing, additional (more complete)
2-D information can be used to infer the missing features and structures. This further
means that a mutual interaction between 2-D and 3-D procedures is required at certain
levels of processing (see Fig. 1). This interaction, which considerably reduces the search
space and thereby also the overall complexity, is important since neither 2-D nor 3-D
procedures alone are sufficient to solve the problems.

In order to further reduce the complexity of the reconstruction task, we assume that each
building is presented in isolation, i.e., the detection of the buildings is already done. Build-
ing detection can either be automatic or manual, depending on the complexity of the scenc
and its main objective is to generate regions of interest enclosing the same building in all
images. Notice that, this does not imply that buildings are isolated. We use the operator
to mark 2 window enclosing the same building in all overlapping images, sce Fig. 1. After
this initialization, the building is automatically reconstructed.

3 Automatic Reconstruction of Buildings (ARUBA)

The ARUBA system employs a simple but very powerful modeling approach — a complete
roof consists of a sct of planar parts which mutually adjoin along their boundary. Because

3
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of this requircment the framework can not reconstruct roof parts that adjoin another roof
inside its boundary, see the donner windows in Fig. 1.

The ARUBA framework is shown in Fig. 1, with its 2-D processing modules located in
the light grey area. The first processing step involves extracting a contour graph, including
edges, lines and key-points. As the contour graph contains only basic information about
geometry and connectivity we increase its usefulness by assigning rich attributes to cach
contour. The attributes reflect cither properties of the contour (e.g. length, integrated
gradient magnitude, edge/line type) or region properties on cither side (e.g. photometric
and chromatic). The photometric and chromatic region attributes are computed for cach
contour by finding color clusters using the CIELAB color space and robust estimation
procedures. For details on these issues, we refer 1o (Henricsson 1996).

— e —. . Interpremtion . |Performance | __Referencs f /7
- 2 Assessmoent
9
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il
Fig. 1: The ARUBA system for fully automatic 3-D rcconstruction of buildings. The operator
dctoc(s the bulldmgs by marking a rectangular window enclosing the same building in all four
The t uction in 3-D is fully automatic. The 2-D processing modulcs arc
localed in the lighl grey area.
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Straight 2-D contours from a master image arc matched in the other images using a novel
approach to stereo matching. Edges are extracted from ondy one image (the master im-
age) and are matched in the other images by maximizing an “edginess measurc” along the
epipolar line. The edginess measure is a function of the gradient (magnitude and direc-
tion) in the othcr images. Geometric and photometric constraints are also used to reduce
the number of mismatches. The algorithm produces a set of 3-D segments. These 3-D
segments are then grouped to hypotheses of planes by means of coplanar grouping. Both
these algorithms are described in (Bignone 1995, Bignone et al. 1996). In most cascs,
only a subset of atl 3-D segments on each plane actually represents the outer boundary
of a roof. Furthermore, the planes are often incomplete due to false matches or when the
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matching algorithm does not find the correct correspondences for the 2-D contours. The
extracted planes themselves ere therefore not sufficient to describe the roofs. The object
boundary of each plane hypothesis is found by extracting 2-D enclosures employing a
novel grouping technique, similarify grouping, which is based on similarity in proxim-
ity, oricntation, and photometric and chromatic region attributes (Henricsson 1996). The
extracted 3-D contours are used as “seed structurcs™ thereby reducing the complexity of
grouping. Finally, the mosi evident and consistent set of planar roof hypotheses is selected
based ob simple geometric criteria in 2-D and 3-D. Vertical walls are added afterwards by
projecting the eaves of the roof down to a DTM. The end result is a complete 3-D model
of the roof and its vertical walls, including 2-D contours, 3-D segments, 3-D planes and
their topology.

The interaction between 2-D and 3-D processing is important. In most other works this
interaction is restricted to a merging step of 2-D and 3-D features and structures without
having mutually exchanged information during the processing. In Fig. 1 it essentially
means to remove the three marked interactions. The shortcoming of such a interaction
becomes obvious when dealing with more complex objects than the usual ones. In our
approach we exploit information from other modules to reduce the complexity at each
processing level, thercby also reducing the overall complexity. We venture to say that
the design of the algorithunic framework, including its flow and intcractions, is at least as
important as developing high quality processing modules.

The main difference of our approach with those of other groups consists in the extensive
use of color attributes and similarity relations combined with the averall aim to reconstruct
a general class of buildings. The importance of using color cues in building reconstruction
manifests in the fact that all subsequent processing builds upon this information. Color
cues, in the form of color region aiiributes, are a prerequisite for similarity grouping and
thus for generating hypotheses of generic roof pants. Also the 3-D processes, i.e.. stereo
matching and coplanar grouping, strongly benefit from exploiting this data.

4 Performance Assessment

Performance assessment involves evaluating the performance of single modules and the
complete system, as well as the qualitative and quantitative assessment of the results. Be-
causc ARUBA is still an experimcental framework we do neither address the performance
of single modules nor the complete system (¢.g. computation times, memory usage, sen-
sitivity of the parameters). Instcad we assess the completeness, geometric accuracy and
shape similarity of the reconstructed roofs relative to accurate reference data.

4.1 Evaluation of the Results

As test region, we choose Ihe residential scene from the Avenches data set (Mason et
al. 1994), mainly due to the availability of multiple, overlapping. color images and ac-
curate reference data. This high precision photogrammetric data set has the following
characteristics: 1:5.000 image scale, vertical acrial photography, four-way image cover-
age (60% forward and side-wards overlap), flying height approx. 750 m, color imagery
of size 1800 x 180D pixels, geometrically accurate film scanning with 15 microns pixel
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size (i.e. ground area of approximately 7.5 x 7.5 cm), precise sensor otientation, and
accurate ground truth inctuding a DTM and buildings. The reference data of the buildings
was manually acquired by an experienced operator at an analytical plotter to an estimated
accuracy of £10 cm.

Figure 2 show in (A) one of four overlapping color acrial images and (B) the correspond-
ing ARUBA reconstruction, wherc twelve of thirteen roofs have been successfully recon-
structed. The algorithms fail to reconstruct building no. 4, which is under construction
(covered with blue plastic sheets). Building no. 9 is very complicated because a group
of trees cast large shadows on the right roof part in all four views. As a consequence,
the right roof patch is not homogeneous enough to allow a correct reconstruction (i.e.,
only the left roof part is reconstructed). To reconstruct the entire roof (as in Fig. 2), the
lightness and color homogeneity criteria had to be modified.

Fig. 2: The ARUBA building reconstruction. (A) one of four overtapping color acrial
images, and {B) one view of the 3-D building reconstruction.

The assessment of the reconstructed buildings with respect to the reference data is per-
tormed by comparing corresponding roof parts. The asscssment of the entire building is
then the combination of all part ervors. Discrepancies between the reconstructed roofs
and the reference data can be subdivided into: missing or additional roof parts, rotation
and brenslation differences between the planes, and differences in area and shape. Here,
we are mainly interested in the total error of the reconstruction. We have therefore de-
fined three different measures: completeness, gcometric accuracy, and shape similarity.
The first measure, completeness, refers to the number of reconstructed parts with respect
to the reference. Geometric accuracy is divided into the displacement in the nonnal di-
rection between the two planes and their difference in orientation. Shape similarity is
very difficult to quantify, therefore, we chose to use two weak dissimilarity measures: the
difference in area and overlap error, both computed with respect to the rcference area.

To assess 1he geometric accuracy of the reconstructed roofs we start by analyzing indi-
vidual roof parts. We fit a plane (o the reference coordinates of each roof part and then
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project them onto the fitted planc. Apart from an improvement vector for each reference
coordinate, the fit procedure also returns the overall rms-values in lateral and vertical
directions and the normal vector of the plane. The same fit procedure is also applied to
the reconstructed data.

(A)

Fig. 3: Building no.12: (A) the reference data, (B) the refesence data (bluck) overlaid with the
rcconstructed roof (white), (C) the reconstructed building including the roof and vertical walls,
(D) the original “color” image. Notice the poor contrast in the upper lefi corner.

The difference in plane orientation and the displacecment between the two planes are iwo
important accuracy measures. In Table 1, we have listed the difference in orientation,
the absolute normal |d,| and vertical d, displacements betwceen the refercnce and the
reconstructed planes for each roof part of building no. 12 (see also Fig. 3). The negative
sign of d, means that the reconstructed roof is above the reference.

Reference Plane Reconstr. Plone Difference of Planes
RMS [em) RMS [em] Angle | Distance [em]
Plane | x y z x y 2 |deg) | ldul d;

1 2.67 | 1.70 | 4.09 || 0.96 | 0.61 | 1.48 1.0 6.2 49
2 1.55 10921225 ]| 0.67 | 040 | 099 C4 17.3 -13.7
tHwenn = 0.7 1.7 93

Tab. 1: Building no. 12. The table lists rms-values for both the reference and the
reconstructed plunes, the difference in oricniation, and the displacement in normal
and vertical dircctions. The mcan (total) values for the cntire roof arc also computed.

Notice in Table 1, that the rms-valucs for the reconstructed roof” parts are significantly
smaller than those of the reference data. In fact, this is true for al) evaluated buildings.
We found that the rms is often below 2-3 centimeters in planimctry which is two (o
three times smaller than corresponding values in the vertical direction. Further, the rms
of the reconstructed planes are oflen considerably smaller than those of the reference
planes. This fact is not surprising, since the reconstructed roof part is the result of a
coplanar grouping procedure, which uses only 3-D segments fulfilling weak co-planarity
constraints.

Although results arc cxcellent, the displacement and orientation values in Table 1 only
cover centain aspects of the geometric accuracy of the reconstruction and nothing about
the similarity in shape and area. To compute shape dissimilarity, we first project the fitted
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coordinates of the reconstructed roof part onto the reference plane without performing any
rotation or transiation. This means that rotation and translation crrors are also included.
Each 3-D patch is then transferred to a 2-D pixel map using a5 x 5 em grid size. The area
of each of the reference (A) and the reconstructed (B) roof parts are approximated by the
number of pixels. The figure in Table 2 shows the overlapping planes for building no 12.
The intersection area of the two planes A N B is labeled in light grey. The set difference
between the reference and the reconstructed planes (and vice versa) is defined as A\ B
(B \ A) and illusirated in the example.

= Building no. 12
Plane 1 A

{ ! aBy
A Piane 2 o Ane
| \__|

Avea in [m?] A-D| [ ADYNA
Plane | A B |1A-B|| ANB | A\B | B\A | [%) %)
1 92.41 91.54 0.87 .93 1 3.48 2.61 0.9 6.6
2 ¥4.14 80.12 4.02 7849 | 5.66 1.64 4.8 8.7
Totol | 176.55 | 171.66 4.89 16742 | 9.14 428 2.8 1.6

Tab. 2: Data for building no, 12. The tablc lists the arca for both the rcference
(A) and the reconstructed (3) plancs, the arithmetic difference |4 — B, intersection
AN B, set differences A \ B and B \ A, and the two shapc similarity ratios between
the reference (A) and the reconstructed (B) roof purts.

The intersecting area .4 N B with respect (o the reference area -4 is not a good indicator
of the quality of the resulls, since it does not account for cases where A is completely
included in B and B >» A. Instead, we choose 1o work with two relative error measures:
the relative arithmetic difference I"—;—"J and the sum of the sct differences divided by
the reference area i\i}i\: Thesc two ratios should both be small. The latter is the
sum of the area difference and the remaining overlap error, i.e., the ro/al relative shape
dissimilarity. Tablc 2 lists these measures and values for building no. 12 and Table 3
the comresponding data for all buildings. Notice in Table 3, that the computations were
performed for ol planes and buildings that have been successfully reconstructed.

4.2 Interpretation and Discussion

The reference data (excl. building no. 4) includes 12 buildings with 39 planes. The
ARUBA software reconstructed 29 planes. No extra roof parts have been extracted, how-
ever some are missing. Among the ten missing planes, only one of them is part of 8
main roof structure, i.e. one of the two triangular planes is missing for building no. 6
due to vanishing contrast. The remaining non-reconstructed planes all belong to smaller
structures such as dormer windows (sce for example house no. 1 and 5). Remember that
the reconstruction algorithm was deliberately not designed to handle planes that do not
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adjoin along the boundary. 1If thesc smaller roof structures can be properly extracted, we
may add them in a sccond assembly stage. The area of the 29 reconstructed planes con-
stitutes 97.5% of the total reference area, which confirms that the missing structures are
no essential components of the roof (although the pcople living there might not agree).

Bldg | Rec | Angte [ |d.| | d. Arcain [m?] A= | segora
No Pins | [deg] | [ovn] | lean] 4 |1A-8]| A\B|B\A| [%] %)
7 5% | 1.7 | 232 | -150 | 28156 1039 | 16.17 | 1507 | 3.9 1.1
2 33 | 24 | 246 | 213 | 201.09 34U 618 | 732 | 1.7 €7
3 72 [ 1 74| 58| 17901 T05| 700 604 06 73
3 6 | 2.2 42 | 34| 16571 629 ] 1.39 | 767 | 3.8 5.5
s 25| 45 | 160 | -88 [ 21100 S14 | 11.90 | 849 | 24 9.7
7 73|10 [ 159 {-13.8 | 178.00 251 | 182 ] 433 ] 06 35
s 72| 1.2 | 108 ] 9.7 | 16938 424 | 693 | V]| 15 57
9 2| 1.0 | 107 [ -10.0 | 14590 635 | 11.17 | 461 | 4.4 11,0
10 3 24 92 | -72 | 166.00 3.05 | 3.00 [ 606 | 1.8 5.5
] 272 | 14 | 148 [-13.6 | 18384 301 | 492 | 3.00 | 1.7 43
12 22| 07 | 17| 93| 17655 489 | 9.14 | 315 | 28 7.6
13 22 | 54 95 | -5.0 | 3806 299 | 1.58] 389 | 79 4.4

Total | 29739 | 22 | 146 |-102 | 209610 | 5322 | 81.30 | 73.64 | 25 7.4

Tab. 3; Evaluation data for all reconstructed buildings in the Avenches dala set. The second
column ljsts the completeness values for each building, whereas the following three columns show
the gecometric accuracy of the reconstruction: the difference in orientation and the displacement
in norma) and vertical directions between the reference (A) and reconstructed (B) plancs. The six
rightmost columns show the total roof area of the reference, the arithmetic and set differences, and
the two relative shape dissimilarity measures.

The difference in orientation between the reference and the reconstructed plancs is an
important accuracy measure together with the displaccment. The bottom row in Table 3
reveals that the average difference in orientation is 2.2 degrees, which we believe is a good
result. Two buildings (no. 6 and 13) have larger orienmation differences. For both these
buildings, no single plane is way off the average, which means that these two buildings
are generally less accurately reconstructed. These errors come from the segment sterco
matching and coplanar grouping procedures.

The average absolute displacement |d,| between the reterence and reconstructed planes
for all buildings is 14.6 centimeters. The relation between the esti d average displace-
ment crror and the flying height is 0.19%, which is a respectable result also for manually
measured objects. The average displacement (with sign) in the vertical direction d; is
--10.2 centimeters, which means that the reconstructed planes are on average one decime-
ter above the corresponding reference planes in the vertical direction. This vertica) shift
has been noticed through visual inspection, however until now we have not been able 1o
verify it. This systematic shift comes from differences in orientation parameters. For the
generation of the reference data 2 stereo model orientation on an analytical plotter was
used while for the reconstructed data the orientation comes from a bundle adjustment of
the whole image block.
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In general, the perceptual quality of the results is impressing. All reconstructed buildings
actually look like buildings and their shape is close to the reference data, i.c., the human
interpretation. The total relative shape dissimilarity, ﬂ#&—‘, reflects some aspects of
the quality of the reconstructed roof pans. However, the rotation and translation effects
are also included, which in some cases is the dominating error source. The ratio “—;—"J
represents the difference in area betwceen the two planes relative to the reference area and
comes from missing or protruded parts along the boundary or threugh rotation effects.
Except for building no. 13 this esvor is smal) — on average 2.5%. This error is included
in the total relative shape dissimilarity w, which is the combination of two errors:
the difference in shape (form) and a translation or a rotation between the two planes.

Analyzing the results in Fig. 3 and Table 2, we first notice that both planar patches have
been successfully reconstructed, plane 1 qualitatively better than plane 2. In both cases
the reference area is larger than the reconsiructed, with e larger arca difference for plane
2. Analyzing the ratios in the two rightmost columns in Table 2 wc see that, for plane
2, the main error source is the differcnce in arca, which comes from the missing part of
the boundary (a comer is cut off, see Fig. 3D). The dominating overlap ermor for plane 1
originates in the diffcrences in rotation and transtation between the planes.

The rightmost column in Table 3 list the total relative shape dissimilarity measures for
cach building. Wc notice (hat building no. 3 (garage) shows the poorest results. The
extracted 3-D contours are poorly located and hence also the 3-D planes. In addition,
several reference coordinates are poorly mcasured which adds to the effect. The most
complicated buildings, i.e., no. 1 and 6, show slightly poorer results than the simpler
ones. We also notice the large shape dissimilarity for building no. 9. This high value
comes primarily from the poorly reconstructed right roof part. 1n gencral, we believe that
a good definition of the roof boundary is more important than the complexity of the shape,
which would indicate that the ARUBA framework can deal with different roof types in an
equal manner.

The major single error source is the segment sterco matching (Bignone 1995). The stereo
matching influcnces primarily the compl and g tric accuracy. However, if
many 3-D scgments are missing and hcnce also important 3-D planes, then we cannot
expect a successful reconstruction of the building. Therefore, a robust and accurate stereo
matching procedure is crucial for a high quality reconstruction. Assuming that the 3-D
segments and planes are adequately extracted, then the shape similarity of the recon-
structed planes with respect to the ground truth depends mostly on the similarity grouping
and on the sclection criteria in the assembly procedure, sec Fig. 1.

To summarize the evaluation of the reconstruction results we venture to say that the fully
automatic ARUBA reconstruction produces comparable results to those of manual mea-
surements. The accuracy and completicness of the ARUBA reconstruction lies in the range
of the expecled accuracy for the reference data. The shapes of the reconstructed roof parts
are similar to those of the referencc data, which were intcrpreted online by a human oper-
ator during data acquisition. The total rclative shape dissimilarity is an adequate indicator
of the shape quality of the reconstructed buildings, even though the measure also includes
the rotation and translation errors.
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5 Outlook

The general design of ARUBA is conceptually sound and the algorithms produce good
results, both qualitatively and quantitatively, in suburban areas. However, the algorithms
arc not capable of fully automatically handling certain complex scenes in suburban and
densely populated urban regions in general duc to connected buildings, shadows from
trees and other buildings, and occlusion situations. Apart from improving cerain pro-
cessing modules in the existing framework (e.g. segment stereo matching), we see two
important extensions: modcling of roof parts and user/machine interface.

One important extension to the ARUBA framework involves object modeling, i.e., model-
ing of rool parts and of complete roofs. In our opinion, the main deficiency of the ARUBA
system is the modeling aspect. Exploiting that most roaf parts have a simple shape should
allow the system to more effectively handle the generation of 3-D patches. A verification
(or self-diagnosis) also require object models. Generic models of roof parts may include
geometric shapes such as rectangular, triangular, parallelograms and a few other primitive
shapes occuring in abundance. as well as surface characteristics.

Sound concepts for human/machine inicrface and feedback are crucial for a successful re-
construction especially in urban areas, since we do not expect the automatic system to cor-
rectly handle all scenes. The human operator may be involved in initialization/detection,
providing model information, imposing constraints (e.g. rectilinear), and marking/editing
incorrect reconstructions.

6 Conclusions

We have presented ARUBA, an experimental framework for automated 3-D reconstruc-
tion of buildings from aeria) images. The approach makes effective use of much of the
available 2-D and 3-D information present in the images of a given site. Geometry, photo-
metric and chromatic attributes and stereo information about contours and their flanking
regions are effectively combined. Consequently, the procedure is more robust than one
that uses only partial information. This approach has proven powerful enough so that, in
contras! to most approaches to building reconstruction, we need not assume the roofs to
be Nat or rectilinear or use a parameterized model of the complete building.

We have evaluated the reconstruction results on the Avenches data set with respect to
uccurate reference data. We focussed on three criteria: completeness, geometric accu-
racy and shapc dissimilarity. We have shown that the average difference in orientation
is 2.2 [deg] and that the avcrage absolute displacement between the planes is 14.6 [cm].
The displacement in vertical direction is —10.2 |cm], which indicates a systematic emor
(probably difference in orientation parametcrs). We further developed a relative measucc
for shape dissimilarity between the reference and the reconstructed roofs. The most com-
plicated buildings show slightly larger shape dissimilarity than the simpler ones, which is
in line with the interpretation of a human operator.

To conclude, the fully automatic ARUBA reconstruction produccs comparable qualitative
results to those of manual measurements and the geometric accuracy lics in the range ot
the cxpected accuracy for the reference data.

N
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WRITTEN OPINION OF THE Intemational application No.
E.
lN.'I'ERNATlONAL SEARCHING Amomv PCTIUS 11723408

Box No. V Reasoned statement under Rule 43bis.1(a)(i) with regard to novelty, inventive step or industrial applicability;
citations and explanations supporting such statement

1. Statcment
Novelty (N) Claims None YES
Claims 1-28 NO
Inventive step (IS) Claims None YES
Claims 1-28 NO
Industrial applicability (1A) Claims 1-28 ] YES
Claims Nons NO

2. Citations and cxplanations:
Clalms 1-28 lack novelty under PCT Article 33(2) as being anticipated by US 2004/0105573 A1 to Neumann et al. (hereinafter ‘Neumann’).

As per claim 1, Neumann disctoses a method {See abstract) comprising: assigning an Initial set of pitch values to a plurality of facets of a
roof (see Flg, 5, para [0033}{0036), {0038}, [0042) and [004B}-{0050] - slope valuss are assigned to facets of a triangle mesh roof
structurs); automatically adjusting lateral positions of points assoclated with one or more first line segments of the roof identified as one or
more ridge segments to accommodate pitch values of the Initial set of pitch values associated with facsts that share the one or more ridge
segments or share endpolnts of the one or more roof segments (see Fig. 5, para [0038], [0041)-[0042], {0046}-{0050) and {0069)-{0062] -
the positions of points assoclated with line ssgments of roof primitives, including ridge segments, are fitted to the slope values detected by
the range sensor and assigned to ths triangle mesh roof structure); and automatically ad]usting lateral positions of polnts assoclated with
one or more second line segments of the roof identifled as a junction or seam between adjacent facets of the roof to accommodate pitch
valuss of the Inltial set of pitch values associated with the adjacent facets (see Fig. 5, para [0038], [0041)-{0042), {0045]-{0050] and [0059}
{0082] - the posttions of points associated with line segments of roof primitivas, Including all edge segments, are fitted to the slope values
dstacted by the range sensor and assigned to the triangle mesh roof structure).

As per clalm 2, Neumann discloses the method according to claim 1 further comprising repeating the sutomatically adjusting lateral
positions of polnts associated with the one or more first line segments until the adjusting of lateral positions of points converges to a stable
state (see Fig. 5, para [0021], (0053) and [0058}-{0080] - tha the polnts and ine segments of the roof primitives are continuously and
Iteratively fitted to the range sensor data encapsulated by the triangie mesh).

As per clalm 3, Neumann discloses the msthod according to claim 2 further comprising automatically repeating the automatically adjusting
lateral positions of points associated with the one or more second line sagments until the adjusting of laterai positions of polnts converges
to a stable state (see Flg. 5, para (0021], [0053] and [0056}-[0060] - the the points and line segmants of the roof primitives are
continugusly and lteratively fitted to the range sensor data encapsulated by the triangle mesh).

As per claim 4, Neumann disclosas the mathod according to claim 3 further comprising repeating the assigning an Inltial set of pitch values
before repeating the automatically adjusting Jateral positions of points associated with the one or more first line segments and before
repeating the automatically adjusting lateral positions of points associated with the one or more second line segments (see Fig. 5, para
{0021] and [0033] - "[tihe mods! reconstruction componant 160 and the mode! refinement componeant 170 can interact with each other to
Improve the three-dimensional (3D) model continuously”).

As per claim 5, Neumann discloses the method according to claim 1, further comprising assigning an Initlal set of orientations to the
plurality of roof facets (see para [0005}-{0007), [0026), [6032], [0042], [0044] and [0048) - the orientation information of the roof is assigned
to the triangle mesh).

As per clalm 6, Neumann discloses the method according to clalm 1, further comprising automatically generating a first 3D wireframe of
the roof based on the adjusted lateral positions of poinis assoclated with the one or mora first line segments and the adjusted lateral
positions of points assoclated with the one or mare second line segments (see Fig. 5, para [0021]}-{0024], [0033}-{0035) and [0059)-{0062]
- disclosing the automatic generation and refining of a 3D model of the roof based on the fitted positions of the points assoclated with the
primitive).

As per claim 7, Neumann discloses the method according to claim 6 whereln the automatically generating the first 3D wireframe Is further
based on an inltial sat of input roof elevation values (sse para [0024}-{0025), [0032}-[0033], [0036]-[0038] and (0060)-{0062] - the range
sensor Information can provide a clear footprint of a bullding's position and height Information which Is used to construct the model).

As per clalm 8, Neumann discloses the mathod according to clalm 7 further comprising sutomatically generating a sacond 3D wireframe of
the roof to satisfy a sst of constralnts by changing gecmetric characteristics of the first 30 wireframe that are Inconsistent with the
constralnts (see Fig. 6, para [0021), [0036), (0041}-[0042], [0045)-{0048), [0050], [0053] and [0058H0060] - multiple models of the roof are
Iteratively generated to satisfy tho constraints captured from range sensor).

SEE SUPPLEMENTAL SHEET

Form PCT/ISA/237 (Box No. V) (July 2011)
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Supplemental Box

In case the space in any of the preceding boxes is not sufficient.

Continuation of:
Box V.2 - Cltations and Explanations

As per claim 9, Neumann discloses the method according to claim 8 whereln the changing geometric characteristics of the first 3D
wireframe that are Inconsistent with the constreints Includes ons or more of the following: preserving a footprint of the first 3D wireframe
(sea para [0036] - generated models musi preserve the footprint captured by the range sensor); comrecting angles of intersection between
ine sogments of the first 3D wireframe (see para [0050); stralghtening line segments of the first 3D wireframe; specifying a particular pitch
for one or more facets of the roof see Fig. 5, para [00331{0036}, [0038], [0042] and [0048]-{0050] - slope values are assigned to facets of a
triangle mesh roof structure); allowing a pitch of one or more facets of the roof to conform with other constraints; enforcing relationships
between line segments and facsts of the first 3D wireframs to satisly symmetry requirements (see para [0049}-{0050}); constraining groups
of polnts or line segments of the first 3D wireframe to reside &t a same elevation; constraining two or more different groups of points or line
tshe9r';\enlsl_)o;:r\‘;a first 3D wireframe to maintaln a particular difierence In elevation; enforcing symmetry between nearly symmetric objects In|
8 first 3 frame. :

As per claim 10, Neumann discloses the method of clalm 8 whereln the automatically generating a second 3D wireirame of the roof to
satisfy a set of constralnts by changing geometric characteristics of the first 3D wireframe that are inconsistent with the constraints
Includes using metadata regarding relationships batween roof line segments and polnts (see Flg. 5, para [0021], {0038), [0041}-{0042),
[0045)-{0048), {0050}, [0053) and [0058}-{0060] - updated models of the roof are generated by changing geometric characteristics of the
roof primitive to fit the measured data and relationships). '

As per claim 11, Neumann discloses the method according to clalm 1, further comprising deriving metadata from an Initia) wireframe of the
roof, the metadata including Information regarding cne or more of the following: nearest nelghbor points of the polnts assoclated with the
one or more first line segments, nearest nelghbor line segments of the one or more first ine segmenis, nearest neighbor points of the
polnts associated with the one or more second line segments, nearest nelghbor line sagments of the one or more second fine segments
(see Fig. 5 and para [0032}{0035) - disciosing adaptive-welghting neighborhood interpolation), roof line segment membership In polygons,
whether line segments of the roof are edges or ridges (see Fig. 5 and para [0048]-[0050] - disclosing the identification of ridges), which
points resemble roof hip junctions of the roof, which points resemble roof gable junctions of the roof (see para [0038] - disclosing the
identification of gable roofs), which points resemble roof comers on a perimater of the roof, or identification of roof geometric shape
primitives (see Fig. 5 and para [0038}-/0040] - “[a] set of geometric primilives can be selected based on a shape of the structure”),

whereln the metadata is used in one or both of: the automatically adjusting lateral positions of points associated with one or more first line
segments, and the automatically adjusting lateral positions of polnts assoctated with one or more second line segments (see Fig. 5, para
[0038]-{0041) and [0044}-J0050) - the metadata s used to Idsntify a primitive and to flt that primitive to the constralnts derived from the
metadata such as whether line segments are edges or ridges).

As per claim 12, Nsumann discioses the method according to clalm 11 wherein the initia! wireframe Is a 2D wireframe (see para {0038},
{0042) end [06044]{0048) - the primitive model used for the roof can be set to a two dimensional wireframe by setting the building's
orisntation paralle! to an axis).

As per clalm 13, Neumann discloses the method according to claim 11 wherein the Inltial wireframe Is a 3D wireframe (see Fig. 5 and para
{0038}-[0042) - the initial primitive selacted may be a 3D mesh mods!).

As per.clalm 14, Neumann discloses the method according to claim 1 whereln the asslgning an Initial set of pitch values to a plurality of
facets of a roof comprises automatically analyzing nelghboring polygons of tha roof to Infer relative pitch values (see Fig. 5, para [0033}-
[0036), {0038}, [0040}-{0042) and [0047]-{0050) - depth discontinulty Is used for surface segmentation and the slope of a surface can be
determined relative to nsighboring surface faces).

As per clalim 15, Neumann disclosas the method according to claim 1 wherein the Inltial set of pitch values are automatically assigned
based on recelved input piich values from a user (see para [0060] - “system can also includs editing tools that allow users to modify the
models or obtaln a specific representation quickly and accurately”).

As per clalm 18, Nsumann discloses a method comprising: genarating metadata from a wireframe mode! of a roof (see Flg. 5, para (0032}
[0035), (0038}-{0040), [0044]-{0045) and [0048)-{0050] - disclosing the gensration of metadata such as edge lines, idge Ines and shapes
from a mesh model of a roof); moving a location of roof junction points from the wireframe model to a normalized roof outline based on the
gensrated metadata (see Fig. 5, para [0021], [0036], [0038}-{0043], (0045]-[0048], [0050], [0053) and {0058]-{0080] - the points of the mash
are mapped to a geometric primitive corresponding to the roof type); modifying a shape of the roof facets of the wireframe model (see Fig.
5, para [0021], [0053] and [0058]-{0060] - the the points and line segments of the roof primitives are continuously and iteratively fitted to
the range sensor data encapsulated by the trlangle mesh); and outputiing a revised wireframe mode} based on the moved junction points
and modified shapss to more closely epproximate the actual shape of the reof (see Fig. 5, pare [0021], {0025}, {0053] and [C0S8H0060] -
the 3D modsal Is revised based on the fitting of the primitive to the detected data).

As per clalm 17, Neumann discloses the method according to clalm 16 whereln the modifying the shape of the roof facets of the wireframe
model Indudes: comparing the roof facets of the wireframe modsl to a database of roof geometric shape primitives (see Fig. 5, para
[0021], [0036], {0038}-[0043], [0045]-{0048), {0050, [0053] and [0058}-0060) - the mesh model Is compared to a geometric roof primitive);
and modifying the shape of at lsast one of the roof facets of the wireframe mods| to match the geometric shape of a previously stored
primitive (see Flg. 5, para (0021}, [0053] and [0058}-[0060] - the the points and line segments of the roof primitives are continuously and
iteratively fitted to the range sensor data encapsulated by the triangle mesh).

As per clalm 18, Neumann discloses the method according to clalm 17 where In one of the primitives Is a hip or gable (see para [0038] -
disclosing a gable psimitive).

SEE SUPPLEMENTAL SHEET

Form PCT/ISA/237 (Supplemental Box) (July 2011)
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Continuation of:
Box V.2 - Citations and Explanations

As per clalm 19; Neumann discloses the method according to claim 18 whereln the modifying the shape of the roof facets of the wireframe
modet is based on the genarated metadata (see Fig. 5, para [0038}/0041] and [0044}{0050] - the metadata is used to Identify a primitive
and to fit that primitive to the constraints derived from the metadata such as whether line segments are edges or ridges).

As per clalm 20, Neumann discloses the method according to clalm 16 whereln the wireframe mode! is a 2D top view of the roof (see para
[0038}, {0042] and [0044}{0048] - the primitive model used for the roof can be set to a two dimensional wireframe by setting the building's
orientation paraliel to an axis).

As pér claim 21, Neumann discloses the method according to clalm 20 further Including: generating a 3D wireframe of the roof based on
the revised wireframe model (see Flg. 5, para [0021], [0025), [0053) and [0058]{0060] - the 3D model is revised based on the fitting of the
primitive to the detacted data). :

As per claim 22, Neumann discloses a non-transitory computer readable medlum having computer executable Instructions thereon that
(see Fig. 2, para [0027] and [0066]), when executad, cause a computer processor to perform the following: automatically adjusting lateral
positions of polnts associated with one or more first line segments of a roof identified as one or more ridge segments to accommodate
pitch values of an Inltial set of pltch values associated with facets that share the one or more ridge segments or share endpoints of the one
or more roof segments (see Fig. 5, para [0038), [0041}-{0042], [0046]-{0050] and [0059]-[0062) - the positions of points assoclated with line
segments of roof primitives, including ridge segments, are fitted to the slope values detected by the range sensor and assigned fo the
triangle mesh roof structure); and automatically adjusting lateral positions of points assoclated with one or more second line segments of
the roof Idantified as a Junction or seam betwaen adjacent facets of the roof to accommodate pitch values of the initial set of pitch values
assoclated with the adjacent facets (see Fig. 5, para [0038], [0041}-[0042), [0045}{0050] and [0059}-10062] - the positions of points
assoclated with line segments of roof primitives, Including all edge segments, are fitted to the slope values detected by the range sensor
and assigned to the trlangle mesh roof structure).

As per clalm 23, Neumann discloses the method according to claim 22 whereln the computer executable instructions thereon, when
executed, further cause the computer processor to psrform automatically generating a first 3D wireframe of the roof based on the adjusted
lateral positions of polnts associated with the one or more first line segments and the adjusted lateral positions of polnts associated with
the one or more second line segments (see Fig. 5, para [0021)-{0024}, {0033]-{0035] and [005891{0062] - disclosing the automatic
generation and refining of a 3D modsl of the roof based on the fitted positions of the points assoclated with the primitive).

As per clalm 24, Neumann discloses the method according to clalm 23 whereln the generating the first 3D wireframe is further based on
and Initial set of Input roof elevation valuss (ses para [0024}-{0025), [0032)-{0033}, [0036]-{0038] and (0060]-{0062] - tha range sensor
information can provide a clear footprint of a bullding's position and helght informatlon which is used to construct the model).

As per clalm 25, Neumann discloses the method according to claim 23 whereln the computer executable instructions thereon, when
executad, further cause the computer processor to perform automatically generating a second 3D wireframe of the roof to satisfy a set of
constraints by changing geometric characteristics of the first 3D wireframe that are Inconsistent with the constraints (sse Fig. 5, para
[0021], {0036}, [0041}-]0042], [0045}-[0048), [0050), (0053) and [0058}-[0060] - multiple models of the roof are iteratively gensrated to
satisfy the constraints captured from range sensor).

As per clalm 26, Neumann discloses a non-transitory computer readable medium having computer executable Instructions thereon that
(see Fig. 2, para [0027] and [0066]), when executed, cause a computer processor to perform the following: generating metadata from a
wireframe model of a roof, the wireframe mode| having roof junction points and roof facets (see Fig. 5, para [0032H0035), [0038]-[0040),
[0044}-{0045) and {0048){0050} - disclosing the generation of metadata such as edge lines, ridge lines and shapes from a mesh modsl of
a roof); moving a location of roof junction points from the wireframe model to a normalized roof outline based on the generated metadata
(see Fig. 5, para [0021], [0036], [0038}-[0043], [0045]-[0048}, [0050], [0053] and [0058]-{0060] - tha points of the mesh are mapped to a
geometric primitive comesponding to the roof type); modifying a shape of the roof facets of the wireframe model (see Fig. 5, para [0021),
[0053] and [0058)-{0060] - the the polnis and line segments of the roof primitives are continucusly and lteratively fitted to the range sensor
data encapsulatad by the triangle mesh); and outputting a revised wireframe mode! based on the moved junctlon points and modified
shapss to more closely approximate the actual shape of the roof (see Fig. 5, para [0021], {0025}, (0053} and [0058]{0060] - the 3D mode!
Is revised based on the fitting of the primitive to the detected data).

As per clalm 27, Neumann discloses the non-transitory computer readable medium of claim whereln the modifying the shape of the roof
facets of the wireframe mede! includes: comparing the roof facets of the wireframe mode! to a database of roof geometric shape primitives
(see Flg. 5, para [0021), {0036}, [0038]-[0043), [0045]-{0048], {0050}, [0053} and [0058}-[0060] - the mesh model is compared to a
geometric roof primitive); and modifying the shape of at least one of the roof facets of the wireframe model to match the geometric shape
of a previously stored primitive (see Fig. 5, para [0021], [0053] and [0058]-[0060] - the the points and line segments of the roof primitives
are continuously and Iteratlvely fitted to tha range sensor data encapsulated by the triangle mesh).

As per claim 28, Neumann discloses the non-transitory computer readable medium of clalm, whereln the computer executable instructions
thereon, when executed, further cause the computer processor to perform genserating a 3D wireframe of the roof based on the revised
wireframe model (see Fig. 5, para [0021}, [0025), 0053] and [0058}-{0060] - the 3D mode! is revised based on the fitting of the primitive to
the detected data).

Claims 1-28 have Industdal applicability as defined by PCT Asticle 33(4) because the subject matter can be made or used In industry.

Form PCT/ISA/237 (Supplemental Box) (July 2011)
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Transcription of points of potential interest in the attached Youtube
video titled: “Pictometry Online Demo”
Located on the Web at:
http://www.youtube.com/watch?v=jURSK7000D0

At the 50 Sec. mark: “Whatever you see with Pictometry, you can measure. Distance, Height, Area,
Pitch, Bearing direction, Elevation and more are just a few clicks away.”

At the 2:20 mark: “You’ll love the pitch tool; with just a few simple clicks, you have calculated the area,
eave height, peak height, roof angle in degrees and fractional pitch.

2

Retrieved on February 10, 2010

2042145--290115.403
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February 10, 2009
Via Federal Express RECEIVED

@) FER 1 ¥
¢ FER 12008
David V. Carlson Esquire a FEB 1i 200
Seed IP Law Group PLLC SEED INTELLECTUAL PRGSERTY
701 Fifth Avenue, Suite 5400 LAW GROUP PLLC
Seattle, Washington 98104

RE: Infringement Allegations by EagleView Technologies
Our Ref.: 20283-12

Dear Mr. Carlson:

I represent Thomberry Consulting, LLC and I am responding to your February 2, 2009
threat letter.

As you well know, the patent application that you have identified, which names you as
one of the inventors, is just that - - an application. It is not a patent. As such, there is no patent
that can be infringed.

Moreover, we reviewed your application, including the file history, and have concluded
that it is unlikely you would obtain any valid claims from your application. For.example, the
application, and any resulting patent, appears to have serious defects under 35 U.S.C. § 101, 102,
103 and 112,

In the future, even if your application issues as a patent, our client does not have each and
every element set forth in your claims, and therefore it would not infringe anyways. Likewise,
the features described in your patent application that are in common with my client’s product is
not patentable to you.

In this regard, for example, we want to bring your attention a sampling of some (but‘not
all) prior art we have found from a quick check that is relevant to show the high level of skill in
this art as well as a reference showing some or all of your claimed elements:

e Pictometry Online' Viéfsion 1.1.5:See press release about its introduction in 2004 (Exhibit
A); see YouTube Online video (Exhibit B); you can view this at
www. youtube.com/watch?v=jURSK7000D0; see 2005 published article discussing

0590



February 10, 2009
Page 2

Pictometry Online product and other products (Exhibit C). Since you are using
Pictometry, why have you withheld this from the U.S. Patent Office?

o~ An‘éxcerpt from the book (2005)-book entitled Miller s Guide to Framing and Roofing,
(Exhibit D) showing roof measuring and area calculations to be well known. :

e ' U.S. Patent No..7,133,551 B2 to Che et al. (published 2003)(Exhibit E) showing more
advanced 3-D mapping of building models from photogrammetric mapping, and also
discussing earliér, published well know techniques for measuring buildings using aerial
photographs.

e Anaiticle (Exhibit F) by Gulch et al. (dated 1998 per the Chen ‘551 patent) and
referencing earlicr articles and software, entitled ON THE PERFORMANCE OF SEMI-
AUTOMATIC BUILDING EXTRACTION. See for example Fig. 2 therein, from 1997
software, taking building measurements from overhead photographs.

As you know, you are legally duty bound to disclose these to the U.S. Patent Office, as well as
any other prior art or other material information of which you are aware.

Accordingly, your patent threats appear to lack merit and seem to be nothing more than
an intimidation tactic against my client. If you reach a point where you do get some patent
claims allowed, please bring these to our attention if you think they cover my client’s activity
and we will consider them further at that time.

Regarding your copyright allegations, these likewise lack merit.

As you know, copyrights only narrowly protect the actual duplication (e.g. actual
copying) of the particular expression that your client authored. Our client did not copy your
particular expression. Moreover, your reports appear to be so functional and rudimentary in
terms of what you contribute as to probably not warrant copyright protection. Even if they do,
they would be protected only on a job-by-job basis. Copyrights would not protect ideas, such as
the idea of having an aerial photograph of a house with measurement and direction features
superimposed thereon. We also note that the photographs in your reports are not even your own
material. Rather, you are apparently using Pictometry International'simagery. Our client is not
duplicating any photos that you own and does not plan to do so, If you sue us for copyright
infringement, upon prevailing we would request that you be ordered to pay our attorney's fees.

Please be advised that you should refrain from unlawful activities such as tortious
interference with our client's business and/or contractual relationships, such as with their
customers or prospective customers, such as by threat of infringement. If you do so, we will take
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the matter very setiously and consider legal action against both your company and the
individuals doing so.

Very truly yours,

Daniel J. Lueders

Exhibits A-F enclosed.
cc: Thomberry Consulting, LLC (with enclosures)

20:579882
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Abstract:

If there is a limitation to the software, it's that it can't provide a cost
estimate once the user has selected a product combination. Not yet, anyway.
"The software's still in its early days," stresses [Steve Rose].
"Potentially, there is scope down the line to quantify the products that
have been chosen, though that would require more dimensions to be input.

?
Text:

Lafarge Roofing is aiming to give social housing contractors a leg-up with
its new ViewMaster software.

Originally developed in Germany, and due to be marketed into the UK next
year, the software will enable contractors to demonstrate to clients and
tenants how different re-roofing options will look before work commences -
effectively a trybefore-you-buy arrangement.

Social housing

While the software is equally suited to private housing, social housing is
being targeted by Lafarge because of the heavy spend in that sector at
present.

"We identified a gap in the pre-construction phase for social housing
refurb jobs," says Steve Rose, who headed the Lafarge project team that
developed the software. "We felt that contractors could offer this as an
extra service to clients in their resident consultation to make it easier
to visualise the plans for their new roofs.

"And from our viewpoint, we're ensuring the latest developments in our
traditional pitched roofing products are being considered in a project's
allimportant pre-construction stages."

Simple appeal

An obvious appeal of the software will be its simplicity. The user need
only take a digital photograph of the house or housing to be re-roofed,
download it onto a PC, then enter just one dimension measurement, commonly
the length of the roof rafter, which can be calculated by counting the
number of tile courses, points out Rose.

Viewmaster then automatically calculates all the other dimensions and the

roof pitch, and takes into account other roof details
such as ridges, valleys and verges.
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Once the software has this data, the user can apply any of Lafarge
Roofing's 100 different product and colour combinations, including
specialist products such as photovoltaic panels, plus up to 80% of its
range of roof detail products.

The software can also rotate the view through 3600, and apply shadows and
different sunlight intensities. There is even the option to apply wall
renders to see how different roof tiles contrast with the walls.

If there is a limitation to the software, it's that it can't provide a cost
estimate once the user has selected a product combination. Not yet, anyway.
"The software's still in its early days," stresses Rose. "Potentially,
there is scope down the line to quantify the products that have been
chosen, though that would require more dimensions to be input.

"We do have another software package, Quantmaster, which does provide a
quantifiable list of products once a customer has provided the size of the
roof. But it doesn't offer the visuals.

"The real strength of Viewmaster is demonstrating how your roof would end
up looking."

Tenant consultations

Where Rose thinks the software will be of particular use to roofing
contractors is in tenant consultations on social housing refurbs.

"All our sales team have been trained to use Viewmaster, and we envisage
them meeting with the specifier for a social housing project, showing them
how to use the software, and exporting 'saved roofs' into Powerpoint
presentations for use in consultation meetings," he explains.

Beyond social housing, Rose sees potential for the software in private
housing - "we will be supplying it to all our account contractors,” he says
- and can envisage forming partnerships with other external housing product
manufacturers, for example, windows and doors.

Viewmaster has already be used successfully by Lafarge Roofing's sister
company in Germany, and 2006 will see a big marketing push in the UK. And
Rose promises that there will be training courses on offer for any roofing
contractors who want to try it out.

OUT WITH THE OLD: How a typical house roof might look before (top) and
after, with a new product applied using ViewMaster (below).

THIS IS THE FULL-TEXT.

Copyright Reed Business Information UK Nov 23, 2005

Company Names:
Lafarge Roofing PLC ( NAICS:327121)
Geographic Names: United Kingdom--UK

Descriptors: Roofing; Product introduction; Software; Public housing

Classification Codes: 8302 (CN=Software and computer services); 7500 (CN=Product planning &
development); 9175 (CN=Western Europe)

Print Media ID: 59461

Trade Names: Lafarge Roofing ViewMaster
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Abstract

Automatic detection and description of cultural features, such as buildings, from aerial
images is becoming increasingly important for a number of applications. This task also
offers an excellent domain for studying the general problems of scene segmentation, 3-D
inference and shape description under highly challenging conditions. We describe a
system that detects and constructs 3-D models for rectilinear buildings with either flat or
symmetric gable roofs from multiple aerial images; the multiple images, however, need
not be stereo pairs (i.e. they may be acquired at different times). Hypotheses for
rectangular roof components are generated by grouping lines in the images hierarchically,
the hypotheses are verified by searching for presence of predicted walls and shadows.
The hypothesis generation process combines the tasks of hierarchical grouping with
matching at successive stages. Overlap and containment relations between 3-D structures
are analyzed to resolve conflicts. This system has been tested on a large number of real
examples with good result, some of which, and their evaluation, are included in the paper.

* S. Noronha is now with eLance Inc., Sunnyvale, CA.94086.
*¢ This research was supported by Defense Advanced Research Projects Agency under contract No. DACA76-97-K-

0001, monitored by the U. S. Army Topographic Research Center, and a sub-grant from MURI grant No. F49620-95-
1-0457 from Army Research Office awarded to Purdue University.
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1 Introduction and Overview
Automatic detection and modeling of cultural features, particularly buildings, from aerial

images is becoming of ' increasing practical importance. Traditional applications are those of
cartography and photo-interpretation. Newer applications include mission planning, urban
planning, placement of communicatibns resources and virtual tours of cities and sites. Besides the
application needs, building detection and description also provides an excellent domain to explore
the problems of scene segmentation, 3-D recovery and shape descriptions in a rich, realistic and

demanding environment.

In this paper, we describe a system that detects and constructs 3-D wireframe models of
buildings by using muitiple (two or more) panchromatic aenial images. The individual and relative
camera models are assumed to be known (or derived by use of some photogrammetric techniques),
however, the imagé pairs are not necessarily stereo pairs in the usual sense- the different images
may be taken at different times and may have different resolutions. We assume that the buildings
are rectilinear (compositions of rectangles) in shape and that the roofs are either flat (planar and
. parallel to the ground) or are “symmetric gables” (two symmetric slanted surfaces). Walls are
assumed to be vertical and the approximate ground height is assumed to be known. Illumination is
assumed to be directly from the sun whose position is computable from the imaging date and time
and the known geometric location of the site. Shadows are assumed to fall on flat ground of known
height near the buildings. Figure | illustrates two views of a small part of the Ft. Hood, Texas site

that will be used to illustrate our processing steps.

These assumptions constrain the task of detecting and describing the buildings. However,
many of the traditional problems of computer vision must still be overcome. The objects of interest
need to be segmented from the background; this is particularly difficult in aerial images due to
presence of natural texture of vegetation and variety of detail present on or near the objects of
interest. The 3-D structure needs to be inferred from the 2-D images; feature correspondence is
made difficult due to presence of many similar features nearby (such as parallel lines near building
edges) and relatively low disparity ranges for the low buildings. Even though we deal with
rectilinear shapes only, specific 3-D shapes need to be recovered, conflicting descriptions need to
be resolved, and in case of non-rectangular shapes, the different rectangular components need to
be combined. showing The line segments detected from images in Figure 1, shown in Figure 2,

should help visualize some of the difficulties outlined above‘(the line segments shown are from
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Figure 1 Two views of a portion of Fort Hood ( top image is 800x425
pixels with ground sample distance, GSD, of 0.3 meters, second is
480x220 with GSD of 0.6 meters)

Canny edges [1] after linking, linear approximation, colinearization and folding of nearby parallel

segments).

The problem of object detection and description, of course, has been a central one in
computer vision over many years. However, the general techhiques developed are not powerful
enough to handle the complexities inherent in aerial images of urban scenes. There has also been
intensive research in systems designed explicitly for building detection and description; (2]

contains a collection of some recent efforts.

Some of the approaches have attempted to work from a single image only ([3]{4](5] [6] [7)
[8]). Restriction to a single image makes the problem much more difficult as feature
correspondences can not be used to infer 3-D and some ambiguities are harder to resolve in a single
image; consequently, they are typically restricted to the -case of flat roofed buildings only.
Noneth;:less, such systems can provide.r'easonable performance on relatively simple scenes and

some of the techniques developed therein are useful for multiple image analysis as well.
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Figure 2 Linear segments extracted
Multiple images have also been used in p.revious work ([2][9][10]{11][12][13][14]). Most of
these systems assume that the images are from nadir views and taken at nearly the same time,
which simplifies the task of matchiﬁg features and even allows digital surface elevations to be
computed by area correlation and interpolation methods. Jaynes et al. [11] describe a system that
works with similar data to ours; it uses an approach to first find roof tops in a single view with the

other views being used to determine the 3-D structure.

There has also been work on using data with other attributes, such as color [15], digital
surface models derived from intensity images or range sensors directly ([16] [17] [18] [19] [20]
[21][22]) or multi-spectral data which can significantly simplify the task of building detection and
description ([23], [24]). Usually, digital surface models are derived from stereo pairs taken at

nearly the same time; we assume that such models are not available:for our conditions.

We provide an overview of our approach in the next section and the details in the subsequent
sections. We believe that not only does our system show good results but it introduces several new

features. The steps of matching and perceptual grouping are performed at each level before
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proceeding to the next level. It uses a hypothesize and verify paradigm and delays decisions until
more information is available to make them more reliably. The multiple views are used in an order
independent way. Our approach also makes extensive use of monocular analysis even though
multiple images are available. We believe that these concepts are also likely to be useful in

detection and description of objects in a variety of other domains.

2 Overview
We use a hypothesize and verify approach to building detection and description. Hypotheses

for rectangular roof components are formed by grouping image lines in each view and verification
is conducted by combining evidence in all the available views and by looking for evidence of
visible walls and expected shadows. The perceptual grouping process used to -generate the
hypotheses is a hierarchical one: line pairs are grouped to form parallels or L-junctions which are
then used to form U-shapes (i.e. three sides of a rectangle) which are finally used to generate
rectangular roof components. The features are matched at each level in the hierarchy. Thus, the
processes of grouping and matching are carried out simultaneously. At each matching stage, we
allow multiple matches to be present, thus, a feature may appear in multiple grouping hypotheses
at the next level. A more conventional approach to hypothesis formation may be to first match low
level features, such as lines and junctioris, and use only those (now 3-D) features in grouping, but
this approach requires reliable matching of low-level features which is difficult without the context
of higher level groups. Our apbroach, however, does allow use of limited low-level feature
matching to guide the hypothesis formation process and thus redqce the number of hypdtheses that
would be generated by a purely monocular approach as in [6]. Figure 3 shows the block diagram

of the system.

This approach shares some similarities with an earlier monocular system developed in our
group [6]. The perceptual grouping process is similar, however, the multiple system can be more
selective due to matching of features across images. The wall and shadow verification processes
are also similar but simpler because height of a hypothesié is determined prior to the application of
the verification steps. The monocular system is also unable to handle buildings with slanted roofs.
3 Generation of Hypotheses )

Hypotheses for building roof components are generated from the detected image features in
a hierarchical fashion, matching features across views at each level in the feature hierarchy. All

available views are used non-preferentially when forming hypothesis. A selection mechanism
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Figure 3 Block diagram of the automatic system

makes a value judgement of the evidence supporting each to eliminate those without sufficient

evidence.

We first describe the feature hierarchy and the constraints applied at each stage in grouping
and 'matching of the features. We then describes the method for hypothesizing and selecting flat-
roof and gabled roof hypotheses in this order.

3.1 Grouping and Matching of Features :
The feature hierarchy in order of complexity consists of lines, junctions, parallels and U-

contours. These feature sets are then used to hypothesize flat and gable roofs.

Lines:
The lines are formed by linking of edgels and colinearization of line segments. Lines are

matched by using the following epipolar constraint. The match for a line segment in one view must
lie at least partially within a quadrilateral defined by the epipolar geometry and the 3D height
constraints. Consider Figure 4. Let line / in view, have endpoints p, and p,. By the epipolar
constraint for points, the match for p| in view, must lie on an epipolar line defined by p, say /,’.
Similarly a match for p, must lie on /)’. A particular height in the world coordinate system
corresponds to a particular point on the epipolar line. Hence, knowing the local ground height in
the world coordinate system, and the maximum height of a building in 3-D, the search space can

be reduced to the segment on each epipolar line defined by these z-coordinate values. In general,
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there are 4 distinct points, two for each epipolar line. This limits the search for matching segments
to a quadrilateral defined by these four points. In Figure 4 these points are denoted by py)’, p\7,
P21’ and pyy’, corresponding to line /. Each pair of lines (/, ) that satisfy the epipolar (quadrilateral)
constraint in any pair of views is determined to form a line match and included in the set of line

matches that we will call §;,,, and is passed to the higher levels for further processing.

view,

l

Figure 4 Quadrilateral (epipolar) constraint

Note that a line in one view may match multiple lines in other views, cahsing multiple
matches (e.g. nearby vertical lines in Figure 2). We do not attempt to further disambiguate the

. matches at this level.

Junctions
Junctions are formed by intersections of nearby line segments. Let the set of junctions

formed in view; be denoted by Sj;. Junctions in the sets Sy; (i = 1..7;ews) are then matched across
the views, when the following constraints are satisfied:
+ Epipolar constraint: The matching junctions in two views must be on corresponding epi-
polar lines and within a certain range (depending on the allowed height range in 3D).

+ Line Match Constraint: The lines that form the two matching junctions must themselves
match (i.e. the line pairs must be present in the line match set S;,).

» Orthogonality Constraint: Given a junction match, we can compute the 3D angle be-
tween the lines forming it (from the knowledge of the matching lines). This angle is re-
quired to be nearly orthogonal (between 80° and 100°) in 3D as we are looking for
rectilinear structures only.

+ Trinocular Constraint: When there are more than 2 views available, the well-known trin-
‘ocular constraint may be applied to the locations of the junctions. Functionally, given a
point p|, in view), and a point, p, on the epipolar line of p; in view,, a point py in views. is
determined uniquely (the intersection of the epipolar lines of p and p, in views).

- Note that a junction in one view may match multiple junctions in other views, causing

multiple junction matches for the same junction. Let Sj’m be the set of junction matches.
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Parallels
Starting with the lines in S, parallel pairs of lines are detected in each the view and are

matched across views. Parallels are formed between pairs of lines, L;; and Ly in the same view;,
when the following constraints are satisfied:
* Lines L;; and L; are nearly parallel (make an acute angle of less than 10°; ideally this angle
should be a function of the line lengths and expected errors in point positions).

* The perpendicular distance between L;; and L is less than the maximum projected width

of a building. '

* At least 50% of L;; overlaps with Ly OR at least 50% of Ly, overlaps with L;;.

The pair of lines (L, L) forms a parallel. Along with the lines L;; and Lj,, an abstract
representation in the form of two line segments is. stored. Denote these line segments by Lij' and
L;/ . The angle of Lij' and Ly " is the average of the angles of L;; and L;, weighted by the lengths of
Lij and Liy. If necessary, L;; and L;, are extended to form L;;” and L;,” so that they overlap completely
(and are of same length in the image). Figure 5 illustrates the extension process. The representation

(Lif’ L) 1s used in the computation of parallel matches.

exensio® Ly’ :

.
*®

—

ik
Figure S Extension of lines forming a parallel

While the task domain causes a large number of parallels in each view (two to three times
the number of lines in that view), because of the alignment of buildings, roads, parking lots and
shadows, the number of paréllel matches is typically lower than the number of lines in any view. A
parallel match is hypothesized if there is evidence in at least two views. When there are matching
parallels in more than two views, a single parallel match (called a maximal parallel match) is
formed across all the views. The constraint used in matching is the parallel match constraint
described below:

* Parallel match constraint: Consider parallels P}, with component segments L;,| and L;,»
in view;, and Pj with component segments L;; and L;p, in view;. The parallel match con-

straint is satisfied for this pair of parallels if and only if exactly one of the following criteria
is met:

* (Lix1, Ljn) and (Lia, Ljp) are elements of Sy,
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* (Lix» Lin) and (Lixy, Ljpy) are elements of Sy,

Parallel matches may be formed across two or more views. If there are a total of n views,
parallel matches over the views are represented as n-tuples. The set of parallel matches is denoted
by Spm. Matches across more views dominate the matches across fewer views. Thus, if there are 4
views and (Py,, Py, nil, nil) and (Py, nil, Py, nil) are detected as parallel matches, they are
replaced by the maximal parallel match (P1y, P2y, P3y,mil) in Spm- Note that a parallel in one view
may match multiple parallels in other views, causing multiple parallel matches for the same

parallel.

U-contours
U-contours correspond to three sides of a rectangle. Suppose a parallel in view; is denoted by

lines (f;y, /j3). If there exists a junction j in S;; such that j may be denoted as either (/;;, /j3) or (/3
1;5), then (;), I;5, Ii3) is a potential U-contour, say U. U is a valid U-contour iff a major part of /;,
lies between /;| and /;3.
3.2 Formation of flat-roof rectangular hypotheses

The flat-roof hypotheses are formed by using the feature sets computed above. Two methods
are used: one that uses information from multiple images directly and another that uses information
from a single imagé only.
3.2.1 Generation of hypotheses from multiple images

Let Spr,; denote a parallel match in the set of parallel matches S,;,. Denote the constituent
parallels of S;p,; by Pjj where j is the image number. For each Py, a search is launched, in view i,
to determine the best closure of the parallel match as follows:

+ Starting from the center of the parallels in the parallel match, search for possible closure

lines towards each end . A closure line is one that lies between the lines forming the parallel,

and which forms an acute angle of less than 10° with the projection of the line orthogonal
to the parallel in 3D and parallel to the ground plane in 3D.

+ The search is also extended beyond ends of the parallel for lines that are elements of the set
of matched lines, Sj,,, and are thus guaranteed to have matches in at least one other view.
We have found a search that extends to 25% of the length of the parallels to be effective.

+ Detect possible closures, by scoring the coverage of the gap between the parallel lines. All
closures covering greater that half the gap between the parallel lines are considered. The
score of the closure is the ratio of the sum of lengths of the lines forming the closure to the
distance between the ends of the parallels. Note that the search is performed simultaneously
on all the images and hence the closures are matched as they are detected.

* Put qualifying closures into two sets: one foreach half of the parallel match.
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-+ Generate all combinations of closures from the two sets to generate 3-D hypotheses.

3.2.2 Generation of hypotheses from each image independently )
Not all desired hypotheses are typically generated by the above method as some of the

features are present (or detected) in only one view. To compensate for this, additional hypotheses
are generated by using evidence that is partly visible in a single view only. 2-D parallelograms
generated in each view from each U-contour (which come from the matched lines). For each 2-D
| parallelogram hypothesis a search determines if there is sufficient evidence for it in the other views.
This search is performed iteratively through the space determined by epipolar geometry and by the
3-D height constraints on a hypothesis. When an acceptable match is found a 3-D hypothesis is

created. The following describes the process in detail.
+ For view, let the set of U-contours be S,;. Computation of U-contours is described in Section

3.1

* For each U-contour U (say (I}, /5 1)), in S, search for line evidence to support the side
that could complete a parallelogram. The direction of the search is the same as the orienta-
tion of the /, (or /3). The search starts at a distance of 1/4th of the length /, (or /5) from the
ends of /; (or [;) and proceeds the same distance beyond the /; (or /3). Line segments that
are approximately parallel to /, i.e. which form an acute angle less than 10° with /,, and
which lie in the search space, are collected.

* Group clusters of these line segments into colinear lines if possible. Each of these clustered
groups of lines causes a 2-D parallelogram hypothesis to be formed. Denote a representa-
tive hypothesis by p,,.

* For each 2-D parallelogram hypothesis search the other views for matching information.
The aim of this search is to determine the best 3-D hypothesis by considering the hypothesis

as a whole. The method varies the height parameter from the ground height to the maximum -

height of a building in small increments (1/10th of the range) and scores the line evidence
for the hypothesis in all the views at each height. Each local maxima of the scores forms a
3-D hypotheses.

Figure 6 shows (in one view only) the combined hypotheses generated by the two methods
from the lines shown in Figure 2. Note that multiple hypotheses are formed for several roof
components as well as several other hypotheses are formed that correspond to no building. Next, a

selection procedure is applied to filter out some of these hypotheses.

3.3 Selection of flat-roof rectangular hypotheses
It is possible to apply the verification procedure that uses all available evidence to choose

among the generated hypotheses. However, this is a relatively expensive process. Instead, the set is

first reduced in size by applying a simpler selection process that uses roof evidence only. The nature
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Figure 6 Hypotheses detected in images from Figure 1 (only one view is shown).

of the evidence used is discussed in Section 3.3.1 and method for using this evidence in Section

3.3.2.

3.3.1 Accumulating Selection Evidence
* Positive roof evidence:

Positive roof evidence consists of line segments in each view that support a hypothesis. As
the hypothesis are 3-D models and camera parameters are known, the models can be projected in
each available view. Consider an arbitrary view, say view;. Let the projected parallelogram of the
3-D hypothesis be (p;;, Pi2, Pi3» Pia)- A spatially-indexed search is used to detect line segments,

such that each line segment /; satisfies the following criteria:

* [, must form a small acute angle (of less than 10° ) with one of the four sides of the par-
allelogram

» the perpendicular distance of the midpoint of /; from any one of the sides of the paral-
lelogram is small (less than 4 pixels).

* a major part (> 50%) of /; overlaps with the side of the parallelogram it is closest to

The contribution of a line / in the set of positive evidence lines to the positive score is the
ratio of the length that / overlaps with the nearest side of the roof hypothesis (in the image) to the
penimeter. This automatically weights longer sides (and evidence supporting them) more than it

does shorter sides.

* Negative roof evidence
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Consider an arbitrary view, view;. Let the projected parallelogram of the 3-D hypothesis be
®i1s Pi2s Pi3» Pia)- A spatially-indexed search is used to detect line segments, such that each line

segment /; satisfies the following criteria:

« [, must intersect at least one of the four sides of the parallelogram

* J; must form a large acute angle (of greater than 30°) with a side of the parallelogram
that it intersects

+ amajor part (> 50%) of /; overlaps with a side of the parallelogram it intersects

The contribution of a line / in the set of negative evidence lines to the negative score is the .
ratio of the length of / to the perimeter (in the image). This operation is performed on all the views
available, and the evidence i.e. the line segments, is grouped by view for later evaluation. Figure 7

illustrates the concepts of positive and negative line evidence in one view for flat-roof hypothesis.

* Height inference

A new 3-D height is computed for each roof hypothesis based on optimal matching in all
available views. Assume that the pa'rallelogram conespoﬁding to the projection of a3-D hypothésis
in view; is represented by a set of 4 lines {/;;} with k=1..4. The lines in the set {Iik}' are matched to
lines {/;} in view; subject to the quadrilateral constraint described in Section 3.1. As the height of
the 3-D line that projects into /;y is varied between the minimum and maximum heights, the
projection of this line in view;, [;;/, traverses the quacin’lateml defined in the quadrilateral constraint.
Parameterize this traversal with parameter s=0 corresponding to the minimum height (possibly the

ground plane) and s=1 corresponding to the maximum height.

As parameter s is varied from O through 1, /)" will match different lines, {/;;}, in the quadrilat-

eral. This gives rise to multiple matches at different parameters (and hence different 3-D heights).
Define a proximity measure for line /;y, djy as the perpendicular distance from the midpoint of /;,

to any line Jj in {/;)}. Define a measure of the goodness of the match for a set of lines {/;} in view;,
my, at parameter value s, over all ny;q,¢ views by
2 2
o -d ijkl)
m = Z Ye . Ien(IjI)

where o is chosen to be 0.5 (hence 62 = 0.25) and len(l;) is the length of [;;. The physical sig-
nificance of this is to weigh the lines in {/;;} by the distance from the projection of /;y in view; (/")
and have that weight drop off exponentially. This may be done with an arbitrary set of lines {/;; }
over any number of views from 1 t0 7;eys. The value of s at the maximum of the function my is
used as the best match of the set of lines {/; }. This value of s corresponds to the 3-D height at
which the line support across views is the maximum.

12
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Figure 7 Positive and negative line evidence

3.3.2 The selection mechanism
Hypotheses that are not within an acceptable height range (typically between 2m and 20m

above ground) are eliminated. Even though, some height constraints have been applied in earlier
stages of hypothesis generation, the refined height estimate allow application of a more stringent

criterion. Remaining hypotheses are examined for roof evidence.

Two roof quality measures are computed. One is the average positive line score,
avg_pos_score, computed from the positive scores for each view (normalized to be between 0 and
1). The second is the average of the difference between positive and negative line scores, called
avg diff score. A hypothesis is selected if and only if posRoofScore /nyens > 0.5 and
(posRoofScore - negRoofScore)/nyicys > 0.3.

Figure 8 shows the selected hypothesis from Figure 6. Note that the number of hypothesis is
greatly reduced. Most of the undesired hypotheses have been eliminated without rejecting the
desired ones (though this may not always be the case).

3.4 Formation of gable-roof rectangular hypotheses

Figure 9 shows two views of an aerial scene containing symmetric gable-roof buildings. To

generate hypotheses for such roofs, a triple of parallel lines is computed first (the triples are to

correspond to the “ridge” or the top of the roof and the two sides).

Triples

Triples are derived from the set of parallels constructed earlier. All lines are considred,
regardless of whether they also participate in flat roof hypotheses (overlaps are resolved as
described in Section 5 ). Suppose that a parallel P, in view; comprises line segments Ly | and Ljy,.

A search is launched for line segments L5 that lie either between Ly and Ljy, or on the side of

13
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Figure 9 Two views of an aerial scene with symmetric gable-roof buildings. Léﬁ~image
is 155x240 pixels, right image is 240x240 pixels, both have GSD of 0.15 meters

Lix), or on the side of L;,. L;;3 must have an orientation similar to L, and L;y, i.e. the acute angle
between L;,3 and L;,, (or L;,p) is less than 10°L
3.4.1 Generation of symmetric gable-roof hypotheses

The generation of a gable-roof hypothesis is initiated by a triple in any image. Triples are
examined to see if they could give rise to valid 3-D hypotheses as follows: Given a camera model,
and ground height, the relative height in 3-D of the “ridge” of the gable roof with respect to the
sides in that view may be derived as follows. Assuming that the gable is symmetrical in 3-D, if the

ridge and the sides were at the same height, they would project to equidistant parallel lines in the

14
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image (as the projection is orthographic locally). However, as the ridge is higher than the sides, it
must be displaced in the direction of the projection of the vertical (in 3-D) in that image. The extent
of displacement from the center, in the image, provides an estimate of the relative height of the
ridge with respect to the sides. This constraint is extremely important in filtering out triples that
could not give rise to a valid gable hypothesis, as it does not rely on matching information from

other views. -

For each triple in the set of triples a search is conducted for matching sets of lines in the other
views. The height of the ridge is varied through the maximum and minimum allowed heights of a
building. At each iteration (height) the search scores the goodness of the supporting line features
for a hypothesis over all the views. Maxima of these scores are used to hypothesize gable-roof
hypotheses at the heights at which the maxima occur. At this point the system possesses 3-D
information for the ridge and the sides, but no information about the extent of the hypothesis i.e.

we need to determine closures for the hypothesis.

Closures for gable-roof hypotheses are determined by search for terminating junctions on the
lines forming the ridge and the sides of the roof in all the views. The system uses binary junctions.
If a junction j is to be a terminator, the lines that form j, say /, and /,, must meet the following

constraints in order to qualify as a terminator for the hypothesis:

« either /; or /; should be a component of exactly one of the lines forming the triple

« if/; is a component of one of the lines in the triple, /, is constrained to be the projection of
a 3-D line, say L,, that is perpendicular in 3-D to the 3-D ridge and the 3-D side closest to
L,. The system has computed the 3-D orientations of the sides and the ridge. The location
of the 3-D junction J, corresponding to its projection j, must lie on the 3-D ridge or on one
of the sides of the gable in 3-D. The terminator of the gable is uniquely defined by these
constraints. This terminator must correspond to L,, and its projection to /,. If the acute an-
gle between the projected terminator and /, is less than 10°, /, is a valid terminator. ‘

In general, more than one termination may be found on each end of the roof. The junctions
with the highest scores at each end that are valid t'erminatorsiare selected as the terminators for this
hypothesis. If no terminators are found, or if terminators for only one side are found the hypothesis
is rejected. Figure 10 shows the results of gable-roof formation on the images in Figure 9. Note that
this process is much more selective than is the case for flat roofs as many more constraints apply
to the gable roof case.

3.5 Selection of gable-roof hypotheses
The gable roof hypotheses selection procedure is very similar to that for flat roof hypotheses;

however, the selection can be more liberal as the number of false hypotheses generated is much

15
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Figure 10 Gable-roof hypotheses for the images in Figure 9
smaller. Positive and negative evidence for roof is computed as before by using image lines that
overlap the projected roof lines and negative evidence by the intersecting lines. This evidence is
encapsulated into a “roof score”, which allows the hypotheses to be thresholded. The roof score is
computed using the positive and negative roof evidence including the positive and negative

contributions to the ridge of the gable-roof.

A hypothesis is selected if posRoofScore /niey,> 0.4 and (posRoofScore - negRoofScore)/

Nyiews > 0.25. Selected gable-roof hypotheses for the images in Figure 9 are shown in Figure 11.

5

4 Verification of Building Hypotheses
The selection mechanism, covered in Section 3, demonstrates that the use of roof evidence

and the predicted 3-D height provide good filters for removing hypotheses that do not satisfy the
geometric constraints necessary for being declared a building. Additional evidence, consisting of

cues for presence of visible walls and shadows cast by a hypothesized building are used to make

16
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further discriminations. Statistical properties of the regions of the hypothesized roof and the

shadows cast are also used.

In Section 4.1 the verification process for flat-roof building hypotheses is described. Section
4.2 outlines the verification process for gable-roof hypotheses. At this stage mutually exclusive
. overlapping or contained hypotheses (both flat-roof and gable-roof) may exist. Section 5 outlines
the overlap disambiguation process.
4.1 Verification of the flat-roof hypotheses

In the venfication process, the system uses the available geometric, photometric and domain-
specific constraints such as expected shadow and wall lines, to determine whether a selected

hypothesis is a building or not as described below.

4.1.1 Collecting the verification Evidence

Roof Evidence
Roof evidence for a hypothesis for verification is the same as used in the selection stage

dewscribed in section 3.3.1 earlier.

‘Wall Evidence
In each view which is not nadir at least one and not more than two of the side walls of the

buildings should be visible. The walls are assumed to be vertical in 3-D. The verification for walls
involves looking for the projections of the horizontai bottom of the wall (the interface of the vertical
wall and the ground). Wall evidence is deemed to be found if there is evidence of parallel lines at
the distance from the top of the bixilding that is predictable from its height in 3D. A score is
computed based on how much of the predicted wall line is covered by an image line. Wall evidence

is summed over the multiple available views.

Shadow Evidence .
A 3-D building structure should cast shadows under suitable imaging conditions. The system

has knowledge of the direction of illumination from the sun, which allows it to predict the location
and orientation of shadows (on flat ground) from the 3-D hypotheses. Shadows have previously
been used in monocu'lar detection of buildings [6]. In this system, the analysis is made easier as an
estimate of the height of the building is available. Even though the 3-D height of the building is
known, a search for shadows is conducted within a small window (5 pixel wide) about the predicted
shadow to account for various -inaccuracies in estimations of the height, the sun position and-the
camera models. Figure 12 shows the search for shadows. We assume that the shadow falls on a flat

ground of known height and that at least part of it is not occluded by other buildings.
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Figure 12 Search for shadow evidence
The evidence searched for includes the shadows cast by the horizontal roof lines, and the

shadows cast by the vertical walls of the building. The evidence is in the form of detected lines at
or near the outline of the predicted shadow. A shadow score is computed from the shadow evidence.
This score is the fraction of the visible shadow outline that has supporting line evidence. Occlusion
of shadows by the building itself is taken into consideration when searching for shadows. Score for
multiple views is added to obtain a total score.
4.1.2 Use of Roof, Wall and Shadow Evidence in Veriﬁcétion

The roof, wall and shadow evidence are collectively used to verify a selected flat-roof
hypothesis. The verification process uses a decision tree involving the evidence available. Suppose
that a 3-D hypothesis has a roof score of r (as computed in Section 3.3.1), a shadow score equal to

s and a wall score that equals w. If there are n,;e,s views being considered then

+ if r20.75 * ny;eys the hypothesis is verified and the verification process exits. Experi-
mental evidence indicates that not more than 30% of the (eventually verified) buildings
satisfy this criterion.

*+ if r <0.75 * nyjews, shadow evidence is considered.

¢ if § 20.25 * nyjey, or if the shadow evidence s; 2 0.5 in some view; the hypothesis
is verified and the verification process exits.

* if5<0.25* ny;ens and s; < 0.5 for all i=1..ny;ey,s and r 2 0.5 * nyes and if w2 0.5
* nyiews» then the hypothesis is verified and the verification process exits.

* if 5 <0.25 * nyjeys and s5; < 0.5 for all i=1..1yjeyg and 7 < 0.5 * ;e the hypothesns
is not verified and the verification process exits.

* if none of the conditions enumerated above are satisfied the hypothesis is not verified
and the verification process exits.
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The results of verification of hypotheses generated from the pair of images in Figure 8, using

the above rules, are shown in Figure 13.

o

Figure 13 Verified hypotheses for the images in Figure 1

The roof, shadow and wall scores are combined using a sum of weighted averages to yield a .
confidence measure. If 7 is the roof score, s is the shadow score, and w is the wall score of a building
hypothesis, the equation used to obtain a verification score (or confidence measure), v, for a verified
hypbthcsis iSV=(rgy * r) + (Syr * 5) + (Wy, * w) , where ry, = 0.6, 5, = 0.3 and w,,, = 0.1. Also
run + Syr + wyy = 1. The reason for weighting wall evidence lower than roof and shadow evidence
is that it is usually less reliable than roof evidence and shadow evidence. This confidence measure
is used in overlap disambiguation that is covered in Section §.

4.2 Verification of the gable-roof hypoth.eses

The verification process for gable roof buildings is similar to that of flat roof buildings but

the evidence used is more complex because of the complexity of the roof shapes. Collection and

use of such evidence is described next.
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4.2.1 Collecting the verification Evidence

Roof Evidence
Roof evidence for a hypothesis from the selection process for gable-roof hypotheses,

described in Section 4.1.2, is used in the verification process as well.

Wall Evidence
The wall evidence for a gable-roof hypothesis is similar to that of an equivalent flat-roof

hypothesis because the only difference in the generic model used for the flat-roof hypothesis and
that used for the gable-roof hypothesis is the shape of the roof. As the wall evidence is independent
of the shape of the roof it is collected by treating a gable-roof hypothesis as a flat-roof hypothesis

(by ignoring the “ridge”).

Shadew Evidence
The search for shadows for gable-roof hypotheses differs from the search for shadows for
flat-roof hypotheses. The shape of the gable-roof, coupled with the differing height of the “ridge”
of the gable, as compared to the sides of the gable, cause shadow lines that are not parallel to the
sides of the building causing them. However, knowing the heights of the sides and the “ridge” of
the gable in 3-D, and the direction of illumination, the system predicts the shape before launching
a search for supporting line evidence. This search includes the shadow cast by the roof, and the
shadow cast by the vertical walls of the building. Following is an algorithmic description of the
search for shadows of gable-roof hypotheses:
« Figure 14 shows a typical shadow cast by a gable-roof hypothesis (in view i). Suppose the

3-D extremities of the gable-roof G are denoted by P, through P¢. Denote the projection of
P) though Pg¢ in view; by p,; through pg; (refer to Figure 14).

* The extremities of the visible shadow are computed using the sun angles to be psy; through
Psa;-

* Search for line evidence that supports the outline of the shadow in a window of 5 pixels on
either side of the predicted shadow outline.

* The shadow score, s, is computed using the same method as that used for flat-roofs in Sec-
tion . ' :

)

4.2.2 Use of Roof, Wall and Shadow Evidence in gable roof verification
The method for determining whether a selected gable-roof hypothesis should be verified or

not is very similar to that for flat-roof hypotheses described earlier. Suppose that a 3-D gable-roof
hypothesis has a roof score of r (as computed in Section 4.1.2), a shadow score equal to s and a

wall score that equals w. If there are ny;,, views being considered then

* ifr20.5 * nye,s the hypothesis is verified and the verification process exits.
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Figure 14 Shadow cast by a gable-roof hypothesis
* if r <0.5 * nyiews, shadow evidence is considered.

* if 52 0.1 * nyens, or if the shadow evidence s; 2 0.2 in some view, the hypothesis is
verified and the verification process exits.

* ifs<0.1 * nyjews and s; < 0.2 for all i=1..nyjeyys and r 2 0.25 * 1y ;s and if w 2 0.1
* nyiews, then the hypothesis is verified and the verification process exits.

* if5<0.1 * ny;es and s; < 0.2 for all i=1..ny;ey and r < 0.25 * nyjews the hypothesis
is not verified and the verification process exits.

* if none of the conditions enumerated above are satisfied the hypothesis is not verified
and the verification process exits

When compared to the algorithm for flat-roof hypotheses, the thresholds used for gable-roof
hypotheses are low. The reason for this is that a gable-roof hypothesis needs a greater number of
lines to fom its roof and its shadows, thus raising the possibility that some of these components
will either not be found, or be found with less feature support, and hence lower confidence. This is
compensated for by the fact that there are a greater number of applicable constraints to gable-roof
hypothesis in the hypothesis formation stage, than there are to flat-roof hypothesis, and hence fewer
gable-roof hypotheses than flat-roof hypotheses are usually formed for identical numbers of basic
features (lines). The results of verification on the selected gable-roof hypotheses shown in

Figure 10 are depicted in Figure 15.
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The roof, shadow and wall scores are combined using a sum of weighted averagés to yield a
confidence measure. If r is the roof score, s is the shadow score, and w is the wall score of a building
hypothesis, the equation used to obtain a verification score (or confidence measure), v, for a verified
hypothesis is:v = trwt * 1)+ (syq * 5) + (wy *w) where r,, = 0.85, 5, = 0.05 and w,, = 0.05. Also
rwi + Syq + Wy = 1. The reason for weighting wall evidence and shadow evidence lower than roof
evidence is that their expected shapes are complex, and usually less reliable than roof evidence.

This confidence measure is used in overlap disambiguation that is covered in Section 5.

ST e s

S Overlap analysis
The system verifies selected flat-roof and gable-roof hypotheses one at a time. Hence it is

possible that veriﬁed.hypotheses may overlap in 3-D. Selection among overlapping hypothesis is
conducted for all verified rectangular components by dropping the models to the ground plane, and
testing whether their projections overlap on the ground plane. This effectively reduces overlap
testing to a 2-D problem. Note that more than two hypotheses may ovcrlap; In these cases
hypotheses are handled in pairs, recursively, till the;e are no conflicts. The use of vériﬁcation scores
as a discriminator ensures that the process is order-independent, as it orders a set of overlapping
hypotheses in an unambiguous way. There are three distinct cases where overlap occurs (the first
two cases are similar to those described in [6)).
5.1 Complete overlap or containment

If verified hypothesis H, is completely contained in verified hypothesis H, (in 3-D), and the
difference in 3-D heights of H, and H, is small (say less than 1m), then H, is removed from the set
of verified 3-D hypotheses. If the difference in height is larger, then both H; and H, are included

in the verified hypotheses. This case implies than H, is a superstructure of H,.
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5.2 Partial overlap with no shared evidence
When two hypotheses partially overlap but neither is completely contained by the other, and

they share no common roof evidence, then the one with the higher verified score is retained.
5.3 Partial overlap with shared evidence

When hypotheses H| and H, partially overlap and neither is completely contained by the
other, but they share common roof evidence, a differential process determines which of H; and H,
survives. The rationale for using a differential process in this case is that the hypotheses will have
very similar scores, as they share evidence, and that the differences must be highlighted in order to

make a finer judgement about which hypothesis is better.

Suppose in view;, hypothesis H) is projected to 4, and H, is projected to 4,. Computation of

the differential evidence is done thus:

» without loss of generality say side /| of h; shares evidence with side /5, of A,.

+ search for line segments for the section of /;; that do not overlap with /;;, and for I, that
does not overlap with ;.

* score this roof evidence as the fraction of the searched segment that is covered by actual
line evidence, using the method for scoring roof evidence described in Section 3.3.2.

» repeat the process for all sides of #; and h, that share evidence in view;
+ repeat the steps described above on all views.

*» compute the line evidence for the part of the predicted wall lines of k1 that is not shared
with 42, and for the part of the predicted wall lines of 42 that is not shared by 41 (differential
wall evidence)

» compute the line evidence for the part of the predicted shadow lines of 41 that is not shared
with 42, and for the part of the predicted shadow lines of 42 that is not shared by 41 (dif-
ferential shadow evidence)

The differential score for H, is the verification score computed using Equation in Section
4.1.2 if H) is a flat-roof hypothesis or using Equation in Section 4.2.2 if H, is a gable-roof
hypothesis, using the differential roof, shadow and wall scores as input. The differential score for
H, is computed by the same method. The hypothesis with a higher differential score survives, while
the one with a lower differential score is eliminated from the set of verified hypotheses. It is
interesting to note that the architecture of the system allows different models (like flat-roof and

gable-roof buildings) to be disambiguated using the same methodology.

The verified buildings, both flat-roofed and gable-roofed, are 3-D structures. The 3-D
information of the verified buildings coupled with the camera model and the terrain model of the

scene can be used to generate the 3-D wire frame model of the scene. At this point, texture-mapping
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may be applied to reconstruct the scene from viewpoints other than those captured in the views.
This ability to generate realistic views from arbitrary viewpoints has interesting applications such

as fly-by simulations.

6 Results and Evaluation
This section shows results on some examples. We have used sections of the Fort Hood, Texas

and Fort Benning, Georgia sites. These datasets have been commonly available and allow for
comparisons among different systems. We first show graphical results in Section 6.1 and then
present an evaluation in Section 6.2.

6.1 Results

6.1.1 Results on Fort Hood, Texas
Fort Hood, Texas is a site with several hundered 100 buildings. The site is characterized by

low buildings of varying shape, size, orientation and roof intensity. It has foliage and trees that
clutter the background, as well as a number of man-made structures such as car park areas, vehicles
and vehicle ports that create accidental alignment of features that sometimes qualify as buildings.
The views are acquired from nadir as well as oblique angles, and at resolutions varying from 0.3
m/pixel to 1.3 m/pixel. They are acquired at different times of the day (at different days in the year)
leading to widely varying image characteristics in the different views for the same area on the

ground. Only selected examples are shown here due to lack of space.

Figure 16 shows resulits on some gable roof buildings, however, the roof slope is quite low
and hence the buildings are described as flat-roof buildings. One half of the building labeled A is
included in the set of verified hypotheses. The whole building (detected as a flat-roof) exists in the
set of selected hypotheses. However, that hypothesis is eliminated by the one lat;eled A, as this
hypothesis has much stronger roof evidence, and the differential evidence in favor of the other
hypothesis is not sufficient to raise its confidence beyond that of the hypothesis labeled A. Note

that the shadow evidence is common, and the wall evidence is almost negligible.

Figure 17 shows a set of multi-level buildings. The roofs in this example, are of varying
intensities within each view. In addition, the intensities vary significantly across views, for
corresponding areas in each view. Examining the building labeled B in both images shows that the
system is able to detect buildings even if they have small protrusions, if a sufficiently large segment

of the roof exists to be enable it to be pieced together using perceptual grouping.

Figure 18 shows two views of complex buildings in a relatively uncluttered background. The

part of the- building labeled C is an example of a building that exists but is not detected (a true
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Verified hypotheses

Figure 16 Gable-roof Buildings detected as flat-roof buildings. Left image is
456x250 with GSD of 0.5m, right image is 450x215, GSD 0.4m

Sttt 2 ¢ L

Figure 17 Exémp]e of multi-level buildings. Top view is 775x500 pixels, GSD of
0.3m, bottom view is 465x280 with GSD of 0.6m.

negative). The building exists in the set of all hypothesized buildings, but is not selected. The
reason it is not selected is that the other part of the building, labeled D, occludes different sections

of C because it is taller and the viewpoint causes occlusion, and also because it casts a shadow on
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C. This causes a mismatch along an entire side of C, and its consequent elimination in the selection

process.

Figure 18 Complex buildings in a relatively uncluttered background. Left view is
500x460 pixels, GSD of 0.33m, right view is 325x260 pixels, GSD of 0.5 m

Figure 19 shows a model constructed by the automatic system for large parts of the Fort
Hood site (results shown are on a nadir view but two oblique views are also used for processing).
These results were obtained by breaking the nadir image into consecutive sections for efficiency;
each section contained several buildings as in examples shown earlier. The sections were selected
simple to limit the size of the images to be processed. Only a pair of views was used for each
section, however, different pairs of views may have been used in each example as no sihgle pair

overlapped completely in the area shown in each of the examples.

Figure 19 Model constructed from several sub-fmages using three views, displayed on
anadir image. This image is 7600x2700 pixels with GSD of 0.3 m, the oblique views
have a smaller GSD (similar to other images of the same site shown elsewhere).
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6.1.2 Results for Fort Benning, Georgia
The Fort Benning dataset differs from the Ft. Hood dataset in that buildings have varying

shape, size, orientation and roof intensity. The buildings have very distinct markings on the roofs
that complicate the task of delineating them and there are a number of gable-roof buildings. The
site has as a small number of prominent roads that create distinct features in the images. Both view
are nadir. Figure 20 shows the combined hypotheses on buildings in this site (the overlap between

flat and gabled roof hypotheses is not resolved).

Figure 20 Combined hypotheses (flat-roof and gable-roof buildings). Left image is
345x540 pixels, right image is 400x540 pixels. GSD for both is 0.28 m.

6.2 Evaluation of the automatic system
We describe the run times, the detection accuracy and effect of multiple views followed by a

discussion of the effects of system parameters in this section.
6.2.1 Rur-time Evaluation

The run-times for the system depend on the complexity of the images and the number of
features in them. For the example shown in Figure 1 , the total run time was approximately 225
seconds. Edge and line detection take 55 seconds. Hypothesis formation, selection and verification
fcquired 70, 65 and 35 seconds respectively. The runtimes grow approximately linearly with the

size of the image for scenes cf similar complexity.
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6.2.2 Detection Evaluation :
The following measures proposed in [6] are computed by making a comparison of the

automated results with a reference model constructed manually: -
T, (True Positive) is a building in the reference model and detected by the program

F, (False Positive) is a buiiding detected by the program but not present in the reference

model
T, (True Negative) is‘a building in the reference model but not detected by the program.
These are combined to give the following two numbers:

* Detection Percentage = 100 x Ty/ (Tp +Tp)
Branch Factor = 100 x F, / (T + F})

In the above computations, a building is considered to be detected, if a part of the building is
detected by the system. The description of the detected building may not necessarily be correct. To
compute acccuracy of the delineation, three other measures consisting of the correct building pixel,
incorrect building pixel and correct non-building pixel percentages, are calculated by labeling
every pixel in the image as eithér a building pixel or a non-building pixel as proposed by Shufelt
and McKeown in [7]. We did not evaluate height accuracies explicitly though displays 'on multiple
images show that the heights for correctly detected buildings are highly accurate. More

sophisticated approaches to delineation accuracy are described in [25].

A large section of the Motor Pool area of the Fort Hood site is selected for evaluation using
the parameters described above. The area was run in sections with between 3 and 14 buildings in
each section. Each section was run using two overlapping views. Figure 19 shows the model
depicied in 3 different views. The buildings vary cbnsiderably in size, shape and image
characteristics. Many rectilinear buildings are composed - of rectangular parts. In order to
characterize the performance of the system, the parameters Ty, Ty, and F are comphted for
complete (possibly multi-part) buildings, as Well as for individual rectangular building fragments.
The derived measures, namely the detection percentage and the branch faétor, are computed
independently in each case. The results are summarized in Table 6.1. The pixel-based measures
show 97.1% correct building pixels, 4.3% incorrect building pixels and 99.8% correct non-

builiding pixels. It may be noted that the pixel-based measures indicate better performance than the
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‘measures for individual buildings or building fragmeﬁts because the large buildings are detected,

with false positives and true negatives being usually small.

Table 6.1
. Detection Branch
Tp Ta Fp Percentage Factor
Complete |
(rectilinear) 84 4 14 95.45% 14.2%
buildings :
Rectangular
building 134 1 14 92.41% 9.46%
fragments

6.2.3 Effect of Multiple Views
The system presented here handles two or more views non-preferentially. Comparison of

results using three views and using two views demonstrates that the additional view sometimes aids
the building detection and description process with respect to detecting buildings (or parts of
buildings) that were not detected using two views (i.e. Ty, is increased, T, is decreased). More
importantly, the additional view causes the number of false positives (Fp) to decrease. Table 6.2
shows T, T, and Fp, using three views, for the sections of Fort Hood that have at least three
overlapping views. Comparison of Table 6.2 with Table 6.1 shows that the third view increases
. detection percentage and reduces the branch factor. 97.4% correct building pixels, 3.9% incorrect
building pixels and 99.8% correct non-building pixel measures are found. Tests run with four views
do not increase Ty, or decrease Ty, in the areas of Fort Hood that have at least four overlapping
views. In these results, the areas with three views are a subset of the areas with only two views.
However, the scene is quite homogeneous and the performance does not vary greatly in different
_parts and hence we believe that the given comparison is meaningful, particularly due to the large
reduction in the false positives. In general, the value added by a view will depend on several factors
such as its viewing angle, the direction of illumination and occlusions from the viewpoint. We were
not able to conduct such evaluations due to the difficulty of acquiring sufficiently varied datasets.
6.2.4 Choice of Parameters
Our system needs to make several decisions based on incomplete evidence at various stages
" in the selection and verification processes. Evidence from several components, such as lines. is
combined to compute a single score. Evidence in various categories such as from roofs, walls and

Shadows is combined to make decisions.on keeping or discarding. hypotheses. Due to the
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Table 6.2

Detection Branch
Tp Ta Fp Percentage Factor
Complete
(rectilinear) 27 1 0 96.43% 0.00%
buildings
Rectangular
building. 38 3 0 92.68% 0.00%
fragments '

complexity of the processes involved, and lack of formal models for the contents of an image, it is
difficult to find theoretically optimal solutions. Our procedures for such decision making are based
on simplicity and intuitive judgements (such as weighting the evidence for various lines in
proportion to their length). There is also a new effort in our group to use Bayesian models learned

from examples for improved decision making [26].

Our system has been tested on a large number of examples with most of the parameters being
either fixed or automatically adjusted based on available input information such as the image
resolution with the user supplying the minimum and maximum dimensions of the acceptable
buildings only. Some internal parameters could have been chosen from photogrammetric
information such as errors in the bundle adjustment process but this was not done in the described
experiments. '

7 Conclusions :

We have presented a system for detecting rectilinear buildings with flat or symmetric gable
roofs from multiple intensity images. We believe that our results are encouraging and are similar
to or better than results shown from other contemporary systems. It is now common for many
systems to use hypothesize and verify approach to object detection and modeling. However, we
believe that our approach of interleaving feature grouping and matching and delaying decisions
until more information is available for a better decision is novel. Our system also treats all images

in a non-preferential, order independent way.

We believe that the approach presented here can be easily generalized for more complex, but
specific shapes (such as for regular polygon shaped roofs) but would require major modifications
to handle more general cases. The system is also limited in its ability to handle buildings which are

rectilinear but highly complex such as consisting of many wings, or cases where the buildings are
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very close to each other (such as in the “downtown” district of a major city). Modeling of more

complex buildings in more complex surrounds remains a topic for future research.
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computers”; Page 4, line 8, accessed will be interpreted as “access”; Page 4, line 16 created
designed will be interpreted as “designed”; Page 4, line 21, pofential’s will be interpreted as
“potential”; Page 5, line 7 sent will be interpreted as “sends”; Page 6, lines 20-21 disclose image
file database 52 while Page 7 line 3 discloses an image analysis and calibration module 52; Page
7 line 2 discloses surrounding areas 93 while line 17 discloses public address 93.

Appropriate correction is required.

Claim Objections
Claims 8, 19, and 40 are objected to because of the following informalities: Claim 8 is. missing
the word “to” prior to transmit on line 3 of the claim and will be interpreted as such for examining
purposes. For both claims 19 and 40, gutter insulation will be interpreted as “gutter installation”

and a HVAC will be interpreted as "an HVAC". Appropriate correction is required.

Claim Rejections - 35 USC § 112
The following is a quotation of the second paragraph of 35 U.S.C. 112:

The specification shall conclude with one or more claims particularly pointing out and distinctly
claiming the subject matter which the applicant regards as his invention.

Claim 26 is rejected under 35 U.S.C. 112, second paragraph, as being indefinite for failing to

particularly point out and distinctly claim the subject matter which applicant regards as the
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14.

15.

16.

17.

invention. The limitation ridges and/or valleys is vague and indefinite. For examining purposes,

the limitation will be interpreted as “ridges or valleys”.

Claim Rejections - 35 USC § 101

35 U.S.C. 101 reads as follows:
Whoever invents or discovers any new and useful process, machine, manufacture, or
composition of matter, or any new and useful improvement thereof, may obtain a patent therefor,
subject to the conditions and requirements of this title.
Claims 1, 4, 5, 8, 10, 14-17, 35, and 36 are rejected under 35 U.S.C. 101 because the claimed
invention is directed to non-statutory subject matter.
Regarding claims 1, 4, 5, 8, 10, 14-17, 35, and 36:
The broadest reasonable interpretation of a claim drawn to a computer readable medium (also
called machine readable storage medium and other such variations) typically covers forms of
non-transitory tangible storage media and transitory propagating signals per se in view of the
ordinary and customary meaning of computer readable media, particularly when the specification
is silent. See MPEP 2111.01. When the broadest reasonable interpretation of a claim covers a
signal per se, the claim must be rejected under 35 U.S.C. § 101 as covering non-statutory subject
matter. See In re Nuijten, 500 F.3d 1346, 1356-57 (Fed. Cir. 2007) (transitory embodiments are
not directed to statutory subject matter) and Interim Examination Instructions for Evaluating
Subject Matter Eligibility Under 35 U.S.C. § 101, Aug. 24, 2008; p. 2.
A claim drawn to such a computer readable medium that covers both transitory and non-transitory
embodiments may be amended to narrow the claims to statutory embodiments to avoid a
rejection under 35 U.S.C. § 101 by adding the limitation “non-transitory” to the claim.
Regarding claims 18-28, 29-34, and 37-40:
A claimed process is eligible for patent protection under 35 U.S.C. § 101 if:

"(1) it is tied to a particular machine or apparatus, or (2) it transforms a

particular article into a different state or thing. See Benson, 409 U.S. at

70 (‘Transformation and reduction of an article ‘to a different state or
thing’ is the clue to the patentability of a process claim that does not
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include particular machines.’); Diehr, 450 U.S. at 192 (holding that use of
mathematical formula in process ‘transforming or reducing an article to a
different state or thing’ constitutes patent-eligible subject matter), see
also Flook, 437 U.S. at 589 n.9 (‘An argument can be made [that the
Supreme] Court has only recognized a process as within the statutory
definition when it either was tied to a particular apparatus or operated to
change materials to a ‘different state or thing' °); Cochrane v. Deener, 94
U.S. 780, 788 (1876) (‘A process is...an act, or a series of acts,
performed upon the subject-matter to be transformed and reduced to a
different state or thing.').” A claimed process involving a fundamental
principle that uses a particular machine or apparatus would not pre-empt
uses of the principle that do not also use the specified machine or
apparatus in the manner claimed. And a claimed process that
transforms a particular article to a specified different state or thing by
applying a fundamental principle would not pre-empt the use of the
principle to transform any other article, to transform the same article but
in a manner not covered by the claim, or to do anything other than
transform the specified article.” (In re Bilski, 88 USPQ2d 1385, 1391
(Fed. Cir. 2008))

Also noted in Bilski is the statement, “Process claim that recites fundamental principle, and that
otherwise fails ‘machine-or-transformation’ test for whether such claim is drawn to patentable
subject matter under 35 U.S.C. §101, is not rendered patent eligible by mere field-of-use
limitations; another corollary to machine-or-transformation test is that recitation of specific
machine or particular transformation of specific article does not transform unpatentable principle
into patentable process if recited machine or transformation constitutes mere ‘insignificant post-
solution activity.™ (In re Bilski, 88 USPQ2d 1385, 1385 (Fed. Cir. 2008)) Examples of
insignificant post-solution activity include data gathering and outputting.  Furthermore, the
machine or transformation must impose meaningful limits on the scope of the method claims in
order to pass the machine-or-transformation test. Please refer to the USPTO'’s “Guidance for
Examining Process Claims in view of In re Bilsk" memorandum dated January 7, 2009,
http:/fiwww.uspto.goviwebjoffices/pac/dapp/opla/documents/bilski_guidance memo.pdf .

It is also noted that the mere recitation of a machine in the preamble in a manner such that the
machine fails to patentably limit the scope of the claim does not make the claim statutory under

35 U.S.C. § 101, as seen in the Board of Patent Appeals Informative Opinion Ex parte Langemyr

et al. (Appeal 2008-1495), hitp://www.uspto.gov/web/offices/dcom/bpailits/fd081435. pdf .
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18.

19.

Claims 18-28, 29-34, and 37-40 are not tied to a particular machine or apparatus nor do they
transform a particular article into a different state or thing, thereby failing the machine-or-
transformation test; therefore, claims 18-28, 29-34, and 37-40 are non-statutory under § 101.

Note that while claims 29 and 37 claim under control of a roof estimation system at least one of
the broadest reasonable interpretations does not involve a system with technology. Inserting
"computer” prior to system is a suggestion that may render the claim patentable per 35 USC 101.

Appropriate correction is required.

Claim Rejections - 35 USC § 103
The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all obviousness
rejections set forth in this Office action:

(a) A patent may not be obtained though the invention is not identically disclosed or described as set
forth in section 102 of this title, if the differences between the subject matter sought to be patented and
the prior art are such that the subject matter as a whole would have been obvious at the time the
invention was made to a person having ordinary skill in the art to which said subject matter pertains.
Patentability shall not be negatived by the manner in which the invention was made.

The factual inquiries set forth in Graham v. John Deere Co., 383 U.S. 1, 148 USPQ 459 (1966),
that are applied for establishing a background for determining obviousness under 35
U.S.C. 103(a) are summarized as follows:

Determining the scope and contents of the prior an.

Ascertaining the differences between the prior art and the claims at issue.

Resaolving the level of ordinary skill in the pertinent art.

Considering objective evidence present in the application indicating obviousness or
nonobviousness.

Pon=
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20.

Claims 1, 4, 5, 8, 10, 14-17, 35, and 36 are rejected under 35 U.S.C. 103(a) as being
unpatentable over Kubo (US PGP 2006/0265287 A1) in view of www.pricegeo.com per wayback
machine (http:/iwww.archive.org/web/web.php) dated 12 December 2006 including document DH
from IDS dated 26 February 2010 (pp.1-5), “How precigeoRisk Works (pp. 6-9), and “Welcome to

precigeoRisk (pp 10-11) as one document, hereafter precigeo.com.

Claim 1:

Kubo, as shown, discloses the following limitations:

A system for remotely determining measurements of a roof, comprising:

s a computer including an input means, a display means and working memory (see at least

paragraph 0053;

e a roof estimating software program stored in the working memory (see at least paragraph

0053)

Kubo does not disclose the following limitations, but precigeo.com however, as shown, does:
e and operable to:

o receive location information of a building in the selected region (see at least page 2,
“downloading or ‘typing in’ the street address(es) of the roof(s) to be measured”);

o present aerial image files showing the roof sections of said building and showing
measurements of the roof (see at least page 2, “multiple sources of aerial imagery are
searched, looking for a picture that allows us to capture a detailed measurement of each
roof”); and,

o determine, based on said aerial image files, the measurements of the roof including size,
geometry, and pitch of the roof sections of said building (see at least page 2, “multiple
sources of aerial imagery are searched, looking for a picture that allows us to capture a
detailed measurement of each roof™) .

It would have been abvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering
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features of Kubo to include complete roof estimation to be used in applications such as
insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4).

Claims 5, 8, and 15:

Kubo in view of precigeo.com discloses the limitations of claim 1 as shown above. Moreover,
Kubo, as shown, discloses the following limitations:

(Claim 5) further comprising an aerial image file database that is located on a second computer

that is remote from said computer (see at least paragraph 0053).

(Claim 8) further including a network connected to said computer, wherein polential customers
are able transmit via said network a request for an estimate to said computer from remote

locations (see at least paragraph 0053).

(Claim 15), wherein the roof estimation software program is further operable to produce a solar
panel installation estimate based on the determined measurements (see at least paragraph 0013,
“This makes it possible to appropriately design the layout of the solar cell module according to the

roof, and to draw up the estimate in accordance with the layout.”).

Claim 4:

Kubo in view of precigeo.com discloses the limitations of claim 1 as shown above. Moreover,

Kubo, as shown, discloses the following limitations:

e the aerial image file database loaded into said working memory of said computer (see at least
paragraph 0056)

Kubo does not disclose the following limitations, but precigeo.com however, as shown, does:
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e further comprising an aerial image file database containing a plurality of aerial images of
roofs of buildings (see at least page 2, “multiple sources of aerial imagery are searched,
looking for a picture that allows us to capture a detailed measurement of each roof”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering

features of Kubo to include complete roof estimation to be used in applications such as
insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4).

Claims 10, 16, and 17:

Kubo in view of precigeo.com discloses the limitations of claim 1 as shown above. Kubo does not
disclose the following limitations, but precigeo.com however, as shown, does:

(Claim 10) wherein the roof estimation software program is further operable to produce a roof
construction estimate based on the determined measurements (see at least page 6, “the home
size is estimated using the 2D footprint of the roof and accounting for the fact that the house has

two stories...").

(Claim 16) wherein the roof estimation software program is further operable to produce a roof
gutter installation estimate based on the determined measurements (see at least page 4, “Step 2
is to measure the gutters. See Roof 1 — Gutter Schematic and see + Aerial Image. Our
measurements include only that portion of the perimeter of the roof th-at is down sloped. The
results are presented in tabular format, identifying the length of each gutter section. see Gutter-

Table.”).

(Claim 17) wherein the roof estimation software program is further operable to produce a repair or

replacement estimate based on the determined measurements (see at least page 10, “ldentify
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and measure information associated with a property that may have an impact on risk or
replacement cost of structures...”).

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering
features of Kubo to include complete roof estimation to be used in applications such as
insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4).

Claim 14:

Kubo in view of precigeo.com discloses the limitations of claim 1 as shown above. Kubo and
precigeo.com do not explicitly disclose wherein the roof estimation software program is further
operable to produce an HVAC installation estimate based on the determined measurements.
Precigeo.com in at least page 6 discloses estimates based on the determined measurements,
“the home size is estimated using the 2D footprint of the roof and accounting for the fact that the
house has two stories...” to be used in applications such as insurance, lawn care, solar panel
installations and gutter installations, (precigeo.com page 1 and 4). Therefore, it would have been
obvious to one of ordinary skill in the art at the time of the invention to include in the system of
Kubo in view of precigeo.com the ability to produce an HVAC installation estimate based on the
determined measurements, since the claimed invention is merely a combination of old elements,
and in the combination each element merely would have performed the same function as it did
separately, and one of ordinary skill in the art would have recognized that the results of the

combination were predictable.

Claim 35:

Kubo, as shown, discloses the following limitations:

A system for remotely determining measurements of a roof, the system comprising:
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e a computer including an input means, a display means and working memory (see at least

paragraph 0053,

e a roof estimating software program stored in the working memory (see at least paragraph

0053)

Kubo does not disclose the following limitations, but precigeo.com however, as shown, does:
e and operable to:

o receive location information of a building in the selected region (see at least page 2,
“downloading or ‘typing in’ the street address(es) of the roof(s) to be measured”),

o present on the display aerial image files showing the roof sections of said building and
showing measurements of the roof (see at least page 2, “multiple sources of aerial
imagery are searched, looking for a picture that allows us to capture a detailed
measurement of each roof”); and,

o determine, based on said aerial images, the measurements of the roof including size,
geometry, and pitch of the roof sections of said building (see at least page 2, “multiple
sources of aerial imagery are searched, looking for a picture that allows us to capture a
detailed measurement of each roof”).

o output a report including the determined measurements and at least one of said aerial
images (see at least page 6, “the home size is estimated using the 2D footprint of the
roof and accounting for the fact that the house has two stories...” and page 4, “The
results are presented in tabular format, identifying the length of each gutter sections. See
Gutter-Table” and “Roof 1 - Face schematic + Aerial Imagery”).

it would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering
features of Kubo to include complete roof estimation to be used in applications such as
insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4).
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21.

Claim 36:

Kubo in view of precigeo.com discloses the limitations of claim 35 as shown above. Moreover,

Kubo, as shown, discloses the following limitations:

e further comprising a database (see at least paragraph 0056).

Kubo does not disclose the following limitations, but precigeo.com however, as shown, does:

e an aerial image file database that includes the presented aerial images (see at least page 2,
“multiple sources of aerial imagery are searched, looking for a picture that allows us to
capture a detailed measurement of each roof”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering

features of Kubo to include complete roof estimation to be used in applications such as
insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4),

Claims 18-34 and 37-40 are rejected under 35 U.S.C. 103(a) as being unpatentable over

precigeo.com in view of Kubo.

Claim 18:

Precigeo.com, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:

e submitting a request for a measurement of a roof of a building at a known location (see at
least page 2, “downloading or ‘typing in' the street address(es) of the roof(s) to be
measured”);

e entering the location of a building with a roof that needs a roof measurement (see at least

page 2, “downloading or ‘typing in’ the street address(es) of the roof(s) to be measured”);
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o obtaining aerial image files of said roof of the building at said location roof (see at least page
2, “multiple sources of aerial imagery are searched, looking for a picture that allows us to
capture a detailed measurement of each roof”);

e using said calibration module to determine the size, geomelry and pitch of each said roof
section roof (see at least page 2, “multiple sources of aerial imagery are searched, looking
for a picture that allows us to capture a detailed measurement of each roof™); and

e oulputting a roof estimate report based on the determined measurements (see at least page
6, “the home size is estimated using the 2D footprint of the roof and accounting for the fact
that the house has two stories...” and page 4, “The results are presented in tabular format,
identifying the length of each gutter sections. See Gutter-Table”).

Precigeo.com does not disclose the following limitations, but Kubo however, as shown, does:

e a roof estimation system that includes a computer with a roof estimation software program
loaded into its working memory, said roof estimation software uses aerial image files of
buildings in a selected region and a calibration module that allows the size, geometry, and
pitch of a roof section to be determined from said aerial image files

With regard to the limitation selecting a roof estimation system that includes a computer with a

roof estimation software program loaded into its working memory, said roof estimation software

uses aerial image files of buildings in a selected region and a calibration module that allows the
size, geometry, and pitch of a roof section to be determined from said aerial image files, Kubo
discloses a roof estimation system that includes a computer with a roof estimation software
program loaded into its working memory (see at least paragraph 0053) and precigeo.com
discloses said roof estimation software uses aerial image files of buildings in a selected region
and a calibration module that allows the size, geometry, and pitch of a roof section to be
determined from said aerial image files (see at least page 2, (see at least page 2, “multiple
sources of aerial imagery are searched, looking for a picture that allows us to capture a detailed

measurement of each roof’). Kubo does not specifically disclose selecting a roof estimation
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system that includes a computer... However, the Examiner takes Official Notice that it is old
and well known in the art to select a computer that can perform the required task.

To adequately traverse the examiner’s assertion of Official Notice, the Applicant must specifically
point out the supposed errors in the Examiner's action, which would include stating why the
noticed fact is not considered to be common knowledge or well-known in the art. A general
allegation that the claims define a patentable invention without any reference to the Examiner’s
assertion of Official Notice would be inadequate. Support for the Applicant’s assertion of should
be included.

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering
features of Kubo to include complete roof estimation to be used in applications such as
insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4).

Claims 19-28:

Precigeo.com in view of Kubo discloses the limitations of claim 18 as shown above. Moreover,
precigeo.com, as shown, discloses the following limitations:

(Claim 19) wherein submitting the request for the measurement includes receiving the request
from at least one of: a building tenant (page 3, “customer”), a building owner (page 3,
“customer”), a roofing contractor (page 2), a solar panel installation company (page 2), a gutter

insulation company (page 4), a HVAC company, and an insurance company (page 2).
(Claim 20) further comprising generating a roof estimate report based on the determined

measurements (see at least page 6, “the home size is estimated using the 2D footprint of the roof

and accounting for the fact that the house has two stories...”).
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(Claim 21) The method of claim 20 wherein generating the roof estimate report includes
generating a line drawing of the roof labeled with at least one of the determined measurements

(see at least page 4, “see Roof 1 — Face Schematic”).

(Claim 22) The method of claim 20 'wherein the roof estimate report includes at least one of the

aerial images (see at least page 4, “see Roof 1 — Face Schematic + Aerial Imagery”.

(Claim 23) wherein determining the measurements of the roof includes construcling, based on the
aerial images, a three-dimensional geometry of the roof (see at least page 4, “Step 3 is to identify
each roof face (from a vertical aerial image). Our trained operators consult multiple aerial images
to correctly spot the ridgelines, Next, we must measure the faces; since the faces are sloped we
need to correct for pitch. (Pitch is determined using number of proprietary techniques, involving

shadows and/or oblique imagery.”).

(Claim 24) The method of claim 23 wherein constructing the three-dimensional geometry of the
roof includes co-registering, based on a set of reference points, the aerial images (see at least
page 2, “precigeoRoof is easy to use. Start by registering on the precigeo home page. Once
you've registered, login and start a "roof-measuring job". For the most part, this involves
downloading or "typing inn the street address (es) of the roof(s) to be measured.

The "rooftop measurement” process starts with geocoding; each address is geocoded to the
precise (lat, long) of the home. Next multiple sources sources (sic) of aerial imagery are

searched, looking for a picture that allows us to capture a detailed measurement of each roof.”).

(Claim 25) wherein determining the measurements of the roof includes determining linear

measurements of the sections of said roof see at least page 4, “see Roof 1 — Face Schematic”).
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(Claim 26) wherein determining the measurements of the roof includes identifying ridges and/or

valleys of said roof. (see at least page 4, “correctly spot the ridgelines”).

(Claim 27) wherein receiving the request for the measurement of the roof includes receiving, from
a customer, an address of said building (see at least page 2, “downloading or ‘typing in’ the street

address(es) of the roof(s) to be measured”).

(Claim 28) wherein obtaining the aerial images of said roof includes receiving the aerial images
from an aerial image database (see at least page 2, “multiple sources of aerial imagery are

searched, looking for a picture that allows us to capture a detailed measurement of each roof”).

Claim 29:
Precigeo.com, as shown, discloses the following limitations:
A method for determining measurements of a roof, comprising:

o receiving a request for measuring a roof of a building, the request including location
information for the building (see at least page 2, “downloading or ‘typing in’ the street
address(es) of the roof(s) to be measured”), the roof including a plurality of sections (see
at least page 4, “Step 3 is to identify each roof face (from a vertical aerial image). Our
trained operators consult multiple aerial images to correctly spot the ridgelines, Next, we
must measure the faces; since the faces are sloped we need to correct for pitch. (Pitch is
determined using number of proprietary techniques, involving shadows and/or oblique
imagery.”);

o obtaining, based on the location information, aerial images of the roof of the building (see
at least page 2, “multiple sources of aerial imagery are searched, looking for a picture
that allows us to capture a detailed measurement of each roof”); and

o determining, based on the obtained aerial images, the measurements of the roof see at

least page 2, “multiple sources of aerial imagery are searched, looking for a picture that
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allows us to capture a detailed measurement of each roof”), the measurements including
an area and a pitch of each of the plurality of sections of the roof see at least page 4,
“Step 3 is to identify each roof face (from a vertical aerial image). Our trained operators
consult multiple aerial image's to correctly spot the ridgelines, Next, we must measure the
faces; since the faces are sloped we need to correct for pitch. (Pitch is determined using
number of proprietary techniques, involving shadows and/or oblique imagery.”).

Precigeo.com does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimation system (see at least paragraph 0053):

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering

features of Kubo to include complete roof estimation to be used in applications such as

insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4).

Claims 30-34:

Precigeo.com in view of Kubo discloses the limitations of claim 29 as shown above. Moreover,
precigeo.com, as shown, discloses the following limitations:

(Claim 30) further comprising producing a roof estimate report measurements (see at least page
6, “the home size is estimated using the 2D footprint of the roof and accounting for the fact that
the house has two stories...” based on the determined measurements of the roof (see at least
page 2, “multiple sources of aerial imagery are searched, looking for a picture that allows us to
capture a detailed measurement of each roof”), the roof estimate report including at least one of

the aerial images (see at least page 4, “see Roof 1 — Face Schematic + Aerial Imagery”).
(Claim 31) The method of claim 30 wherein the roof estimate report includes a line drawing of the

roof labeled with at least one of the determined measurements (see at least page 4, “see Roof 1

— Face Schematic™).
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(Claim 32) wherein determining the measurements of the roof includes constructing, based on the
aerial images, a three-dimensional geometry of the roof (see at least page 4, “Step 3 is to identify
each roof face (from a vertical aerial image). Our trained operators consult multiple aerial images
to correctly spot the ridgelines, Next, we must measure the faces; since the faces are sloped we
need to correct for pitch. (Pitch is determined using number of proprietary techniques, involving

shadows and/or oblique imagery.”).

(Claim 33) The method of claim 32 wherein constructing the three-dimensional geometry of the
roof includes co-registering, based on a set of reference points, the aerial images see at least
page 2, “precigecRoof is easy to use. Start by registering on the precigeo home page. Once
you've registered, login and start a "roof-measuring job". For the most part, this involves
downloading or "typing inn the street address(es) of the roof(s) to be measured.

The "rooftop measurement” process starts with geocoding; each address is geocoded to the
precise (lat, long) of the home. Next multiple sources sources (sic) aerial imagery are searched,

looking for a picture that allows us to capture a detailed measurement of each roof.”).

(Claim 34) wherein obtaining the aerial images of the roof includes receiving the aerial images
from an aerial image database (see at least page 2, “multiple sources of aerial imagery are

searched, looking for a picture that allows us to capture a detailed measurement of each roof”).

Claim 37:
Precigeo.com, as shown, discloses the following limitations:
A method for determining measurements of a roof, comprising:
o receiving a request for measuring a roof of a building, the request including location
information for the building (see at least page 2, “downloading or ‘typing in’' the street
address(es) of the roof(s) to be measured”), the roof including a plurality of sections (see

at least page 4, “Step 3 is to identify each roof face (from a vertical aerial image). Qur
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trained operators consult multiple aerial images to correctly spot the ridgelines, Next, we
must measure the faces; since the faces are sloped we need to correct for pitch. (Pitch is
determined using number of proprietary techniques, involving shadows and/or oblique
imagery.”);

receiving aerial images of the roof of the building from a remote aerial image database
(see at least page 2, “multiple sources of aerial imagery are searched, looking for a
picture that allows us to capture a detailed measurement of each roof”), the receiving
based on the location information for the building (see at least page 2, “downloading or
‘typing in’ the street address(es) of the roof(s) to be measured”);

determining, based on the received aerial images, the measurements of the roof (see at
least page 2, “multiple sources of aerial imagery are searched, looking for a picture that
allows us to capture a detailed measurement of each roof”), the measurements including
an area and a pitch of each of the plurality of sections of the roof (see at least page 4,
“Step 3 is to identify each roof face (from a vertical aerial image). Qur trained operators
consult multiple aerial images to correctly spot the ridgelines, Next, we must measure the
faces; since the faces are sloped we need to correct for pitch. (Pitch is determined using
number of proprietary techniques, involving shadows and/or oblique imagery.”), the
measurements of the roof, the measurements including an area and a pitch of each of
the plurality of sections of the roof;

identifying, based on the received aerial images, ridges of the roof (see at least page 4,
“correctly spot the ridgelines”); and

oulputting a roof estimate report based on the determined measurements of the roof (sée
at least page 6, “the home size is estimated using the 2D footprint of the roof and
accounting for the fact that the house has two stories...” based on the determined
measurements of the roof (see at least page 2, “multiple sources of aerial imagery are
searched, looking for a picture that allows us to capture a detailed measurement of each

roof”), the roof estimate report including at least one of the aerial images (see at least
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page 4, “see Roof 1 — Face Schematic + Aerial Imagery"), at least one line drawing of the
roof (see at least page 4, “see Roof 1 — Face Schematic”), an indication of the identified
ridges of the roof (see at least page 4, “correctly spot the ridgelines”), and at least some
of the determined measurements (see at least page 2, “multiple sources of aerial imagery
are searched, looking for a picture that allows us to capture a detailed measurement of
each roof”).

Precigeo.com does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimation system (see at least paragraph 0053):

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of precigeo.com expand the solar cell ordering

features of Kubo to include complete roof estimation to be used in applications such as

insurance, lawn care, solar panel installations and gutter installations, (precigeo.com page 1 and

4).

Claims 38-40:

Precigeo.com in view of Kubo discloses the limitations of claim 37 as shown above. Moreover,
precigeo.com, as shown, discloses the following limitations:

(Claim 37) wherein determining the measurements of the roof includes constructing, based on the
aerial images, a three-dimensional geometry of the roof (see at least page 4, “Step 3 is to identify
each roof face (from a vertical aerial image). Our trained operators consult multiple aerial images
to correctly spot the ridgelines, Next, we must measure the faces; since the faces are sloped we
need to correct for pitch. (Pitch is determined using number of proprietary techniques, involving

shadows and/or oblique imagery.”).
(Claim 38) The method of claim 39 wherein constructing the three-dimensional geometry of the

roof includes co-registering, based on a set of reference points, the aerial images (see at least

page 2, “precigeoRoof is easy to use. Start by registering on the precigeo home page. Once
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you've registered, login and start a "roof-measuring job". For the most part, this involves
downloading or "typing inn the street address(es) of the roof(s) to be measured.

The "rooftop measurement" process starts with geocoding; each address is geocoded to the
precise (lat, long) of the home. Next multiple sources sources (sic) aerial imagery are searched,

looking for a picture that allows us to capture a detailed measurement of each roof.”).

(Claim 40) wherein receiving the request for measuring the roof includes receiving the request from at
least one of: a building tenant (page 3, “customer”), a building owner (page 3, “customer”), a roofing
contractor (page 2), a solar panel installation company (page 2), a gutter insulation company (page 4), a

HVAC company, and an insurance company (page 2).

0648



Application/Control Number: 12/148,439 Page 22
Art Unit: 3628

Conclusion

Any inquiry of a general nature or relating to the status of this application or concerning this
communication or earlier communications from the Examiner should be directed to David J. Clark whose
telephone number is 571.270.3938. The Examiner can normally be reached on Monday-Friday, 9:30am-
5:00pm. If attempts to reach the examiner by telephone are unsuccessful, the Examiner’s supervisor,
JOHN W. HAYES can be reached at 571.272.6708.

Information regarding the status of an application may be obtained from the Patent Application
Information Retrieval (PAIR) system. Status information for published applications may be obtained from
either Private PAIR or Public PAIR. Status information for unpublished applications is available through
Private PAIR only. For more information about the PAIR system, see
http://portal.uspto.gov/external/portal/pair <http://pair-direct.uspto.gov >. Should you have questions on
access to the Private PAIR system, contact the Electronic Business Center (EBC) at 866.217.9197 (toll-
free).

Any response to this action should be mailed to:

Commissioner of Patents and Trademarks

P.O. Box 1450

Alexandria, VA 22313-1450

or faxed to 571-273-8300.

Hand delivered responses should be brought to the United States Patent and Trademark
Office Customer Service Window:

Randolph Building

401 Dulany Street

Alexandria, VA 22314.

/David J Clark/
Examiner, Art Unit 3628

/IGOR BORISSOV/
Primary Examiner, Art Unit 3628

0649



Application/Control No.

Applicant(s)/Patent Under
Reexamination

. . 12/148,439 PERSHING ET AL.
Notice of References Cited . .
Examiner Art Unit
DAVID J. CLARK 3628 Page 1 of 1
U.S. PATENT DOCUMENTS
* muntgﬁ'iﬂffnf'b‘éﬂgﬁé Code MMD.?(I\?W Name Classification
* | a | US-2006/0265287 A1 11-2006 Kubo, Takahiro 705/026
B | US-
c | US-
D | US-
E | US-
F | US-
G | US-
H | US-
i | US-
J | USs-
K | US-
L | US-
m | US-
FOREIGN PATENT DOCUMENTS
* Countrs%co‘:ir:-?ﬂztm,\ll)z:‘lzsg Code MM[3$’$YY Country Name Classification
N
(@]
P
Q
R
S
T
NON-PATENT DOCUMENTS
* Include as applicable: Author, Title Date, Publisher, Edition or Volume, Pertinent Pages)
Precigeo.com "Welcome to precigeo(TM)"; pp1-5 per IDS reference DH (26 Feb 2006); pp 6-9, "How predigeoRisk Works™ and
U | pp 10-11, "Welcome to precigeoRisk” combined as 1 document, 11 pages. pages 6-11 downloaded 14 August 2010 from Way
Back Machine dated 12 December 2006.
\%
W
X
*A copy of this reference is not being fumished with this Cffice action. (See MPEP § 707.05(a).)

Dates in MM-YYYY format are publication dates. Classifications may be US or foreign.

U.S. Patent and Trademark Office
PTO-892 (Rev. 01-2001)

Notice of References Cited

0650

Part of Paper No. 20100804




Index of Claims

l

12148439

Application/Control No.

Applicant(s)/Patent Under
Reexamination

PERSHING ET AL.

Examiner
DAVID J CLARK

Art Unit

3628

Rejected

Céncelled

Non-Elected A Appeal

Allowed

Restricted

Interference o Objected

O cClaims renumbered in the same order as presented by applicant

O cpa O Tb. O R..47

CLAIM

DATE

Final

Original

08/14/2010

08/14/2010

1

v

NS

ANV

Olo|~N|fun]|d|lw(in

-
o

<

-
-

-
N

-
w

-
H

—_
[3)]

-
2]

-
~

-
@

-
[{e]

N
o

N
e

N
N

N
w

N
S

[ W]
(4]

N
(2]

N
~

[
@

3

(]
o

w
purd

w
N

w
w

®

w
(4]

S STSESTSPSTSTSSTSTSSTSESTSESEST S SES S S] S

36

U.S. Patent and Trademark Office

0651

Part of Paper No. : 20100804




Application/Control No. Applicant(s)/Patent Under
Reexamination
Index of Claims 12148439 PERSHING ET AL.
”"N m ' |ll||” ”M |N| — .
DAVID J CLARK 3628
v Rejected - Cancelled N | Non-Elected A Appeal
= Allowed + Restricted | | Interference o Objected
O cClaims renumbered in the same order as presented by applicant O cpa O 71D 0O RrR147
CLAIM DATE
Final Original |08/14/2010(08/14/2010
37 4
38 v
39 v
40 o] v
U.S. Patent and Trademark Office Part of Paper No. : 20100804

0652



Search Notes

Application/Control No.

Applicant(s)/Patent Under
Reexamination

12148439 PERSHING ET AL.
H”m HIH ‘ Examiner Art Unit
DAVID J CLARK 3628
SEARCHED
Class Subclass Date Examiner
705 400 4 Aug 2010 David J. Clark
SEARCH NOTES
Search Notes Date Examiner
EAST 4 Aug 2010 David J. Clark
EAST 10, 11 Aug David J. Clark
2010
INTERFERENCE SEARCH

Class Subclass Date Examiner
705 400 4 Aug 2010 David J. Clark

U.S. Patent and Trademark Office

0653

Part of Paper No. : 20100804




EAST Search History

EAST Search History

EAST Search History (Prior Art)

Default
iOperator

{("7003400" |
"7006977").PN.

42010/08/04
116:19

5("20020154174"
1"20050288959"
11"20060200311 ").PN.

{US-PGPUB;
HUSPAT;
JUSOCR; FPRS;
{EPO; JPO;

\ DERWENT;
11BM_TDB

2010/08/04

16:21

{("20030014224" |
i"20080105045" |
1"20080221843" |
"5633995" | "6385541"
i| "6396491" | :
"6496184" | "6980690"
| "7133551" | g
1"7324666" | "7343268")
PN,

12010/08/04
{16:24

1705/400.ccls.

12010/08/04
116:29

141

-iroof near3 estimat$3

OR

ON ™

“oiojos/i0

20:15

imeasure$4 near3 roof
%4

12010/08/10
120:45

file:///Cl/Documents %20and %20Settings/dclark/My%20Doc...8439/EAS TS earchHistary. 1 2148439_Accessible Version htm (1 of 3)8/14/2010 2:12:00 PM

0654




EAST Search History

1119

1156 and estimat$3

US-PGPUB;

USPAT;

{USOCR; FPRS;
HEPO; JPO;
ADERWENT;
{1BM_TDB

OR

ON

2010/08/10
20:46

1US-PGPUB;
#USPAT,;
1USOCR; FPRS;
HEPO; JPO;
DERWENT;
AIBM_TDB

2010/08/10
20:46

:r00f$3 near3 estimat$3

4US-PGPUB;
AUSPAT;
HUSOCR; FPRS;
HEPO; JPO;
 DERWENT;
1BM_TDB

114:49

:imeasure$4 near3 roof
4

1US-PGPUB;
HUSPAT;
USOCR; FPRS;
HEPO; JPO;
{DERWENT;

IBM_TDB

12010/08/11
114:49

133

| 89 and 810

1US-PGPUB;
AUSPAT;
;USOCR; FPRS;
HEPO; JPO;
IDERWENT;

OR

ON

2010/08/11
14:49

roof near3 estimat$3

12010/08/11
114:51

513

130

1S9 not S12

OR. :

oNTT

2010/08/11
14:51

i"6" and HVAC

12010/08/11
114:54

file:///CV/Documents %20and %20Settings/dclark/My%20Doc...8439/EASTSearchHistory. 12148439 _Accessible Version.htm (2 of 3)8/14/2010 2:12:00 PM

0655




EAST Search History

15

{(measure$4 near3 roof
:$4) and (HVAV same
estimat$3)

$US-PGPUB;
JUSPAT;
HUSOCR; FPRS;
{EPO; JPO;
DERWENT;
IBMTDB 1

oA

ON

22010/08/11
114:55

;(measure$4 near3 roof
i$4) and (HVAc same
estimat$3)

1US-PGPUB;
SUSPAT;
{USOCR; FPRS;
{EPO; JPO,
DERWENT;
IBM_TDB

s —

14:55

00f$3 same estimat$3

1US-PGPUB;
{USPAT;
{USOCR; FPRS;
1EPO; JPO;
IDERWENT; _
1IBM_TDB

:2010/08/11
115.00

1US-PGPUB;
JUSPAT;
{USOCR; FPRS;
{EPO; JPO;
DERWENT;

o

2010/08/11

-115:01

EAST Search History (I nterference)

< This search history is empty>

8/14/2010 2:11:58 PM
C:\ Documents and Settings\ dclark\ My Documents\ EAST\ Workspaces\ 12148439 aerial roof
Estimation system and Method.wsp

file:///ICVDocuments %20and %20Settings/dclark/My%o 20D oc .. .84 39/EASTSearchHistory. 1 2148439 _Accessible Version.hum (3 of 3)8/14/2010 2:12:00 PM

0656




ate: 02/26/2010 | 12148439 - GAU: 3628
EXPRESS MAIL NO. EV934847262US

: . . ) Sheet 1 of 4
U.S. DEPARTMENT OF COMMERCE ATTY. DOCKET NO. APPLICATION NO.
PATENT AND TRADEMARK OFFICE 290115.401 ' 12/148,439
APPLICANTS
e’”AoeMN’** FORMATION DISCLOSURE STATEMENT Chris Pershing et al.
(Use several sheets if necessary) FILING DATE GROUP ART UNIT
April 17, 2008 2876
| | ~ U.S. PATENT DOCUMENTS
TEXAMMER DOCUMENT NUMBER DATE e CLass | SuBCLASS JLINGDATE.
| 5,633.995 | 05/27/97 | McClain 395 119
AB | 6,385,541 05/07/02 | Blumberg et al. 701 213
ac | 6,396,491 05/28/02 | Watanabe et al. 345 [ 419
AD | 6,496,184 12/17/02 | Freeman et al. 345 419
AE | 6,980,690 12/27/05 | Taylor et al. 1382 154
AF | 7,133,551 11/07/06 | Chenetal. 382|154
ac | 7,324,666 | 01/29/08 - | Zoken etal. | | 382 113
an | 7,343,268 03/11/08 | Kishikawa 703 1
al | 2003/0014224 | 01/16/03 | Guoet al 703 1
A; | 2008/0105045 | 05/08/08 | Woro 73 170.27
AK | 2008/0221843 | 09/11/08 | Shenkar et al. 703 1
AL
AM.
AN
A0
AP
AQ
AR
AS
AT
AU
AV
AW _
EXAMINER /David Clark/ DATE CONSIDERED 0810412010
* EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through citation if notin
conformance and not considered. Include copy of this form with next communication to applicant
1571299_1.D0C Date: February 26, 2010

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /D.C./

0657



Receipt date:" 02/26/2010 12148439 - GAU: 3628
EXPRESS MAIL NO. EV934847262US
Sheet 2 of 4

U.S. DEPARTMENT OF COMMERCE ATTY. DOCKET NO. APPLICATION NO.
PATENT AND TRADEMARK OFFICE 290115401 12/148,439

APPLICANTS

INFORMATION DISCLOSURE STATEMENT Chris Pershing et al. _
(Use several sheets il necessary) FILING DATE GROUP ART UNIT

April 17, 2008 _ 2876
FOREIGN PATENT DOCUMENTS

DOCUMENT TRANSLATION

NUMBER DATE A FOUNTRY 7 YES NO

Ba | 2000/29806 | 05/25/00 | WIPO

| BB

BC

BD

BE

BF

BG

BH

Bl

BJ

BK

BL

BM

BN

BO

BP

| BQ

BR

BS

BT

BU

BV .
EXAMINER /David Clark/ DATE CONSIDERED 08/04/2010

* EXAMINER: [Initial if reference considered, wheher or not citation is in conformance with MPEP 609. Draw line through citation if not in
conformance and not considered. Include copy of this form with next communication to applicant

1571299_1.D0C Date: February 26, 2010

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /D.C./

0658



Receipt date: 02/26/2010 12148439 - GAU: 3628

EXPRESS MAIL NO. EV934847262US

A Sheet 3 of 4
U.S. DEPARTMENT OF COMMERCE ATTY. DOCKET NO. APPLICATION NO.
PATENT AND TRADEMARK OFFICE 290115.401 12/148,439
APPLICANTS
INFORMATION DISCLOSURE STATEMENT Chris Pershing et al.
(Use several sheets if necessary) FILING DATE GROUP ART UNIT
April 17,2008 2876
OTHER REFERENCES (Including Author, Title, Date, Pertinent Pages, Etc.)

CA Lueders letter dated February 10 2009, 3 pages

cB "Pictometry - ln the News," http://204.8.121. ]l4/pressrelease%20archlved/pressrelease aec.asp,
retrieved February 6, 2009, 3 pages, Exhibit A.

cc "YouTube - Pictometry Online Demo," http:/www. youtube com/watch‘?v—JURSK7000D0
retrieved February 6, 2009, 1 page, Exhibit B.

cD YouTube Video - Pictometry Online Demo - DVD, February 25,2010

CE Schutzberg et al., "Microsoft's MSN Virtual Earth: The Map is the Search Platfonn " Dlrectlons
Magazine, http://www directionsmag.com/article.php?article_id=873&trv=1, retrieved February 6,
2009,.10 pages, Exhibit C.

CF Miller, M, et al., "Miller's Guide to Frammg and Roofing," 2005, McGraw Hill, pages 131-136 and
162-163, Exhibit D. _

cG Gulch, E., et al., "On the Performance of Semi-Automatic Bu:ldmg Extractlon " In the International
Archives of Photogrammetry and Remote Sensing, Vol. 32, 1998, 8 pages, Exhibit F.

CH "Autodesk - Autodesk ImageModeler - Features,”
http://usa.autodesk.com/adsk/servlet/index?site]D=123112&id=115639..., rétrieved September 30,
2008, 1 page.

al "Automatic House Reconstructlon " http //www .vision.ee.ethz. ch/prOJects/Amobe Urecons.html,
retrieved September 29, 2008, 7 pages.

c Baillard, C. et al., "Automatic reconstruction of piecewise planar models from multiple views,'
CVPR99, Vol. 11, 1999, pages 559-565.

cK Bignone, F. et al., "Automatic Extraction of Generic House Roofs from High Resolution Aerial
Imagery,” In: Proc. ECCV, 1996, 12 pages.

cL Chevrier, C. et al., "Interactive 3D Reconstruction for Urban Areas," CAAD Futures, 2001, pages 1-
13. .

M Debevec, Paul E. et al., "Modeling and Rendering Architecture from Photographs: A hybrid
geometry-and image-based approach,” www.cs.berkeley.edu/~malik/papers/debevecTM96.pdf.,
1996, 10 pages

N Faugeras, O. et al., "3D Reconstruction of Urban Scenes from Sequences of lmages " INRIA, No.
2572, June 1995, 26 pages. ,

EXAMINER /David Clark/ DATE CONSIDERED 08/04/2010
* EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609. Draw line through citation if notin
conformance and not cansidered. Include copy of this form with next communicaton to applicant

1571299 _1.DOC

Date: February 26, 2010

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /D.C./

0659



Receipt-date: 02/26/2010 : 12148439 - GAU: 3628
EXPRESS MAIL NO. EV934847262US

. ) Sheet 4 of 4
U.S. DEPARTMENT OF COMMERCE ATTY. DOCKET NO. APPLICATION NO.
PATENT AND TRADEMARK OFFICE 290115.401 12/148,439
APPLICANTS
INFORMATION DISCLOSURE STATEMENT Chris Pershing et al.
(Use several sheets if necessary) FILING DATE GROUP ART UNIT
April 17, 2008 2876
OTHER REF ERENCES (Includmg Author, Title, Date, Pertinent Pages, Etc.)
DA Henricsson, O. et al., "3-D Building Reconstruction with ARUBA: A Qualltatlve and Quantltatlve
__1| | Evaluation," fip://igpho.ethz.ch/pub/manos/papers/HenrO97Ascona.pdf, 1997, 12 pages.
DB Noronha, S. et al., "Detection and Modeling of Buildings from Multiple Aerial Images," IEEE
" | Trans. On Pattern Analysis and Machine Intélligence, Vol. 23, Issue S, Pages. 501-518, May 2001.
DC "PhotoModeler - Measure and Model Real-World Objects from Photographs,”
http://www.photomodeler.com/products/photomodeler.htm, retrieved September 30, 2008, 2 pages.
DD Poullis, C. et al., "Photogrammetric Modeling and Image-Based Rendering for Rapid Virtual
Environment Creation," http://handle.dtic.mil/100.2/ADA433420, 1998, 7 pages.
DE Scholze, S. et al., "A Probabilistic Approach to Building Roof Reconstruction Using Semantic
Labelling,” Pattern Recognition, Springer Berlin/Heidelberg, Vol. 2449/2002, 2002, 8 pages.
DF Ziegler, R, et al. "3D Reconstruction Using Labeled Image Regions," Mitsubishi Electric Research
Laboratories, http://www.merl.com, 2003, 14 pages.
DG De]aney, “Searchmg for Cllents from Above” The Wall Street Joumal July 31 2007 3 pages.
DH Precigeo, “Welcome to precigeo’.”, www.precigeo.com, 2006, downloaded February 26, 2010,5
pages.
DI
DJ
DK
DL
DM
DN
DO
DP
o
DR
EXAMINER DATE CONSIDERED
E David Clark/ c 08/04/2010
hd EXAM.IN-ER: Initial |f reference consndcred whethcr or not citation is in conformance with MPEP 609 me line through citation if notin
confoimance and not considered. Include copy of this form withnext communication to applicant

1571299_1.DOC Date: February 26, 2010

ALL REFERENCES CONSIDERED EXCEPT WHERE LINED THROUGH. /D.C./

0660




. ATTY DOCKET NO. I Q. .
date: 08/12/2008 T, YZYATNNC GAU: 3628
l RMATION DISCLOSURE CITATION
‘E\\\ (Use several sheets if necessary) CHRIS PERSHING AND DAVE CARLSON
1008 FILING GROUP ART
pus 12 04/18/2008
%"‘ U.S. PATENT DOCUMENTS
EXAMINER DOCUMENT NUMBER . DATE NAME _cLasS SuBCLASS | FILING DATE
INITIAL IF APPROPRIATE
AF. | 7,003,400 02/21/2006 | BRYANT 702 5 10/22/2003
E AG. | 7,006,977 12/28/2006 | ATTRAET AL. 708 1 02/03/2000
U.S. PATENT APPLICATION PUBLICATIONS
"EXAMINER DOCUMENT NUMBER DATE NAME CLASS susclass | FILUNG DATE
INITIAL IF APPROPRIATE
AH. | 2002/0154174 10/24/2002 | REDLICH ET AL. 345 848 04/23/2001
AL | 2005/0288959 12/29/2005 | ERAKER ET AL. 705 1 06/16/2005
AL 1 2006/0200311 09/07/2006 | ARUTUNIANET AL. 701 210 08/19/2005
FOREIGN PATENT DOCUMENTS
DOCUMENT NUMBER DATE COUNTRY CLASS SUBCLASS JRANSLATION
YES NO
OTHER DOCUMENTS  (Including Author, Title, Date, Pertinent Pages, Etc.)
EXAMINER . DATE CONSIDERED
/David Clark/ 08/04/2010
*EXAMINER: Initial if reference considered, whether or not citation is in conformance with MPEP 609; Draw line through citation if not in conformance and not
considered. Include copy of this form with next communication to applicant.

POSC/REV04 Patent and Trademark Office * U.S. DEPARTMENT OF COMMERCE

(atso form PTO1049) ALL REFERENCES CONSIDERED EXCEPT WHERE LINER, THROUGH. /D.C./

0661



Receipt date: 08/12/2008 ATTY DOCKET NO. &"2‘1‘&“5!&?#@ GAU: 3628
(4 CPDC 101 12/148.43
O\ | R ATION DISCLOSURE CITATION APPUICANT(S)
Use several sheets if necassary) CHRIS PERSHING AND DAVE CARLSON
9 '\%\‘ ] FILING DATE GROUP ART UNIT
| N ke 04/18/2008
U.S. PATENT DOCUMENTS

':::'L DOCUMENT NUMBER DATE NAME cLASS suscass | FUNG DA

AA 6,323,885 09/03/2002 | ELLIOTT 705 400 08/06/1999

. AB 6,385,541 05/07/02 BLUMBERG ET AL. 701 213 08/15/2000

AC 6,446,053 09/03/2002 | ELLIOTT 705 400 08/06/1999

ap. | 6,636,803 10/21/2003 | HARTZJR.ET AL. 701 208 11/30/2001

AE 6,836,270 12/28/2004 | DU 345 419 05/02/2002

U.S. PATENT APPLICATION PUBLICATIONS
m’“m DOCUMENT NUMBER DATE NAME CLASS suscass | F :kl:g&;gmrs
FOREIGN PATENT DOCUMENTS
DOCUMENT NUMBER DATE COUNTRY CLASS SUBCLASS TRANSLATION
YES NO
OTHER DOCUMENTS (Including Author, Title, Date, Pertinent Pages, Elc.)

EXAMINER /Dawd CIark/ DATE CONSIDERED 08/04/201 0
*EXAMINER: Initial if reference considered, whether or not citation is In conformance with MPEP 609; Draw line through citation if not in conformance and not
considered. Include copy of this form with next communication to applicant.

Form PTO-A820 Patent and Trademark Office * U.S. DEPARTMENT OF COMMERCE

(also form PT0-1449) ALL. REFERENCES CONSIDERED EXCEPT WHERE LINER: THROUGH. /D.C./

0662



~Precigeo

e’

'_ga’;_-'Username

=il ]
uE: Password

= ]

Newuser?  [ESIEIN

Contact Us
email:info@precigeo.com
Tel :(415)456-4493
Fax :(415)456-4491

EXPRESS MAIL NO, EV§348472620S

Home precipeoCode precigeolawn precigeoPool precigeoRoof precigeoRisk

Test precigeo

Welcome to precigeoTM

preciges™ is a precision geocoding service for finding "to-the-rooftop” location of a business
or residential address and providing information (as inferred from overhead imagery) about
the address. Used by Fortune 500 companies In applications such as insurance, lawn care and
solar panel installations, precigeo"‘ delivers accuracy when it counts.

& 2006 www.precigeo.com All rights reserved.
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Home precigeoCode precléeol.aw‘d precigeoPool precigeoRoof precigeoRisk

Why precigecRoof How precigeoRoof Works How can it Help me

J

‘Welcome to precigeoRoof

J precigeoRoof is a roof-measuring service developed by the. geocoding/aerial Imagery experts
G ot Whitegold Solutions. Used by roofers, adjusters and solar panel installers, precigeoRoof
provides a completely new way to measure roofs.

precigecRoof is easy to use. Start by registering on the precigeo home page. Once you've
registered, login and start a “roof-measuring job". For the most part, this involves
downloading or "typing in" the street address (es) of the roof(s) to be measured.

The "rooftop measurement™ process starts with geocodirig; each address Is geocoded to the
precise (lat,long) of the home. Next multiple sources sources of aerial imagery are searched,
looking for a picture that allows us to capture a detailed measurement of each roof.

precigeoRoof is being used in the field by Insurance adjusters, roofers and solar panel
Coritact Us installers. One of the largest P/C insurers Is now using precigeoRoof to expedite claims
email:info@precigeo.com  handling after hallstorms.
Tel :(415)456-4493
Fax :(415)456-4491

© 2006 www.precigeo.com All rights reserved.

http://web.archive.org/web/20061216104706/roof.precigeo.com/ 226/2010
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] Why brecigeoRoof

J Measuring a roof Is a tedious, time costly and sometime dangerous endeavor. A typical roofer
spends 30 to 40 minutes walking a roof (tracing the perimeter), drawing a roof schematic and
calculating the area. Adjusters are sometimes presented with an even more demanding
environment, measuring hundreds of roofs after a hailstorm, hurricane or other CAT scenario.

Roofing professionals

0 Speed up the estimate process.
o Pre-screen bids.

UTake-along collateral showing precise roof measurement (overlaid on an aerial image)
conveys a sense of professionalism to customers and prospects.

0 settie claims quickly

Contact Us
emall:info@precigeo.com
Tel :(415)456-4493
Fax :(415)456-4491

© 2006 www.precigeo.com All rights reserved.
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How precigeoRoof Works

] There are three steps (sometime four) in the roof measurement process. We've included 3
NewUser? sample roofs Roof 1, Roof 2 and Roof 3 that will help us to illustrate the process.

First, we roof-top geocode the addréss of the home with the roof-to-be-measured to 2
specific (iat,long). We DON'T interpolate addresses like other compantes. Whitegold identifies
the precise position, using plat maps and aerial imagery. We're able to do this virtually
anywhere within the United States. After we've correctly geocoded the address, we find the
most suitable aerial imagery for measurements purposes.

Step 2 is to measure the gutters., See Roof 1- Gutter Schematic and see Roof 1 - Gutter
Schematic +_ Aerial Iinage. Our measurements include only that portion of the perimeter of
the roof that is down sloped. The results are presented in tabular format, identifying the
length of each gutter section. see Gutter-Table.

-Contact Us : . .
email:info@precigeo.com  Step 3 is to identify each roof face (from a vertical aerial image). Our trained operators
Tel :(415)456-4493 " consult multiple 'aeilal Images to correctly spot the ridgelines. Next,.we must measure the
Fax :(415)456-4491 faces; since the faces are sloped we néed to correct for pitch. (Pitch is determined using a

number of proprietary techniques, involving shadows and/or obligue imagery.) see Roof 1-
Face Schematic and see Roof 1-Face Schematic + Aerial Imagery for a visual description of

the measurement process. ARter measuring the “flat® size of each roof face and correcting for
pitch, the face area totals can be summed up as the size of the roof. See Face-Table-1 for a
tally of the measurements.

Step 4 is only performed In the event precigeoRoof Is unable to Isolate pitch to a specific
measurement. In this case, a multi-column spreadsheet is returned - with roof measurements
provided for each possible pitch. After a visit to the site, and a 2-minute measurement of
roof-pitch from the rafters (no need to ¢limb the roof as precigeoRoof has determined the
face measurement), the appropriate column can be read. See Face-Table-2 for an example of
how multi-pitch measurements are provided.

© 2006 www.prccigeo.com All rights reserved.

hitp://web.archive.org/web/2007010701231 1/roof.precigeo.com/how-precigeo-roof-works.... 2/26/2010
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How precigeoRoof Can Help Me

] If you're in the business of measuring roofs, contact Whitegold Solutions and ask for a free
test trial of precigeoRoof. Let us try to help you streamline the roof-measurement process.
Contact Whitegold Solutions at 415-456-4493 or emal) info@whitegoldsolutions,com

LOGIN

Contact Us
emall:info@precigeo.com
Tel :(415)456-4493
Fax :(415)456-4491

© 2006 www.precigeo.com All rights reserved.
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How precigeoRisk Works

To better explain Precigeo-Risk, we’ve included portions of the
‘work-process’ from three sample virtual inspections.

Inspection 1

The first part of any inspection is geocoding; in Figure 1-A, the
candidate home is geocoded from address to (lat,Jong). Note that
traditional geocoding services are not useful here — as they don’t
map an address to a (lat,long) on the property.

In Figure 1-B, the home size is estimated using the 2D footprint of
the roof and accounting for the fact that the house has two stories
(determined using the shadows cast from the roof). A two-foot
roof overhang is assumed and walls are estimated to account for
5% to 10% of the square footage. As a basis for comparison, the
arca measurement for this home was compared to an in-house
inspection (5020 sq ft) so the difference was less than 5%.

In Figure 1-C, the parcel is measured; boundaries are identified

using the fence surrounding the property as a demarcation point.
The measured area ( 1.55 acres ) of the lot is within 5% of the area
reported in the property record ( 1.61 acres )

In Figure 1-D, out structures , chimneys and overhanging trees are
identified.

In Figure 1-E, roof pitch is measured using Whitegold’s

http://web.archive.org/web/20071026154304/nisk precigeo.com/how-precigeo-risk-works.htm (1 of 4)8/14/2010 12:09:19 PM
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proprietary technology.

In Figure 1-F, the direction of the home is measured. The
underwriter asked to capture this information based on their
finding that wind damage correlates with the direction of the home
(with respect to prevailing winds).

In Figure 1-G and Figure 1-H, NFPA (National Fire Protection
Assocation) compliance is checked as it relates to yard slope,
driveway slope and slope of approach road. , a high-resolution
terrain map is used to measure the slope of the property. Note that
in CA, south-facing sloped properties are high fire risks.

In Figure 1-1, density of the neighborhood with respect to the
home is measured. In this case, the underwriter was assessing how
neighborhood density correlates with various perils, including fire
and crime.

In Figure 1-J, distance to the nearest water body is captured. Note
that, unlike traditional ‘distance-to-water’ measurements, these
were captured using the actual ‘to-the-rooftop’ location of the

property

In Table 1-A, the actual customer report is shown

Inspection 2

In this example, the underwriter wanted to capture three variables:
property size, home size and presence of out structures.

In Figure 2-A, a picture of the home is provided. The home size
and lot size were measured at 1905 sq feet and .20 acres
(respectively), with a storage structure (unreported) to the side of
the house (circled in blue). As a basis for comparison, the parcel
record reports the lot at .14 acres and 1856 sq feet — with no
mention of a storage structure. Unless the properties extend well
beyond the fence, the lot measurement was likely captured
incorrectly in the tax report.

Inspection 3

http://web.archive.org/web/20071026154304/risk precigeo.com/how-precigeo-risk-works.htm (2 of 4)8/14/2010 12:09:19 PM
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In this example, the underwriter again wanted to capture three
variables: property size, home size and presence of out structures.

In Figure 3-A, a picture of the home is shown from four
perspectives. Oblique imagery (from Pictometry, Inc.) was used to
more accurately measure the properties. Whitegold home
measurement came out at 3655 sq ft home size (compared to 3586
in parcel report) and 22,505 sq fi lot size (compared to 21,598 in
parcel report).

Inspection 4

In this example, the underwriter wanted to capture two features
relating to exposure in Florida — roof shape and lanais.

In Figure 4-A, we see a portion of the deliverable provided to the

insurer — over 10 roof classifications were provided. It is well
known that hip roofs offer better protection than gabled roofs.

© 2006 www.precigeo.com All rights reserved.
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Register

View Presentation

precigeoIM in the News

Why precigeoRisk-How precigeoRisk WorksHow can it Help me

Welcome to precigeoRisk

precigeoRisk is a virtual inspection service developed by the
geocoding/aerial imagery experts at Whitegold Solutions. Used by
insurance professionals to better assess possible risk factors
associated with properties, Precigeo-Risk can be deployed in a
variety of ways:

0 Virtually property inspections

Identify and measure information associated with a property that
may have an impact on risk or replacement cost of structures
(Insure to Value). One insurer has used Precigeo-Risk as part of a
re-underwriting process to better determine which homes are
candidates for onsite reinspection.

0 Rating variable exploration

Actuaries at one of the nation's largest home insurance companies

have used Precigeo-Risk to measure loss ratio of a portion of their
PIF against over 50 attributes culled from aerial imagery. Many of
these attributes are not part of an everyday property inspection.

0 Agent/Inspection evaluation

Measure quality of house inspection by cross checking inspected
data against attributes culled using overhead imagery.

http://web.archive.org/web/20071026064146/risk.precigeo.con (1 of 2)8/14/2010 12:06:30 PM
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precigeoRisk is easy to use. Start by registering on the precigeo
home page. Once you've registered, login and specify the
addresses of the homes where you'd like us to identify 'property
characteristics'.

The "property features identification" process starts with
geocoding; each address is geocoded to the precise (lat,long) of
the home. Next multiple sources of aerial imagery are searched by
our trained team, looking for pictures that allows us to capture the
specified attributes.

precigeoRisk has been used in the field by top home insurance
companies with great results. A virtual inspection costs anywhere
from $5.00 to $10.00 and takes less than a day to run. Use it as an
adjunct to drive-by, on-site and in-home inspections.

© 2006 www.precigeo.com All rights reserved.
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— The MAILING DATE of this communication appears on the cover sheet with the correspondence address —
Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) OR THIRTY (30) DAYS,
WHICHEVER IS LONGER, FROM THE MAILING DATE OF THIS COMMUNICATION.
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Any reply received by the Office |ater than three months after the mailing date of this communication, even if timely filed, may reduce any

earned pateni term adjustment. See 37 CFR 1.704(b).

Status
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2a)[ This action is FINAL. 2b)[] This action is non-final.

3)[J Since this application is in condition for allowance except for formal matters, prosecution as to the merits is
closed in accordance with the practice under Ex parfe Quayle, 1935 C.D. 11, 453 O.G. 213.

Disposition of Claims
4)[ Claim(s) 1,4,5,8.10.14-19 and 21-61 is/are pending in the application.

43) Of the above claim(s) is/are withdrawn from consideration.
5[0 Claim(s) is/are allowed.
6)X Claim(s) 1,4,5.8.10,14-19, 21-61 is/are rejected.

(s)
7B Claim(s) 21,22 and 59 is/are objected to.
8)[] Claim(s) ___ are subject to restriction and/or election requirement.
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9)[] The specification is objected to by the Examiner.
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Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d).
11)J The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-152.

Priority under 35 U.S.C. § 119

12)(J Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
a)(J Al b)[JSome * c)[] None of:
1. Certified copies of the priority documents have been received.
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application from the International Bureau (PCT Rule 17.2(a)).
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Application/Control Number: 12/148,439 Page 2
Art Unit: 3628

DETAILED ACTION

Status of Claims

1. This action is in reply to the response filed on 18 January 2011.

2. Claims 1, 4,5, 8, 10, 14;19, 23-26, 28-30, 32, 35, 37, and 40 have been amended.

3. Claims 41-61 have been added.

4. Claims 2, 3, 6, 7, 9, 11-13 and 20 have been canceled by preliminary amendment.

5. Claims 1, 4, 5, 8, 10, 14-19, and 21-61 are currently pending and have been examined.

Information Disclosure Statement
6. The Information Disclosure Statement filed on 18 January 2011 had been considered. Initialed

copies of the Form 1449 are enclosed herewith.

Drawings
7. The Amendments to the drawings are acceptable. Therefore the previous objections to the
drawings are hereby withdrawn. The Examiner thanks the Applicant for correcting these minor

deficiencies.
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10.

11.

12.

13.

Specification
The Amendments to the specification are acceptable. Therefore the previous objections to the
specification are hereby withdrawn. The Examiner thanks the Applicant for correcting these

minor deficiencies.

Claim Objections

The Amendments to claims 8 19, and 40 are acceptable. Therefore the previous objections to
claims 8, 19, and 40 are hereby withdrawn. The Examiner thanks the Applicant for correcting
these minor deficiencies.

Claims 21 and 22 are objected to because of the following informalities: Claims 21 and 22 are
dependent on claim 20 which was cancelled. For examining purposes, Claims 21 and 22 will be
interpreted as being dependent on claim 18. Appropriate correction is required.

Claim 59 are objected to because of the following informalities: There are two adjacent instances
of comprising. For examining purposes, the first comprising will be omitted. Appropriate

correction is required.

Claim Rejections - 35 USC § 112
The Amendments to claim 26 are acceptable. Therefore the previous rejections to claims 26 per
35 U.S.C. 112, second paragraph are hereby withdrawn. The Examiner thanks the Applicant for

correcting these minor deficiencies.

Claim Rejections - 35 USC § 101
The Amendments to claims 1, 4,5, 8, 10, 14-40 are acceptable. Therefore the previous
rejections to claims 1, 4, 5, 8, 10, 14-40 per 35 U.S.C. 101 are hereby withdrawn. The Examiner

thanks the Applicant for correcting these minor deficiencies.
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14.

15.

16.

17.

18.

Response to Amendment
The Declaration filed on 18 January 2011 under 37 CFR 1.131 is sufficient to overcome the
www .pricegeo.com per wayback machine (http://www.archive.org/iweb/web.php) dated 12
December 2006 inciuding document DH from IDS dated 26 February 2010 (pp.1-5), “How
precigeoRisk Works (pp. 6-9), and “Welcome to precigeoRisk (pp 10-11) as one document,

referred to as precigeo.com. reference.

Response to Arguments
Applicant's arguments with respect to claims 1, 4, 5, 8, 10, and 14-61 have been considered but

are moot in view of the new ground(s) of rejection.

Claim Rejections - 35 USC § 103
The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all obviousness
rejections set forth in this Office action:

(a) A patent may not be obtained though the invention is not identically disclosed or described as
set forth in section 102 of this title, if the differences between the subject matter sought to be
patented and the prior art are such that the subject matter as a whole would have been obvious
at the time the invention was made to a person having ordinary skill in the art to which said
subject matter pertains. Patentability shall not be negatived by the manner in which the invention
was made.

The factual inquiries set forth in Graham v. John Deere Co., 383 U.S. 1, 148 USPQ 459 (1966),
that are applied for establishing a background for determining obviousness under 35
U.S.C. 103(a) are summarized as follows:

Determining the scope and contents of the prior art.

Ascertaining the differences between the prior art and the claims at issue.

Resolving the level of ordinary skill in the pertinent art.

Considering objective evidence present in the application indicating obviousness or
nonobviousness.

PO~

Claims- 1, 4, 5, 8, 10, 14-17, 35, and 36 are rejected under 35 U.S.C. 103(a) as being

unpatentable over Kubo (US PGP 2006/0265287 A1) in view of Pictometry® “Frequently Asked
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Questions” www pictometry.com/fag.asp per wayback machine
(httpz//replay. waybackmachine.org/20050801231818/http://www pictometry.com/fag.asp) dated 1

August 2005, hereafter pictrometryfaq.

Claim 1:

Kubo, as shown, discloses the following limitations:
A system for remotely determining measurements of a roof, comprising:

e a computer including an input means, a display means and non-transitory memory (see at
least paragraph 0053;

e a roof estimating software program storéd in the non-transitory memory (see at least
paragraph 0053)

Kubo does not disclose the following limitations, but pictrometryfag however, as shown, does:

e and operable to cause a processor of the computer to:

o receive location information of a building in the selected region (see at least page 2,
“Instant recognition of any focation™),

o present aerial image files showing the roof sections of said building and showing
measurements of the roof (see at least page 2, “Pictometry provides visual information
that lets you see everywhere, measure anything, and plan everything” and page 4, “Zoom
in and inspect structural composition, roof layout, and access points”); ang,

o determine, based on said aerial image files, the measurements of the roof including size,
geometry, and pitch of the roof sections of said building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) .

o oulputting a report having the determined measurements therein (see at least page 9,

“Pictometry provide a number of annotation tools as well as allowing the user to attach
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and geolocate other documents or files , such as a Word or Excel document or even a
corresponding image or video from another source.”)
It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful
tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claims 5, 8, and 15:
Kubo in view of precigeo.com discloses the limitations of claim 1 as shown above. Moreover,

Kubo, as shown, discloses the following limitations:

(Claim 5) wherein the roof estimation software program stored in the non-transitory memory is
further operable to cause the processor of the computer to access an aerial image file database
that is located on a second computer that is remote from said computer (see at least paragraph

0053).

(Claim 8) wherein the roof estimation software program stored in the non-transitory memory is
further operable to cause the processor of the computer, to receive a request for an estimate at

said computer from remote locations (see at least paragraph 0053).

(Claim 15), wherein the roof estimation software program is further operable to cause the
processor of the computer to produce a solar panel installation estimate based on the determined
measurements (see at least paragraph 0013, “This makes it possible to appropriately design the
layout of the solar cell module according to the roof, and to draw up the estimate in accordance

with the layout.™).
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Claim 4:
Kubo in view of precigeo.com discloses the limitations of claim 1 as shown above. Moreover,

Kubo, as shown, discloses the following limitations:

e the aerial image file database loaded into said non-transitory memory of said computer (see
at least paragraph 0056)

Kubo does not disclose the following limitations, but pictrometryfaq however, as shown, does:

» further comprising an aerial image file database containing a plurality of aerial images of
roofs of buildings (see at least page 2, “Client image library.. digital aerial photos allow
viewers to see detailed information of building and land attributes”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful

tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claim 10:

Kubo, as shown, discloses the following limitations:
A system for remotely determining measurements of a roof, comprising:

e a computer including an input means, a display means and non-transitory memory (see at
least paragraph 0053;

e a roof estimating software program stored in the non-transitory memory (see at least
paragraph 0053)

Kubo does not disclose the following limitations, but pictrometryfag however, as shown, does:

e and operable to cause a processor of the computer to:
o receive location information of a building in the selected region (see at least page 2,

“Instant recognition of any location”);
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[e]

present aerial image files showing the roof sections of said building and showing
measurements of the roof (see at least page 2, “Pictometry provides visual information
that lets you see everywhere, measure anything, and plan everything” and page 4, “Zoom
in and inspect structural composition, roof layout, and access points”),; and,

determine, based on said aerial image files, the measurements of the roof including size,
geometry, and pitch of the roof sections of said building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) .

produce a roof construction estimate based on the determined measurements (see at
least page 9, “Pictometry provide a number of annotation tools as well as allowing the
user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”)

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful

tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claim 16:

Kubo, as shown, discloses the following limitations:

A system for remotely determining measurements of a roof, comprising:

a computer including an input means, a display means and non-transitory memory (see at

least paragraph 0053;

a roof estimating software program stored in the non-fransitory memory (see at least

paragraph 0053)

Kubo does not disclose the following limitations, but pictrometryfag however, as shown, does:

and operable to cause a processor of the computer to:
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[e]

receive location information of a building in the selected region (see at least page 2,
“Instant recognition of any location”™);

present aerial image files showing the roof sections of said building and showing
measurements of the roof (see at least page 2, “Pictometry provides visual information
that lets you see everywhere, measure anything, and plan everything” and page 4, “Zoom
in and inspect structural composition, roof layout, and access points”); and,

determine, based on said aerial image files, the measurements of the roof including size,
geometry, and pitch of the roof sections of said building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) .

produce a roof gutter installation estimate based on the determined measurements (see
at least page 9, “Pictometry provide a number of annotation tools as well as allowing the
user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”)

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful

tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfag, page 3).

Claim 17:

Kubo, as shown, discloses the following limitations:

A system for remotely determining measurements of a roof, comprising:

a computer including an input means, a display means and non-transitory memory (see at

least paragraph 0053;

a roof estimating software program stored in the non-transitory memory (see at least

paragraph 0053)
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Kubo does not disclose the following limitations, but pictrometryfaq however, as shown, does:

and operable to cause a processor of the computer to:

O

o

receive location information of a building in the selected region (see at least page 2,
“Instant recognition of any location”);

present aerial image files showing the roof sections of said building and showing
measurements of the roof (see at least page 2, “Pictometry provides visual information
that lets you see everywhere, measure anything, and plan everything” and page 4, “Zoom
in and inspect structural composition, roof layout, and access points”); and,

determine, based on said aerial image files, the measurements of the roof including size,
geometry, and pitch of the roof sections of said building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) .

produce a repair or replacement estimate based on the determined measurements (see
at least page 9, “Pictometry provide a number of annotation tools as well as allowing the
user to attach and geotocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”)

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful

tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claim 14:

Kubo in view of pictrometryfaq discloses the limitations of claim 1 as shown above. Kubo and

pictrometryfag do not explicitly disclose wherein the roof estimation software program is further

operable to cause the processor of the computer to produce an HVAC installation estimate based

on the determined measurements. pictrometryfaq in at least page 2 discloses estimates based
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on the determined measurements, “Pictometry provides visual information that lets you see
everywhere, measure anything, and plan everything” to be used in applications such as
engineering architectural, planning and surveying, (pictrometryfaq page 3). Therefore, it would
have been obvious to one of ordinary skill in the art at the time of the invention to include in the
system of Kubo in view of pictrometryfaq the ability to produce an HVAC installation estimate
based on the determined measurements, since the claimed invention is merely a combination of
old elements, and in the combination each element merely would have performed the same
function as it did separately, and one of ordinary skill in the art would have recognized that the

results of the combination were predictable.

Claim 35:

Kubo, as shown, discloses the following limitations:

A system for remotely determining measurements of a roof, the system comprising:

e a computer including an input means, a display means and non-transitory memory (see at
least paragraph 0053;

e a roof estimating software program stored in the non-transitory memory (see at least
paragraph 0053)

Kubo does not disclose the following limitations, but pictrometryfaq however, as shown, does:

e and operable to cause a processor of the computer to:
o receive location information of a building in the selected region (see at least page 2,
“Instant recognition of any location™);
o present aerial image files showing the roof sections of said building and showing
measurements of the roof (see at least page 2, “Pictometry provides visual information
that lets you see everywhere, measure anything, and plan everything” and page 4, “Zoom

in and inspect structural composition, roof layout, and access points”); andg,
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o determine, based on said aerial image fi/eé, the measurements of the roof including size,
geometry, and pitch of the roof sections of said building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and pian
everything”) .

o outputting a report including the determined measurements therein (see at least page 9,
“Pictometry provide a number of annotation tools as well as allowing the user to attach
and geolocate other documents or files , such as a Word or Excel document or even a
corresponding image or video from another source.”)

it would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful
tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claim 36:

Kubo in view of precigeo.com discloses the limitations of claim 35 as shown above. Moreover,

Kubo, as shown, discloses the following limitations:

e further comprising a database (see at least paragraph 0056).

Kubo does not disclose the following limitations, but pictrometryfag however, as shown, does:

e an aerial image file database that includes the presented aerial images (see at least page 2,
“Client image library”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful

tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).
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19.

Claims 18, 19, 21-34 and 37-61 are rejected under 35 U.S.C. 103(a) as being unpatentable over

pictrometryfaq in view of Kubo.

Claim 18:

Pictrometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:

(e]

Receiving, by a roof computer system, a request for a measurement of a roof of a
building (see at least page 2, “Instant recognition of any location” and at least page 4,
“Zoom in and inspect structural composition, roof layout, and access poaints”);
determining, by a calibration module of the roof computer system, measurements of the
roof including size, geometry and pitch of roof sections of the building using aerial image
files of said roof of the building at said location.(see at least page 2, “Pictometry provides
visual information that lets you see everywhere, measure anything, and plan everything”);
generating, by the roof computer system, a roof report based on the determined
measurements (see at least page 2, “Pictometry provides visual information that lets you
see everywhere, measure anything, and plan everything” and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and other
documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”)

oulputting the generated roof report (see at least page 9, “Pictometry provide a number of
annotation tools as well as allowing the user to attach and other documents or files ,
such as a Word or Excel document or even a corresponding image or video from another

source.”)

Pictrometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

o

receiving, by the roof system, a request for measurement of a roof of a building (see at

least paragraph 0059, “receives the visit request information”),
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It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful
too! that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claims 19 and 21-28:
Pictrometryfaq in view of Kubo discloses the limitations of claim 18 as shown above. Moreover,

pictrometryfaq, as shown, discloses the following limitations:

(Ctaim 19) wherein receiving the request for the measurement includes receiving the requeét
from at least one of: a building tenant (pagg 2, “customer”), a building owner (page 2,
“customer’), a roofing contractor (page 3), a solar panel installation company (page 3,
. “architectural”), a gutter installation company (page 3, “architectural”), an HVAC company (page

3, “architectural®), and an insurance company).

(Claim 21) The method of claim 20 wherein generating the roof estimate report includes
generating a line drawing of the roof labeled with at least one of the determined measurements
(see at least page 9, “Pictometry provide a number of annotation tools as well as allowing the
user to attach and other documents or files, such as a Word or Excel document or even a

corresponding image or video from another source.”)

(Claim 22) The method of claim 20 wherein the roof estimate report includes at least one of the
aerial images (see at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and other documents or files, such as a Word or Excel document or

even a corresponding image or video from another source.”)
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(Claim 23) wherein determining the measurements of the roof includes constructing, based on the
aerial images, a three-dimensional geometry of the roof (see at least page 2, “Instant recognition
of any location” and at least page 4, “Zoom in and inspect structural composition, roof layout, and

access points”).

(Claim 24) The method of claim 23 wherein constructing the three-dimensional geometry of the
roof includes co-registering, based on a set of reference points, the aerial images (see at least
page 2, “Instant recognition of any location” and at least page 4, “Zoom in and inspect structural

composition, roof layout, and access points”).

(Claim 25) wherein determining the measurements of the roof includes determining linear
measurements of the sections of said roof (see at least page 2, “Instant recognition of any
location” and at least page 4, “Zoom in and inspect structural composition, roof layout, and

access points”).

(Claim 26) wherein determining the measurements of the roof includes identifying ridges and/or
valleys of said roof. (see at least page 2, “Instant recognition of any location” and at least page 4,

“Zoom in and inspect structural composition, roof layout, and access points”).

(Claim 27) wherein receiving the request for the measurement of the roof includes receiving, from
a customer, an address of said building (see at least page 2, “Instant recognition of any location”

and at least page 4, “View each address from multiple angles”)

(Claim 28) wherein obtaining the aerial images of said roof includes receiving the aerial images
from an aerial image database (see at least page 2, “Instant recognition of any location” and
“Client image library...digital aerial photos allow viewers to see detailed information of building

and land attributes”).
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Claim 29:

Pictrometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:

o]

the request including location information for the building (see at least page 2, “Instant
recognition of any location”), the roof including a plurality of sections (see at least page 4,
“Zoom in and inspect structural composition, roof layout, and access points”);

obtaining, based on the location information, aerial images of the roof of the building (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and page 4, “Zoom in and inspect structural
composition, roof layout, and access points”);

determining, based on the obtained aerial images, the measurements of the roof, the
measurements including an area and a pifch of each of the plurality of sections of the
roof, the measurements of the roof, the measurements including an area and a pitch of
each of the plurality of sections of the roof building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”),

producing a roof estimate report based on the determined measurements of the roof (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and at least page 9, “Pictometry provide a
number of annotation tools as well as allowing the user to attach and geolocate other
documents or files, such as a Word or Excel document or even a corresponding image or

video from another source.”)

Pictrometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

under control of a roof estimation system (see at least paragraph 0053).
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(@]

receiving a request for measuring a roof of a building (see at least paragraph 0059,

“receives the visit request information”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful

tool that can help muiltiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claim 30:

Pictrometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:

(@)

the request including location information for the building (see at least page 2, “Instant
recognition of any location”), the roof including a plurality of sections (see at least page 4,
“Zoom in and inspect structural composition, roof layout, and access points”);

obtaining, based on the location information, aerial images of the roof of the building (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and page 4, “Zoom in and inspect structural
composition, roof layout, and access points”); .

determining, based on the obtained aerial images, the measurements of the roof, the
measurements including an area and a pitch of each of the plurality of sections of the
roof, the measurements bf the roof, the measurements including an area and a pitch of
each of the plurality of sections of the roof building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”);

producing a roof estimate report based on the détermined measurements of the roof (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and at least page 9, “Pictometry provide a

number of annotation tools as well as allowing the user to attach and geolocate other
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documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”)

Pictrometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimation system (see at least paragraph 0053):
o receiving a request for measuring a roof of a building (see at least paragraph 0059,
“receives the visit request information”),
It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful
tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claims 31-34:
Pictrometryfag in view of Kubo discloses the limitations of claims 29 and 30 as shown above.

Moreover, Pictrometryfaq, as shown, discloses the following limitations:

(Claim 30) further comprising producing a roof estimate report measurements include a line
drawing of the roof labeled with at least one of the delermined measurements (See at least page
2, “Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything” and at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”).

(Claim 31) wherein the roof estimate report includes a line drawing of the roof labeled with at
least one of the determined measurements (see at least page 2, “Pictometry provides visual
information that lets you see everywhere, measure anything, and plan everything” and at least

page 9, “Pictometry provide a number of annotation tools as well as allowing the user to attach
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and geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 32) wherein determining the measurements of the roof includes constructing, based on the
aerial images, a three-dimensional geometry of the roof (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan everything”
and at least page 9, “Pictometry provide a number of annotation tools as well as all_owing the user
to attach and geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 33) The method of claim 32 wherein constructing the three-dimensional geomeltry of the
roof includes co-registering, based on a set of reference points, the aerial images (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,-
and plan everything” and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”).

(Claim 34) wherein obtaining the aerial images of the roof includes receiving the aerial images
from an aerial image database (see at least page 2, “Instant recognition of any location” and
“Client image library...digital aerial photos allow viewers to see detailed information of building

and land attributes™).
Claim 37:

Pictrometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:
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(o}

the request including location information for the building (see at least page 2, “Instant
recognition of any location”), the roof including a plurality of sections (see at least page 4,
“Zoom in and inspect structural composition, roof layout, and access points”);

receiving aerial images of the roof of the building from a rer'note aerial image database,
the receiving based on the location information for the building (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything” and page 4, “Zoom in and inspect structural composition, roof
layout, and access points”);

determining, based on the received aerial images, the measurements of the roof, the
measurements including an area and a pitch of each of the plurality of sections of the
roof, the measurements of the roof, the measurements including an area and a pitch of
each of the plurality of sections of the roof building (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”),

identifying, based on the received aerial images, ridges of the roof see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”), and

outputting a roof estimate report based on the determined measurements of the roof
based on the determined measurements of the roof, the roof estimate report including at
least one of the aerial images, at least one line drawing of the roof, an indication of the
identified ridges of the roof, and at least some of the determined measurements (see at
least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything”) and at least page 9, “Pictometry provide a
number of annotation tools as well as allowing the user to attach and geolocate other
documents or files , such as a Word or Excel document or even a corresponding image

or video from another source.”)

Pictrometryfag does not disclose the following limitations, but Kubo however, as shown, does:
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. « under control of a roof estimation system (see at least paragraph 0053}
o receiving a requeét for measuring a roof of a building (see at least paragraph 0059,
“receives the visit request information”),
It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful
tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claims 38-40:
Pictrometryfaq in view of Kubo discloses the limitations of claim 37 as shown above. Moreover,

Pictrometryfaq, as shown, discloses the following limitations:

(Claim 37) wherein determining the measurements of the roof includes constructing, based on the
aerial images, a three-dimensional geometry of the roof (see at least page 2, *Pictometry
provides visual information that lets you see everywhere, measure anything, and plan everything”
and at least page 9, “Pictometry provide a number of annotation tools as well as allowing the user
to attach and geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 38) The method of claim 39 wherein constructing the three-dimensional geometry of the
roof includes co-registering, based on a set of reference points, the aerial images (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything” and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”).
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(Claim 40) wherein receiving the request for measuring the roof includes receiving the request

from at least one of: a building tenant (page 2, “customer”), a building owner (page 2,

“customer”), a roofing contractor (page 3), a solar panel installation company (page 3,

“architectural”), a gutter installation company (page 3, “architecturai”), an HVAC company (page

3, “architectural”), and an insurance company).

Claim 41:

Pictrometryfaq, as shown, discloses the following limitations:

A method for providing a roof report comprising,

receiving aerial images of a roo_f having a plurality of sections (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything” and page 4, “Zoom in and inspect structural composition, roof layout, and
access points”);

determining roof pitch measurements by constructing a three dimensional geometry of the
roof based on the received aerial images (see at least page 2, “Pictometry provides visual
information that lets you see everywhere, measure anything, and plan everything”);
generating a first image of the roof showing a plan view of the roof, the generated image
including a first set of lines representing the sections of the roof on the first generated image
(see at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and at least page 4, “create visual database of
critical infrastructure such as bridges dams, roads, chemical outlets, petroleum pipelines,
storage facilities, landmarks, and other public buildings.”; .

indicating the roof pitch measurements on the first generated image, said roof pitch
measurements determined by the reconstructed three dimensional geometry and said roof
pifch measurements showing a pitch of at least one of the sections within a section of the roof
having the pitch (see at least page 2, “Pictometry provides vi;ual information that lets you see

everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
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provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”),; and

e oulputting a roof report including the first generated image (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) and at least page 9, “Pictometry provide a number of annotation tools as well as
alliowing the user to attach and geolocate other documents or files , such as a Word or Excel
document or even a corresponding image or video from another source.”).

Pictrometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimation system (see at least paragraph 0053):

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful
tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claims 42-51:
Pictrometryfaq in view of Kubo discloses the limitations of claim 41 as shown above. Moreover,

Pictrometryfaq, as shown, discloses the following limitations:

(Claim 42) wherein said roof pitch measurements show, within each section, a pitch of the section
(see at least page 2, “Piciometry provides visual information that lets you see everywhere,

measure anything, and plan everything”).

(Claim 43) further comprising:
e indicating roof area measurements on the roof report, said roof area measurements
determined by the reconstructed three dimensional geometry and showing an area of at least

one of the sections within a section of the roof having the area (see at least page 2,
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“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word

or Excel document or even a corresponding image or video from another source.”).

(Claim 44) further cémprising:

e indicating roof area measurements on the roof report, said roof area measurements
determined by the reconstructed three dimensional geometry and showing, within each
section, an area of the section (see at least page 2, “Pictometry provides visual information
that lets you see everywhere, measure anything, and plan everything”) and at least page 9,
“Pictometry provide a number of annotation tools as well as allowing the user to attach and
geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 45) The method of claim 44 wherein the indicating roof area measurements on the roof
report comprises indicating roof area measurements on the roof report on a second generated
image of the roof included in the roof report different than the first generated image (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”).

(Claim 46) The method of claim 45 wherein the indicating roof area measurements on the roof
report on a second generated image of the roof included in the roof report different than the first
generated image comprises:

e generating the second image of the roof showing a plan view of the roof, the generated

second image including a second set of lines representing the sections of the roof on the
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second generated image; and indicating roof area measurements on the second generated
image, said roof area measurements determined by the reconstructed three dimensional
geometry and showing an area of at least one of the sections within a section of the roof
having the area, anq wherein the outputted roof report includes the first and second
generated images (see at least page 2, “Pictometry provides visual information that lets you
see everywhere, measure anything, and plan everything”; at least page 4, “create visual
database of critical infrastructure such as bridges dams, roads, chemical outlets, petroleum
pipelines, storage facilities, landmarks, and other public buildings.”; and at least page 9,
“Pictometry provide a number of annotation tools as well as aIIowiﬁg the user to attach and
geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 47) further comprising:

indicating roof dimension measurements on the roof report, said roof dimension
measurements determined by the reconstructed three dimensional geometry and showing an
approximate actual length of a sloped edge of a roof section proximate (o a line of the first set
of lines, said line representing the sloped edge (see at least page 2, “Pictometry provides
visual information that lets you see everywhere, measure anything, and plan everything”) and
at least page 9, “Pictometry provide a ﬁumber of annotation tools as well as allowing the user
to attach and geolocate other documents or files , such as a Word or Excel document or even

a corresponding image or video from another source.”).

(Claim 48) further comprising:

indicating roof dimension measurements on the roof report, said roof dimension
measurements determined by the reconstructed three dimensional geometry and showing,
proximate to each line of the first set of lines, a dimension of a roof section represented by

the line (see at least page 2, “Pictometry provides visual information that lets you see
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everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image

or video from another source.”)..

(Claim 49) The method of claim 48 wheréin the indicating roof dimension measurements on the
roof report cbmprises indicating roof dimension measurements on the roof report on a second
generated image of the roof included in the roof report different than the first generated image
(see at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything”) and at least page 9, “Pictometry provide a number of
annotation tools as well as allowing the user to attach and geolocate other documents or files ,
such as a Word or Excel document or even a corresponding image or video from another

source.”)..

(Claim 50) The method of claim 49 wherein the indicating roof dimension measurements on the
roof report on a second generated image of the roof included in the roof report different than the
first generated image comprises:

e generating the second image of the roof showing a plan view of the roof, the generated
second image including a second set of lines representing the sections of the roof on the
second generated image see at least page 2, “Pictometry provides visual information that lets
you see everywhere, measure anything, and plan everything”; at least page 4, “create visual
database of critical infrastructure such as bridges dams, roads, chemical outlets, petroleum
pipelines, storage facilities, landmarks, and other public buildings.”; and at least page 9,
“Pictometry provide a number of annotation tools as well as allowing the user to attach and
geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”); and
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indicating roof dimension measurements on the second generated image, said roof
dimension measurements determined by the reconstructed three dimensional geometry and
showing an approximate actual length of a sloped edge of a roof section proximate to a line
of the second set of lines, said line representing the sloped edge, and wherein the outputted
roof report includes the first and second generated images (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) and at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”)..

(Claim 51) wherein the generated first image of the roof is a line drawing (see at least page 2,

“Pictometry provides visual information that lets you see everywhere, measure anything, and plan

everything”) and at least page 9, “Pictometry provide a number of annotation tools as well as

allowing the user to attach and geolocate other documents or files, such as a Word or Excel

document or even a corresponding image or video from another source.”).

Claim 52:

Pictrometryfaq, as shown, discloses the following limitations:

A method for providing a roof report comprising,

receiving aerial images of a roof having a plurality of sections (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything” and page 4, “Zoom in and inspect structural composition, roof layout, and
access points”);

determining roof area measurements by constructing a three dimensional geometry of the
roof based on the received aerial images (see at least page 2, “Pictometry provides visual

information that lets you see everywhere, measure anything, and plan everything”);
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e generating a first image of the roof showing a plan view of the roof, the generated image
including a first set of lines representing the sections of the roof on the first generated image
(see at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and at least page 4, “create visual database of
critical infrastructure such as bridges dams, roads, chemical outlets, petroleum pipelines,
storage facilities, landmarks, and other public buildings.”;

o indicating the roof area measurements on the first generated image, said roof area
measurements determined by the reconstructed three dimensional geometry and said roof
pitch measurements showing an area of at least one of the sections 'within a section of the
roof having the area (see at least page 2, “Pictometry provides visual information that lets you
see everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”); and

e outputting a roof report including the first generated image (see at least page 2, "Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) and at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and geolocate other documents or files , such as a Word or Excel
document or even a corresponding image or video from another source.”).

Pictrometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimation system (see at least paragraph 0053):

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaqg in order to provide “a powerful
tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).
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Claims 53-55:
Pictrometryfaq in view of Kubo discloses the limitations of claim 52 as shown above. Moreover,

Pictrometryfaq, as shown, discloses the following limitations:

(Claim 53) further comprising:

e indicating roof dimension measurements on the roof report, said roof dimension
measurements determined by the reconstructed three dimensional geometry and showing,
proximate to each line of the first set of lines, a dimension of a roof section represented by
the line (see at least page 2, “Pictometry provides visual information that lets you see
everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image

or video from another source.”)..

(Claim 54) The method of claim 48 wherein the indicating roof dimension measurements on the
roof report comprises indicating roof dimension measurements on the roof report on a second
generated image of the roof included in the roof report different than the first generated image
(see at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything”) and at least page 9, “Pictometry provide a number of
annotation tools as well as allowing the user to attach and geolocate other documents or files ,
such as a Word or Excel document or even a corresponding image or video from another

source.”)..

(Claim 55) wherein the generated first image of the roof is a line drawing (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and plan
everything”) and at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and geolocate other documents or files, such as a Word or Excel

document or even a corresponding image or video from another source.”).
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Claim 56:

Pictrometryfaq, as shown, discloses the following limitations:

A method for providing a roof report comprising,

receiving aerial images of a roof having a plurality of sections (see at least page 2,
"Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything” and page 4, “Zoom in and inspect structural composition, roof layout, and
access points”);

determining roof pitch measurements by constructing a three dimensional geometry of the
roof based on the received aerial images (see at least page 2, “Pictometry provides visual
information that lets you see everywhere, measure anything, and plan everything”);
generating a first image, second and third image of the roof, the generated images each
showing a plan view of the roof, the generated image including a first set of lines representing
the sections of the roof on the first generated image, said roof pitch measurements showing a
pitch of at least one of the section within a section of the roof having the pitch (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure
anything, and plan everything” and at least page 4, “create visual database of critical
infrastructure such as bridges dams, roads, chemical outlets, petroleum pipelines, storage
facilities, landmarks, and other public buildings.”;

indicating the roof area measurements on the second image, said roof area measurements
determined by the reconstructed three dimensional geometry and said roof pitch
measurements showing an area of at least one of the sections within a section of the roof
having the area (see at least page 2, “Pictometry provides visual information that lets you see
everywhere, measure anything, and plan everything™) and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image

or video from another source.”);
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e indicating the roof dimension measurements on the third image, said roof dimension
measurements determined by the reconstructed three dimensional geometry and said roof
pitch measurements showing an approximate actual length of a sloped edge of a roof section '
proximate to a line of the set of lines included on the third image, said line representing the
sloped edge (see at least page 2, “Pictometry provides visual information that lets you see
everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”);

e oulputting a roof report including the first, second and third images (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything”) and at least page 9, “Pictometry provide a number of annotation tocls as
well as allowing the user to attach and geolocate other documents or files , such as a Word
or Excel document or even a corresponding image or video from another source.”).

Pictrometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimation system (see at least paragraph 0053):

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful
tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claims 57 and 58:
Pictrometryfaq in view of Kubo discloses the limitations of claim 56 as shown above. Moreover,

Pictrometryfag, as shown, discloses the following limitations:

(Claim 57) wherein said roof pitch measurements show, within each of the sections of the roof

shown on the first image, a pitch of the section, wherein said roof area measurements show,
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within each of the sections of the roof shown on the second image, an area of the section, and
wherein said roof dimension measuréments show, proximate to each line of the set of lines
included on the third image, a dimension of a roof section represented by the line. (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”) and at least page 9,“‘Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”)..

(Claim 58) The method of claim 57 wherein the generated first, second and third images of the
roof is a line drawing (see at least page 2, “Pictometry provides visual information that iets you
see everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
provide a number of annctation tools as well as allowing the user to attach and geolocate other
documents or files, such as a Word or Excel document or even a corresponding image or video

from another source.”).

Claim 59:

Pictrometryfag, as shown, discloses the following limitations:

A system for providing a roof report comprising:

(when executed by the processor, cause the processor {0,)

e receive aerial images of a roof having a plurality of sections (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything” and page 4, “Zoom in and inspect structural composition, roof layout, and access
points”);

e determine roof pitch measurements, roof area measurements and roof dimension
measurements with the computer and processor based on the received aerial images (see at
least page 2, “Pictometry provides visual information that lets you see everywhere, measure

anything, and plan everything”),
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e generate at least one image of the roof, the image showing a line drawing plan view of the
roof, and the plurality of the sections of the roof (see at least page 2, “Pictometry provides
visual information that lets you see everywhere, measure anything, and plan everything” and
at least page 4, “create visual database of critical infrastructure such as bridges dams, roads,
chemical outlets, petroleum pipelines, storage facilities, landmarks, and other public
buildings.”;

o indicate the roof pitch measurements on the first image, said roof pitch measurements
determined by the reconstructed three dimensional geometry and said roof pitch
measurements showing a pitch of at least one of the sections within a section of the roof
having the pitch (see at least page 2, “Pictometry provides visual information that lets you see
everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”)

e indicate roof area measurements on the second image, said roof area measurements
determined by the reconstructed three dimensional geometry and showing an area of at least
one of the sections within a section of the roof having the area (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word
or Excel document or even a corresponding image or video from another source.”);

e indicate roof dimension measurements on the third image, said roof dimension
measurements determined by the reconstructed three dimensional geometry and showing an
approximate actual length of a sioped edge of a roof section proximate to a line of the set of
lines included on the third image, said line representing the sloped edge (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and

plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
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well as allowing the user to attach and geolocate other documents or files , such as a Word
or Excel document or even a corresponding image or video from another source.”);

e oulput a roof report including the first, second and third images (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word
or Excel document or even a corresponding image or video from another source.”).

Pictrometryfag does not disclose the following limitations, but Kubo however, as shown, does:

e acomputer including a processor (see at least paragraph 0053);

e a non-transitory memory operably coupled to the processor, the non-transitory memory
having computer executable instructions stored thereon that, when executed by the
processor, cause the processor to... (see at least paragraph 0053)

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictrometryfaq in order to provide “a powerful

tool that can help multiple organization, s departments, and agencies save valuable time, money,

and resources.” (pictrometryfaq, page 3).

Claims 60 and 61:
Pictrometryfaq in view of Kubo discloses the limitations of claim 59 as shown above. Moreover,

Pictrometryfaq, as shown, discloses the following limitations:

(Claim 60) wherein said roof pitch measurements show, within each of the sections of the roof
shown on the first image, a pitch of the section, wherein said roof area measurements show,
within each of the sections of the roof shown on the second image, an area of the section, and
wherein said roof dimension measurements show, proximate to each line of the set of lines
included on the third image, a dimension of a roof section represented by the line (see at least

page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,
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20.

and plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”)..

(Claim 61) wherein the first, second and third images of the roof are line drawings (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files, such as a Word or

Excel document or even a corresponding image or video from another source.”).

Applicant's amendment necessitated the new ground(s) of rejection presented in this Office
action. Accordingly, THIS ACTION IS MADE FINAL. See MPEP § 706.07(a). Applicant is

reminded of the extension of time policy as set forth in 37 CFR 1.136(a).

A shortened statutory period for reply to this final action is set to expire THREE MONTHS from
the mailing date of this action. In the event a first reply is filed within TWO MONTHS of the
mailing date of this final action and the advisory action is not mailed until after the end of the
THREE-MONTH shortened statutory period, then the shortened statutory period will expire on the
date the advisory action is mailed, and any extension fee pursuant to 37 CFR 1.136(a) will be
calculated from the mailing date of the advisory action. In no event, however, will the statutory

period for reply expire later than SIX MONTHS from the date of this final action.
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Conclusion

Any inquiry of a general nature or relating to the status of this application or concerning this
communication or earlier communications from the Examiiner should be directed to David J. Clark whose
telephone number is 571.270.3938. The Examiner can normally be reached on Monday-Friday, 9:30am-
5:00pm. If attempts to reach the examiner by telephone are unsuccessful, the Examiner's supervisor,
JOHN W. HAYES can be reached at 571.272.6708.

Information regarding the status of an application may be obtained from the Patent Application
Information Retrieval (PAIR) system. Status information for published applications may be obtained from
either Private PAIR or Public PAIR. Status information for anublished applications is available through
Private  PAIR  only. For more information about the PAIR system, see
http://portal.uspto.gov/external/portal/pair <http://pair-direct.uspto.gov >. Should you have questions on
access to the Private PAIR system, contact the Electronic Business Center (EBC) at 866.217.9197 (toll-
free).

Any response to this action should be mailed to:

Commissioner of Patents and Trademarks

P.O. Box 1450

Alexandria, VA 22313-1450

or faxed to 571-273-8300.

Hand delivered responses should be brought to the United States Patent and Trademark
Office Customer Service Window:

Randolph Building

401 Dulany Street

Alexandria, VA 22314.

/David J Clark/
Examiner, Art Unit 3628

/JOHN W HAYES/
Supervisory Patent Examiner, Art Unit 3628
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Frequently Asked Questions

What is Pictometry?

What does oblique mean?

What is the advantage of Pictometry?

What makes Pictometry images different from traditional aerial photography or satellite imagery?
How is Pictometry used?

Does Pictometry provide surveying capabilities?

What are some of the specific applications for Pictometry in these environments?
Can | zoom in on these images for more detailed information?

What about privacy issues?

Can Hink my existing mapping and GIS to Pictometry?

How are Pictometry images stored?

Can the images be annotated?

What coordinate systems does Pictometry support?

What are the requirements for each client workstation?

What is Pictometry?

Pictometry is the world's largest digital, oblique aerial photography company. The company develops and

markets a sophisticated, integrated information system that allows users to have high-resolution images of
neighborhoods, landmarks, roads, and complete municipalities from multiple views at the click of a mouse.
Back to top

What does oblique mean?

Qbtique is the technical term used to discribe an aerial photograph that is taken at an angle. This type of image
is far more intuitive and useful in many situations where more information is needed than can be obtained by
looking at an aerial photograph that is straight down (orthogonal view).

Back to top

hp:/ireplay. waybackmachine org/20050801231818/hitp:/fwww. pictomeiry.com/fag.asp 1 of 10147372011 7:04:33 PM
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Pictometry - Frequently Asked Questions

What is the advantage of Pictometry?

Pictometry offers a significant advantage compared to traditional overhead photography by taking previously
complex technologies, adding a wealth of new features, and then making it affordable and easy-to-use. The
result is a revolutionary way to use aerial imaging that was unheard of just a few years ago.

Back to top

§

What makes Pictometry images different from traditional aerial photography or satellite imagery?
There are many aspects of Pictometry that are dynamically changing the use of visual information systems and
how organizalions think about aerial imaging: \

1. Georeferenced oblique images - Pictometry has broken new ground on providing metric oblique
images that are accurately georeferenced down to the pixel level.

2. Instant recognition of any location - Because of their oblique nature, Pictometry images do not
require advanced photo-interpretation skills in order to recognize features in the image. The data is \ N
presented from a view we are all used to Seeing. Oblique simply means images were taken atanangle. N
This provides a vital benefit for first responders as they can more easily and quickly understand the area \
and surroundings of where they are going. \ \

3. Client image library - Piclometry has created a centralized storage and defivery system that allows all ~ §
of the images captured to be stored in & central repository and quickly queried at the click of @ mouse to
find all images that point to a region of interest.

4. Easy and intuitive - Pictometry has been designed to be both powertul and easy to use. With very litle
training, operators can become immediately productive with Pictomelry's measurement tools. \

5. Intelligent Images™ - Pictometry’s all-digital, fully georeferenced images include all the data necessary \
to use the images without any required knowledge of coordinates, datums or projection systems. A user
needs only to double click on an image and Pictomelry does the rest. \

6. High_resolution - Pictometry's digital aerial photos allow viewers to see detailed information of building \
and land attributes attributes such as doors, windows, number of floors, building composition, roads,
trees, and many other neighborhood features, yet they cannot be used to identify people or read license  §
plates.

7. Renewable image libraries - Pictometry's image lioraries are refreshed every two years, or more often \
it desired, allowing customers to analyze changes that have taken place over time. \
Back to top

How is Pictometry used?

There are endless applications for Pictometry. From 9-1-1 dispatching centers, homeland security and
emergency management agencies, and first responders, to engineering firms, community planning agencies,
and transportation departments. Pictometry provides visual information that lets you see everywhere, measure
anything, and plan everything.

Back to top

Does Pictometry provide surveying capabilities?
No. Pictometry provides a second order visualization tool supporting the needs of its many market segmentsby ~ \\
using digital aerial images, software, and existing topographical data. The company does not produce \

hrtp:/ireplay. waybackmachine org/20050801231818/hitp://wew.pictomeiry.com/fag.asp (2 of 10}4/572011 7:04:33 PM
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authoritative or definitive information (surveying) from its aerial images or its software.

The differences between surveying and Pictometry measuring tools are significant. Surveying involves a
detailed measuring process by licensed professionals on site to determine very specific measurements for real
property and building measurements with certified accuracy. Pictometry is designed as  reference tool where
these types of exact measurements are not required, but there is a critical need for visual data to provide vital
information that can help save time, resources, and lives.

For example, in an emergency situation, such as a fire, a police action, a homeland security event, arriving at AN
centimeter accuracy to respond to  lfe-threatening situation is not needed. Nor is it practical or fimely for public \ \
safety officials to engage in surveying activities when time is of the essence in providing a proper, well-planned
response.

Pictometry has proven itself to be a valuable tool that enables public safety professionals to better understand \ \
the situation they are responding to with an easy-to-use visual tool that gives them enough information to quickly \ A LA
and more effectively respond to any given situation. For law enforcement it may mean knowing what the buiding NN \
measurements are during a hostage situation. For fire officials, Pictomelry can be used to measure the height of NN \
an elevator shaft for placement of ladders and hoses. For search and rescue or medical response units, it may N\ W\ \\ \
be finding and measuring a raving where an accident has taken place. In all these situations, the abity to obtain  NANNN
measurements quickly and easily can potentially make the difference between a successful rescue and a tragic
outcome.

For engingering, transportation, utiity, planning, and architectural applications, Pictometry enhances the pre-
inspection process with a better visual inspection of buildings and properties that can save time and resources.
For example, Pictometry can help enginegring, architectural, planning, and surveying teams to know before they
armive on site, what environmental factors, conditions, obstacles, and other potential hindrances might be at the \\ \
site that could prevent a successtul survey. Using printed images from Pictometry, Surveyors can more easily
and quickly locate their survey points. Once a survey is completed by a licensed professional, Pictometry
images can be supplied with the certified survey to present project concepts that are easier to understand by
clients who may not have surveying and/or engineering backgrounds.

Back to top

What are some of the specific applications for Pictometry in these environments?

Pictometry provides a powerful tool that can help multiple organizations, departments and agencies save
valuable time, money, and resources. In the case of emergency response personnel, the ability to respond with
acourate information can save not only time and resources, but potentially lives as well. The following are just a
few of the many key applications where Pictometry adds value:

Law Enforcement:

+ Identify staging and surveillance areas

+ Search, raid, and seizure planning

+ Photo documentation for search warrant applications

+ Traffic control analysis, evacuation planning, and routing

hupdireplay. waybackmachine.org/20050801231818/http:/fwww. pictometry.comffaq.asp (3 of 1014/9/2011 7:04:33 PM
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+ Landiair coordination in search and rescue ef N
S -
o Turn night into day - winter into Summer \\\\\\\\\\
+ Historical archiving and accident reconstruction A \\\ :\&\\§

MR \ \\\x

\

o Logistical analysis \
+ Statistical mapping \
\\\\\\\

e

Fire Departments:

« Preplanresponses for major structures and faciities

« Locate and establish field command centers

« Measure hose distance from water sources and hydrants to fire

« Zoom in and inspect structural composition, roof layout, and access points

o Access structural inventories such as sprinklers and hazardous material lists
« View impact of wind direction on neighborhood for potential evacuations

+ Integrate third-party data such as plume impact

« Send coordinates of house numbering systems to MDTs in vehicles en route

9-1-1:

o Instantly view multiple images of caller location at time of cal

« View alternate traffic routes to incidents

+ View each address from multiple angles for entry and escape points

+ Measure height, length, and width of buildings

+ Provide remote guidance on location of electrical wires and other obstacles that might impair
equipment or helicopter access

+ Integrate third-party information such as dispatch software and records management systems

+ Monitor foot chases through visual clues and provide assistance to officers on the scene

+ Using visual clues, help identify true location of incidents that are called in that may not be the
actual incident area.

Homeland Security

» Pre-emptive and concurrent tactical planning against terrorism

o Use for training exercises

+ Conduct vulnerability analysis and threat assessments of public utilities such as water supplies,
coastal areas, and electrical distribution systems

+ Find the best location for field command posts and apparatus postioning

+ Create visual databases of critical infrastructure such as bridges, dams, roads, chemical outlets,
petroleum pipelines, storage facilities, landmarks, and other public buildings

+ Instantly assess situational environments — measure angles, distance, height, and width of any
structure or property

» Growd contro! and evacuations

» Ensure that manpower and resource deployment match the situation

hitpiireplay. waybackmachine.org 2005080123 1818Mttp:/fwww pictomesry.com/fag.asp (4 of 1014/9/2011 7:04:33 PM
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Engineering, Transportation and Utilities

+ Highlight and coordinate new roadway or other construction sites, schedules, and progress with
drawing tools

+ Inspect and pre-plan new developments before sending out Survey crews

o Import data from GIS and other sources for asset location of water mains, electrical distribution
systems, and zoning information

+ View adjoining properties for impact

o Automatically calculate acreage or square footage

« Review properties for planning rights of way and easements

+ View neighborhoods for growth and traffic flow analysis Back to top

Can | “zoom in” on these images for more detailed information?

Yes. Pictometry gives you the ability to zoom in and out of all images. However, the term “zoom in” can be very  § \ N\ §
TN

misleading in discussions regarding privacy issues.
Back to top

What about privacy issues? \
Itis understandable that when some people first see Pictometry they may get the wrong idea that we can zoom

. NBMTTIHR
into recognize them, read their car's license plate, and otherwise obtain personal information from the images. MMM

While Pictometry images offer detailed information on building and property features such as roof lings, road
markings, bushes and shrubs, the images cannot be viewed at sufficient levels of detail that would permit
license plates to be readable or peaple to be recognized.

Communities using Pictometry have long understood that our digital imagery, while indeed impressive at 6-nch N\ AN
. MUMMIK

pixel resolution, substantially deteriorates in resolution beyond this point.

Below is an example of trying to use the system beyond its stated parameters of operation.
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Above: Full Neighborhood image
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Above: Image at 100%

Above: Image at 200%
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Hie

Back to top

Can | link my existing mapping and GIS to Pictometry? \
Yes. Pictomelry software can overlay shape files directly on top of both oblique and orthogonal images as well

as display a wide variety of other vector data.
Back to top

How are Pictometry images stored?
The image raster data is stored in an industry standard image file format such as JPEG, TIFF or MrSID.
Back to top

Can the images be annotated?

Yes. Pictometry provides a number of annotation tools as well s allowing the users-to attach and geolocate
other documents or files, such as a Word or Excel document or even a corresponding image or video from
another source.

Back to top

What coordinate systems does Pictometry support? LM
Internall, Pictomelry works in WGS84 latfon. However, Pictometry can translate coordinate systems on-the-fly N\

that enhance interoperability with many common coordinate systems.
Back to top
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What are the requirements for each client workstation?

There are not many specific ‘requirements.” Pictometry’s software will run on most Windows platforms.
Pictometry specifically tests compatibility with Windows NT, XP and 2000.

Back to top
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12/148,439 PERSHING ET AL.
Office Action Summary Examiner ARt Unit
DAVID J. CLARK 3628

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address -
Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) OR THIRTY (30) DAYS,
WHICHEVER IS LONGER, FROM THE MAILING DATE OF THIS COMMUNICATION.

Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed

after SIX (6) MONTHS from the mailing date of this communication.
- 1§ NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication.
- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133).

Any reply received by the Office later than three months atter the mailing date of this communication, even if timely filed, may reduce any

earned patent term adjustment. See 37 CFR 1.704(b).

Status

)X Responsive to communication(s) filed on 25 July 2011.

a)[J This action is FINAL. 2b)4 This action is non-final.

3)[OJ Since this application is in condition for allowance except for formal matters, prosecution as to the merits is
closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11,453 O.G. 213.

Disposition of Claims

4 Claim(s) 1.4.5.8.10,14-19 and 21-61 is/are pending in the application.
43a) Of the above claim(s) is/are withdrawn from consideration.

) Claim(s) is/are allowed.

6)J Claim(s) 1.4.5.8.10.14-19 and 21-61 is/are rejected.

)& Claim(s) 39 is/are objected to.

)] Claim(s) _____

are subject to restriction and/or election requirement.

Application Papers

9)[J The specification is objected to by the Examiner.
10)(J The drawing(s) filed on is/are: a)[_] accepted or b)[] objected to by the Examiner.
Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a).
Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121(d).
11)[] The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PTO-152.

Priority under 35 U.S.C. § 119

12)[0J Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
a)[J Al b)[] Some * ¢)[] None of:
1.0 Certified copies of the priority documents have been received.
2.0 Certified copies of the priority documents have been received in Application No.
3.[] Copies of the certified copies of the priority documents have been received in this National Stage
application from the International Bureau (PCT Rule 17.2(a)).
* See the attached detailed Office action for a list of the certified copies not received.
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1) E Notice of References Cited (PTO-892) 4) D Interview Summary (PTO-413)
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U.S. Patent and Trademark Office
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Application/Control Number: 12/148,439 Page 2
Art Unit; 3628

DETAILED ACTION

Status of Claims

1. This action is in reply to the response filed on 25 July 2011.

2. Claims 21, 22, and 59 have been amended.

3. Claims 41-61 have been added by previous amendment.

4. Claims 2, 3,6, 7, 9, 11-13 and 20 have been canceied by preliminary amendment.

5. Claims 1, 4,5, 8, 10, 14-19, and 21-61 are currently pending and have been examined.

Information Disclosure Statement
6. The Information Disclosure Statements filed on 20 June 2011 and 25 July 2011 have been
considered. Initialed copies of the Form 1449 are enclosed herewith.
7. The contents of information disclosure statement filed 20 June 2011 and 25 July 2011 which are
lined through fail to comply with the provision of 37 CFR 1.98 because these contents cannot be

listed in a printing patent. These contents which are the internal office actions such as a reply or a

notice of allowance issued by a patent Examiner should not be listed in a grintingAgatent.
According to 37 CFR 1.98 (a) (2) (i) or (iv), the considered portions, i.e. with the Examiner's
initials will be listed in a printed patent:

(i) Each publication or that portion which caused it to be listed, other than U.S. patents and U.S.
patent application publications unless required by the Otffice;
(iv) All other information or that portion which caused it to be listed.

Therefore, pursuant to 37 CFR 1.98, Applicant should submit the contents as U.S. patents, U.S.
patent application publication and/or pending unpublished U.S. applications.

As per request for considering the portions or contents that are the internal Examiner
office actions, these portions are considered by the Examiner, but they are lined through

because of 37 CFR 1.98 (a) (2) (ii) or (iv).
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10.

11.

12.

Claim Objections
The Amendments to claims 21, 22, and 59 are acceptable. Therefore the previous objections to
claims 21, 22, and 59 are hereby withdrawn. The Examiner thanks the Applicant for correcting
these minor deficiencies.
Claim 39 is objected to because of the following informalities: Claim 39 is dependent on claim 39.
For examining purposes, claim 39 wil be interpreted as being dependent on ctaifn 37.

Appropriate correction is required.

Response to Arguments
Applicants arguments with respect to claims 1, 29, 30, 37, 41, 52, 56, and 59 have been

considered but are moot in view of the new ground(s) of rejection.

Claim Rejections - 35 USC § 103
The following is a quotation of 35 U.S.C. 103(a) which forms the basis for all obviousness
rejections set forth in this Office action:

(a) A patent may not be obtained though the invention is not identically disclosed or described as
set forth in section 102 of this title, if the differences between the subject matter sought to be
patented and the prior art are such that the subject matter as a whole would have been obvious
at the time the invention was made to a person having ordinary skill in the art to which said
subject matter pertains. Patentability shall not be negatived by the manner in which the invention
was made.

The factual inquiries set forth in Graham v. John Deere Co., 383 U.S. 1, 148 USPQ 459 (1966),
that are applied for establishing a background for determining obviousness under 35
U.S.C. 103(a) dre summarized as follows:

Determining the scope and contents of the prior art.

Ascentaining the differences between the prior art and the claims at issue.

Resolving the level of ordinary skill in the pertinent art.

Considering objective evidence present in the application indicating obviousness or
nonobviousness.

PN~
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13.

Claims .1, 4,5, 8, 10, 14-19, 21-28, 35, and 36 are rejected under 35 U.S.C. 103(a) as being
unpatentable over Kubo (US PGP 2006/0265287 A1) in view of Pictometry® “Frequently Asked
Questions” www.pictometry.com/faq.asp per wayback - machine
(http://replay.waybackmachine.org/20050801231818/http://www.pictometry.com/faq.asp) dated 1
August 2005, hereafter pictometryfaq in view of Yahiro et al. (US PGP 2007/0150366 A1) in view

of “Roof with a View” Mann, Will; Contract Journal November 23, 2005, pp.29 hereafter Mann.

Claim 1:

Kubo, as shown, discloses the following limitations:
A system for remotely determining measurements of a roof, comprising:

e a computer incll)ding an input means, a display means and non-transitory memory (see at
least paragraph 0053;

e a roof estimation software program stored in the non-transitory memory (see at least
paragraph 0053)

Kubo does not disctose the following limitations, but pictometryfag however, as shown, does:

e and operable to cause a processor of the computer to:

o receive location information of a building in the selected region (see at least page 2,
“Instant recognition of any location”);

o receive aerial image files showing the roof sections of said building (see at ieast page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”; page 4, “Zoom in and inspect structural composition, roof-layout,
and access points”; and page 4, “Measure height, length and width of buildings”); and,

o outputting a report having the determir;ed measurements therein (see at least page 9,
“Pictometry provide a number of annotation tools as well as allowing the user to attach
and geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”)
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It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful
toél that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Kubo in view of pictometryfaq does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

o determine, based on said aerial image files, the measurements of the roof including size,
geometry, of the roof sections of said building (see at least paragraph 0023, “Layout of
the solar modules can be determined based on the size and orientation of the customer’s
roof, which can be determined from the aerial or satellite image.” combined with
paragraph 0032, “These additional costs might include electric work, and costs
associated with the height, pitch, and material of the roof.”).

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo in view of pictometryfag with the technique of Yahiro et al. in order to
provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Kubo in view of pictometryfaq in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

o determine, based on said aerial image files, the measurements of the roof including the
pitch of the roof sections of said building (see at least paragraphs 0008-0009, “The user
need only take a digital photograph of the house or housing to be re-roofed, download it
onto a PC, then enter just one dimension measurement, commonly the length of the roof
rafter, which can be calculated by counting the number of tile courses, points out Rose.”
(0009] “Viewmaster then automatically calculates all the other dimensions and the roof

pitch, and takes into account other roof details such as ridges, valleys and verges.”
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It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo in view of pictometryfaq in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity." (Mann, paragraph 0008).

Claims 5, 8, and 15:
Kubo in view of pictometryfaq in view of Yahiro et al. in view of Mann discloses the limitations of

claim 1 as shown above. Moreover, Kubo, as shown, discloses the following limitations:

(Claim 5) wherein the roof estimation software program stored in the non-transitory memory is
further operable to cause the processor of the computer to access an aerial image file database
that is located on a second computer that is remote from said computer (see at least paragraph

0053).

(Claim 8) wherein the roof estimation software program stored in the non-transitory memory is
further operable to cause the processor of the computer, to receive a request for an estimate at

said computer from remote locations (see at least paragraph 0053).

(Claim 15) wherein the roof estimation software program is further operable to cause the
processor of the computer to produce a solar panel installation estimate based on the determined
measurements (see at least paragraph 0013, “This makes it possible to appropriately design the
layout of the solar cell module according to the roof, and to draw up the estimate in accordance

with the layout.”).
Claim 4:

Kubo in view of pictometryfaq in view of Yahiro et al. in view of Mann discloses the limitations of

claim 1 as shown above. Moreover, Kubo, as shown, discloses the following limitations:
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e the aerial image file database loaded into said non-transitory memory of said computer (see
at least paragraph 0056)

Kubo does not disclose the following limitations, but pictometryfaq however, as shown, does:

e further comprising an aerial image file database containing a plurality of aerial images of
roofs of buildings (see at least page 2, “Client image library...digital aerial photos allow
viewers to see detailed information of building and land attributes”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful

tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Claim 14:

Kubo in view of pictometryfaq in view of Yahiro et al. in view of Mann discloses the Iimitatibns of
claim 1 as shown above. Kubo and pictometryfag do not explicitly disclose wherein the roof
estimation software program is further operable to cause the processor of the computer to
produce an HVAC installation estimate based on the determined measurements. Pictometryfaq
in at least page 2 discloses estimates based on the determined measurements, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan everything”
to be used in applications such as engineering "architectural, planning and surveying,
(pictometryfaq page 3). Therefore, it would have been obvious to one of ordinary skill in the art at
the time of the invention to include in the system of Kubo in view of pictcmetryfaq the ability to
produce an HVAC installation estimate based on the determined measurements, since the
claimed invention is merely a combination of old élements, and in the combination each element
merely would have performed the same function as it did separately, and one of ordinary skill in

the art would have recognized that the results of the combination were predictable.
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Claim 10:

Kubo, as shown, discloses the following limitations:
A system for remotely determining measurements of a roof, comprising:

e a computer including an input means, a display means and non-transitory memory (see at
least paragraph 0053;

e a roof estimation software program stored in the non-transitory memory (see at least
paragraph 0053)

Kubo does not disclose the following limitations, but pictometryfag however, as shown, does:

e and operable to cause a processor of the computer to:

o receive location information of a building in the selected region (see at least page 2,
“Instant recognition of any location”);

o receive aerial image files showing the roof sections of said building (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”; page 4, “Zoom in and inspect structural composition, roof layout,
and access points”; and page 4, “Measure height, length and width of buildings”); and,

o produce a roof construction estimate based on the determined measurements (see at
least page 9, “Pictometry provide a number of annotation tools as well as allowing the
user to attach and geolocate other documents or files , such as a Word or Excel
document or even a corresponding image or video from another source.”)

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful
tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Kubo in view of pictometryfaq does not disclose the following limitations, but Yahiro et al.

however, as shown, does:
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o

determine, based on said aerial image files, the measurements of the roof including size,
geometry, of the roof sections of said building (see at least paragraph 0023, “Layout of
the solar modules can be determined based on the size and orientation of the customer’s
roof, which can be determined from the aerial or -satellite image.” combined with
paragraph 0032, “These additional costs might include électric work, and costs

associated with the height, pitch, and material of the roof.”).

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo in view of pictometryfag with the technique of Yahiro et al. in order to

provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Kubo in view of pictometryfaq in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

(@]

determine, based on said aerial image files, the measurements of the roof including the
pitch of the roof sections of said building (see at least paragraphs 0008-0009, “The user
need only take a digital photograph of the house or housing to be re-roofed, download it
onto a PC, then enter just one dimension measurement, commonly the length of the roof
rafter, which can be calculated by counting the number of tile courses, points out Rose.”
[0009] “Viewmaster then automatically calculates all the other dimensions and the roof

pitch, and takes into account other roof details such as ridges, valleys and verges.”

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo in view of pictometryfag in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity.” (Mann, paragraph 0008).

Claim 16:

Kubo, as shown, discloses the following limitations:

A system for remotely determining measurements of a roof, comprising:
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a computer including an input means, a display means and non-transitory memory (see at

least paragraph 0053;

a roof estimation software program stored in the non-transitory memory (see at least

paragraph 0053)

Kubo does not disclose the following limitations, but pictometryfaq however, as shown, does:

and operable to cause a processor of the computer to:

[¢]

receive location information of a building in the selected region (see at least page 2,
“Instant recognition of any location”);

receive aerial image files showing the roof sections of said building (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”; page 4, “Zoom in and inspect structural composition, roof layout,
and access points”; and page 4, “Measure height, length and width of buildings”); and,
produce a roof gutter installation estimate based on the determined measurements (see
at least page 9, “Pictometry provide a number of annotation tools as well as allowing the
user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”)

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful

tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Kubo in view of pictometryfaq does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

determine, based on said aerial image files, the measurements of the roof including size,
geometry, of the roof sections of said building (see at least paragraph 0023, “Layout of
the solar modules can be determined based on the size and orientation of the customer's

roof, which can be determined from the aerial or satellte image.” combined with
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paragraph 0032, “These additional' costs might include electric work, and costs
associated with the height, pitch, and material of the roof.”).
It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo in view of pictometryfaq with the technique of Yahiro et al. in order to
provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Kubo in view of pictometryfaq in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

o determine, based on said aerial image files, the measurerr;ents of the roof including the
pitch of the roof sections of said building (see at least paragraphs 0008-0009, “The user
need only take a digital photograph of the house or housing to be re-r‘oofed, download it
onto a PG, then enter just one dimension measurement, commonly the length of the roof
rafter, which can be calculated by counting the number of tile courses, points out Rose.”
[0009] “Viewmaster then automatically calculates all the other dimensions and the roof
pitch, and takes into account other roof details such as ridges, valleys and verges.”

it would have been obvious to one of ordinary skill in the art at the time of the invention {0
combine the system of Kubo in view of pictometryfag in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity.” (Mann, paragraph 0008).

Claim 17:

Kubo, as shown, discloses the following limitations:
A system for remotely determining measurements of a roof, comprising:

e a computer including an input means, a display means and non-transitory memory (see at
least paragraph 0053;
e a roof estimation software program stored in the non-transitory memory (see at least

paragraph 0053)
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Kubo does not disclose the foliowing limitations, but pictometryfaq however, as shown, does:

e and operable to cause a processor of the computer to:

[0}

receive location information of a building in the selected region (see at least page 2,
“Instapt recognition of any location”);

receive aerial image files showing the roof sections of said building (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything”, page 4, “Zoom in aﬁd inspect structural composition, roof layout,
and access points”; and page 4, “Measure height, length and width of buildings”); and,
produce a repair or replacement estimate based on the determined measurements (see
at least page 9, “Pictometry provide a number of annotation tools as well as allowing the
user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”)

it would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful

tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Kubo in view of pictcmetryfaq does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

[¢)

determine, based on said aerial image files, the measurements of the roof including size,
geometry, of the roof sections of said building (see at least paragraph 0023, “Layout of
the solar modules can be determined based on the size and orientation of the customer's
roof, which can be determined from the aerial or satellite image.” combined with
paragraph 0032, “These additional costs might include electric work, and costs

associated with the height, pitch, and material of the roof.”).

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo in view of pictometryfag with the technique of Yahiro et al. in order to
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provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al.,, paragraph 0034).

Kubo in view of pictometryfaq in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

o determine, based on said aerial image files, the measurements of the roof including the
pitch of the roof sections of said building (see at least paragraphs 0008-0009, “The user
need only take a digital photograph of the house or housing to be re-roofed, download it
onto a PC, then enter just one dimension measurement, commonly the length of the roof
rafter, which can be calculated by counting the number of tile courses, points out Rose.”
[0009] “Viewmaster then automatically calculates all the other dimensions and the roof
pitch, and takes into account other roof details such as ridges, valleys and verges.”

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo in view of pictometryfaq in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity.” (Mann, paragraph 0008).

Claim 35:

Kubo, as shown, discloses the following limitations:

A system for remotely determining measurements of a roof, the system comprising:

e a computer including an input means, a display means and non-transitory memory (see at
least paragraph 0053;

e a roof estimating software program stored in the non-transitory memory (see at least
paragraph 0053)

Kubo does not disclose the following limitations, but pictometryfaq however, as shown, does:

e and operable to cause a processor of the computer to:
o receive location information of a building in the selected region (see at least page 2,

“Instant recognition of any location”);
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o present aerial )'mage files showing the roof sections of said building and showing
measurements of the roof (see at least page 2, “Pictometry provides visual information
that lets you see everywhere, measure anything, a.nd plan everything” and page 4, “Zoom
in and inspect structural composition, roof layout, and access points”); and,

o outputting a report including the determined measurements therein (see at least page 9,
“Pictometry provide a number of annotation tools as well as allowing the user to attach
and geolocate other documents or files , such as a Word or Excel document or even a
corresponding image or video from aﬁ’other source.”)

It would have been obvicus to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful
tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Kubo in view of pictometrytag does not disclose the following limitations, but Yahiro et al

however, as shown, does:

o determine, based on said aerial image files, the measurements of the roof including size,
geometry, of the roof sections of said building (see at least paragréph 0023, “Layout of
the solar modules can be determined based on the size and orientation of the customer’s
roof, which can be determined from the aerial or satellite image.” combined with
paragraph 0032, “These additional costs might include electric work, and costs
associated with the height, pitch, and material of the roof.”).

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo in view of pictometryfaq with the technique of Yahiro et al. in order to
provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Kubo in view of pictometryfaq in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:
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o determine, based on said aerial image files, the measurements of the roof including the
pitch of the roof sections of said building (see at least paragraphs 0008-0009, “The user
need only take a digital photograph of the house or housing to be re-roofed, download it
onto a PC, then enter just one dimension measurement, commonly the length of the roof
rafter, which can be calculated by counting the number of tile courses, points out Rose.”
[0009] “Viewmaster then automatically calculates aI] the other dimensions and the roof
pitch, and takes into account other roof details such as ridges, valleys and verges.”

It would have been obvious to one of ordinary skill in the art at the time of the invéntion to
combine the system of Kubo in view of pictometryfaq in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity." (Mann, paragraph 0008).

Claim 36:
Kubo in view of pictometryfag in view of Yahiro et al. in view of Mann discloses the limitations of

claim 35 as shown above. Moreover, Kubo, as shown, discloses the following limitations:

o further comprising a database (see at least paragraph 0056).

Kubo does not disclose the following limitations, but pictometryfaq however, as shown, does:

e an aerial image file database that includes the presented aerial images (see at least page 2,
“Client image library”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful

tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).
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14.

Claims 18, 19, and 21-28 are rejected under 35 U.S.C. 103(a) as being unpatentable over

pictomnetryfaq in view of Kubo in view of Yahiro et al. in view of Mann.

Claim 18:

Pictometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:

[e]

receiving, by a roof computer system, a request for a measurement of a roof of a building
(see at least page 2, “Instant recognition of any location” and at least page 4, “Zoom in
and inspect structural composition, roof layout, and access points”);

generating, by the roof computer system, a roof report based on the determiﬁed
measurements (see at least page 2, “Pictometry provides visual information that lets you
see everywhere, measure anything, and plan everything” and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and other
documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”)

outputting the generated roof report (see at least pagé 9, “Pictometry provide a number of
annotation tools as well as allowing the user to attach and other documents or files ,
such as a Word or Excel document or even a corresponding image or video from another

source.”)

Pictometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

o

receiving, by the roof system, a request for measurement of a roof of a building (see at

least paragraph 0059, “receives the visit request information”),

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful
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tool that can help mulfiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Pictometryfaq in view of Kubo does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

o}

determining, by a calibration module of the roof computer system (see at least paragraph
0019, “web browser software”), measurements of the roof including size, geometry of roof
sections of the building using aerial image files of said roof of the building at said location
(see at least paragraph 0023, “Layout of the solar modules can be determined based on
the size and orientation of the customer's roof, which can be determined from the aerial
or satellite image.” combined with paragraph 0032, “These additional costs might inciude

electric work, and costs associated with the height, pitch, and material of the roof.”).

It would have been obvicus to one of ordinary skill in the art at the time of the invention to

combine the system of pictometryfag in view of Kubo with the technique of Yahirc et al. in order to

provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Pictometryfaq in view of Kubo in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

)

determining, measurements of the roof including size, geometry of roof sections of the
building using aerial image files of said roof of the building at said location (see at least
paragraphs 0008-0009, “The user need only take a digital photograph of the house or
housing to be re-roofed, download it onto a PC, then enter just one dimension
measurement, commonly the length of the roof rafter, which can be calculated by
counting the number of tile courses, points out Rose.” [0009] “Viewmaster then
automatically calculates all the other dimensions and the roof pitch, and takes into

account other roof details such as ridges, valleys and verges.”
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It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of pictometryfaq in view of Kubo in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity.” (Mann, paragraph 0008).

Claims 19 and 21-28:
pictometryfag in view of Kubo in view of Yahiro et al. in view of Mann discloses the limitations of

claim 18 as shown above. Moreover, pictometryfaq, as shown, discloses the following limitations:

(Claim 19) wherein receiving tﬁe request for the measurement includes receiving the request
from at least one of: a building tenant (page 2, “customer”), a building owner (page 2,
“customer”), a roofing contractor (page 3), a solar panel installation company (page 3,
“architectural’), a gutter installation company (page 3, “architectural”), an HVAC company (page

3, “architectural®), and an insurance company).

(Claim 21) wherein generating the roof estimate report includes generating a line drawing of the
roof labeled with at least one of the determined measurements (see at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and other documents
or files, such as a Word or Excel document or even a corresponding image or video from another

source.”)

(Claim 22) wherein the roof estimate report includes at least one of the aerial images (see at least
page 9, ‘Pictometry provide a number of annotation tools as well as allowing the user to attach
and other documents or files, such as a Word or Excel document or even a corresponding image

or video from another source.”)

(Claim 23) wherein determining the measurements of the roof includes constructing, based on the

aerial images, a three-dimensional geometry of the roof (see at least page 2, “Instant recognition
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of any location” and at least page 4, “Zoom in and inspect structural composition, roof layout, and

access points”).

(Claim 24) The method of claim 23 wherein constructing the three-dimensional geometry of the
roof includes co-registering, based on a set of reference points, the aerial images (see at least
page 2, “Instant recognition of any location” and at least page 4, “Zoom in and inspect structural

composition, roof layout, and access points”).

(Claim 25) wherein determining the measurements of the roof includes determining linear
measurements of the sections of said roof (see at least page 2, “Instant recognition of any
location” and at least page 4, “Zoom in and inspect structural composition, roof layout, and

access points”).

(Claim 26) wherein determining the measurements of the roof includes identifying ridges and/or
valleys of said roof. (see at least page 2, “Instant recognition of any location” and at least page 4,

“Zoom in and inspect structural composition, roof layout, and access points”).

(Claim 27) wherein receiving the request for the measurement of the roof includes receiving, from
a customer, an address of said building (see at least page 2, “Instant recognition of any location”

and at least page 4, “View each address from multiple angles”)

(Claim 28) wherein obtaining the aerial images of said roof includes receiving the aerial images
from an aerial image database (see at least page 2, “Instant recognition of any location” and
“Client image library.. .digital aerial photos allow viewers to see detailed information of building

and land attributes”).
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15.

Claims 29, 30, 37-51, and 56-61 are rejected under 35 U.S.C. 103(a) as being unpatentable over
pictometryfaq in view of Kubo in view of Yahiro et al. in view of Mann in view of Tao et al. (US

PGP 2008/0310756 A1).

Claim 29:

Pictometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:

o the request including location information for the building (see at least page 2, “Instant
recognition of any location™), the roof including a plurality of sections (see at least page 4,
“Zoom in and inspect structural composition, roof layout, and access points”);

o obtaining, based on the location information, aerial images of the roof of the building (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and page 4, “Zoom in and inspect structural
composition, roof layout, and access points”);

o producing a roof estimate report based on the determined measurements of the roof (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and at least page 9, “Pictometry provide a
number of annotation tocls as well as allowing the user to attach and geolocate other
documents or files, such as a Word or Excel document or even a corresponding image or
video from another source.”)

Pictometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimation system (see at least paragraph 0053) :
o receiving a request for measuring a roof of a building (see at least paragraph 0059,
“receives the visit request information”),
It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of pictometryfaq with the technique of Kubo in order to provide “a powerful
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tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Pictometryfag in view of Kubo does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

o determining, based on the obtained aerial images, the measurements of the roof, the
measurements including an area (see at least paragraph 0023, “Layout of the solar
modules can be determined based on the size and orientation of the customer’s roof,
which can be determined from the aerial or satellite image.”);

It would have been obvious to one of ordinary skill in the art at the time of the in\}ention to
combine the system of pictometryfaq in view of Kubo with the technique of Yabhiro et al. in order to
provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Pictometryfaq in view of Kubo in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

o determining, based on -the obtained aerial images, the measurements of the roof, thé
measurements including a pitch (see at least paragraphs 0008-0009, “The user need
only take a digital photograph of the house or housing to be re-roofed, download it onto a
PC, then enter just one dimension measurement, commonly the length of the roof rafter,
which can be calculated by counting the number of tile courses, points out Rose.” [0009]
“Viewmaster then automatically calculates all the other dimensions and the roof pitch,

and takes into account other roof details such as ridges, valleys and verges.”
it would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of pictometryfaq in view of Kubo in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity." (Mann, paragraph 0008).

Kubo in view of pictometryfaq in view of Yahiro in view of Mann does not disclose the following

limitations, but Tao et al. however, as shown, does:
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o

of the plurality of sections of the roof (see at least figure 17 and paragraph 0120);

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo in view of pictometryfaq in view of Yahiro with the technique of Tao

et al. in order to provide “an accurate but inexpensive first quote to customers who show an initial

interest” (Yahiro et al.; paragraph 0034).

Claim 30:

Pictometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:

o

the request including location information for the building (see at‘ least page 2, “Instant
recognition of any location”), the roof including a plurality of sections (see at least page 4,
“Zoom in and inspect structural composition, roof layout, and access points”);

obtaining, based on the location information, aerial images of the roof of the building (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and page 4, “Zoom in and inspect structﬁral
composition, roof layout, and access points”);

producing a roof estimate report based on the determined measurements of the roof (see
at least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything” and at least page 9, “Pictometry provide a
number of annotation tools as well as allowing the user to attach and geolocate other
documents or files , such as a Word or Excel document or even a corresponding image

or video from another source.”)

Pictometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

under control of a roof estimation system (see at least paragraph 0053):

(o]

receiving a request for measuring a roof of a building (see at least paragraph 0059,

“receives the visit request information”),
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It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful
tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Pictometryfaq in view of Kubo does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

o determining, based on the obtained aerial images, the measurements of the roof, the
measurements including an area and a pitch (see at least paragraph 0023, * Layout of the
solar modules can be determined based on the size and orientation of the customer’s
roof, which can be determined from the aerial or satellite image.”);

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of pictometryfaq in view of Kubo with the technique of Yahiro et al. in order to
provide “an accurate but inexpensive first quote to customers who show an initial interest’ (Yahiro

et al., paragraph 0034).

Pictometryfag in view of Kubo in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

o determining, based on the obtained aerial images, the measurements of the roof, the
measurements including the pitch (see at least paragraphs 0008-0009, “The user need
only take a digital photograph of the house or housing to be re-roofed, download it onto a
PC, then enter just one dimension measurement, commonly the length of the roof rafter,
which can be calculated by counting the number of tile courses, points out Rose.” [0009]
“Viewmaster then automatically calculates all the other dimensions and the roof pitch,

and takes into account other roof details such as ridges, valleys and verges.”
it would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of pictometryfag in view of Kubo in view of Yahiro et al. with the technique of

Mann because "An obvious appeal of the software will be its simplicity." (Mann, paragraph 0008).
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Kubo in view of pictometryfaq in view of Yahiro in view of Mann does not disclose the following

limitations, but Tao et al. however, as shown, does:

o of the plurality of sections of the roof (see at least figure 17 and paragraph 0120);
It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo in view of pictometryfaq in view of Yahiro with the technique of Tao
et al. in order to provide “an accurate but inexpensive first quote to customers who show an initial

interest” (Yahiro et al., paragraph 0034).

Claims 31-34:
pictometryfaq in view of Kubo in view of Yahiro et al. in view of Mann in view of Tao et al.
discloses the limitations of claims 29 and 30 as shown above. Moreover, Pictometryfag, as

shown, discloses the following limitations:

(Claim 30) further comprising producing a roof estimate report measurements include a line
drawing of the roof labeled with at least one of the determined measurements (see at least page
2, “Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything” and at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”).

(Claim 31) wherein the roof estimate report includes a line drawing of the roof labeled with at
least one of the determined measurementis (see at least page 2, “Pictometry provides visual
informaﬁon that lets you see everywhere, measure anything, and plan everything” and at least
page 9, “Pictometry provide a number of annotation tools as well as allowing the user to attach
and geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).
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(Claim 32) wherein determining the measurements of the roof includes constructing, based on the
aerial images, a three-dimensional geomelry of the roof (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan everything”
and at least page 9, “Pictometry provide a number of annotation tools as well as allowing the user
to attach and geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 33) The method of claim 32 wherein constructing the three-dimensional geometry of the
roof includes co-registering, based on a set of reference points, the aerial images (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything” and at least page 9, “Pictometry ‘provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”).

(Claim 34) wherein obtaining the aerial images of the roof includes receiving the aerial images
from an aerial image database (see at least page 2, “Instant recognition of any location” and
“Client image library.. .digital aerial photos allow viewers to see detailed information of building

and land attributes”).

Claim 37:

Pictometryfaq, as shown, discloses the following limitations:

A method for determining measurements of a roof, comprising:
o the request including location information for the building (see at least page 2, “Instant
recognition of any location”), the roof including a plurality of sections (see at least page 4,

“Zoom in and inspect structural composition, roof layout, and access points”);
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o receiving aerial images of the roof of the building from a remote aerial image database,
the receiving based on the location information for the building (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything” and page 4, “Zoom in and inspect structural composition, roof
layout, and access points”);

o outputting a roof estimate report based on the determined measurements of the roof
based on the determined measurements of the roof, the roof estimate report inc/udiné at
least one of the aerial images, at least one line drawing of the roof, an indication of the
identified ridges of the roof, and at least some of the determined measurements (see at
least page 2, “Pictometry provides visual information that lets you see everywhere,
measure anything, and plan everything”) and at least page 9, “Pictometry provide a
number of annotation tools as well as allowing the user to attach and geolocate other
documents or files , such as a Word or Excel document or even a corresponding image
or video from another source.”) |

Pictometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

e under control of a roof estimaiion system (see at least paragraph 0053):
o receiving a request for measuring a roof of a building (see at least paragraph 0059,
“receives the visit request information”),
It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful
tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Pictometryfaq in view of Kubo does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

o determining, based on the obtained aerial images, the measurements of the roof, the

measurements including an area and a pitch (see at least paragraph 0023, “Layout of the

0752



Application/Control Number: 12/148,439 ' Page 27
Art Unit: 3628

solar modules can be determined based on the size and orientation of the customer's
roof, which can be determined from the aerial or satellite image.”);
It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of pictometryfaq in view of Kubo with the technique of Yahiro et al. in order to
provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Pictometryfaq in view of Kubo in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

o determining, based on the obtained aerial images, the measurements of the roof, the
measurements including the pitch (see at least paragraphs 0008-0009, “The user need
only take a digital photograph of the house or housing to be re-roofed, download it onto a
PC, then enter just one dimension measurement, commonly the length of the roof rafter,
which can be calculated by counting the number of tile courses, points out Rose.” [0009]
“Viewmaster then automatically calculates all the other dimensions and the roof pitch,

and takes into account other roof details such as ridges, valleys and verges.”
It would have been obvious to one of ordinary skill in the art at the time of the inventicn to
combine the system of pictometryfaq in view of Kubo in view of Yahiro et al. with the technique of

Mann because "An obvious appea! of the software will be its simplicity." (Mann, paragraph 0008).

Kubo in view of pictometryfaq in view of Yahiro does not disclose the following limitations, but Tao

et al. however, as shown, does:

o of the plurality of sections of the roof (see at least figure 17 and paragraph 0120);
o identifying, based on the received aerial images, ridges of the roof (see at least figure 17
and paragraphs 0119-0120);
it would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo in view of pictometryfaq in view of Yahiro with the technique of Tao
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et al. in order to provide “an accurate but inexpensive first quote to customers who show an initial

interest” (Yahiro et al., paragraph 0034).

Claims 38-40:
pictometryfag in view of Kubo in view of Yahiro et al. in view of Mann in view of Tao et al.
discloses the limitations of claim 37 as shown above. Moreover, Pictometryfag, as shown,

discloses the following limitations:

(Claim 38) wherein determining the measurements of the roof includes constructing, based on the
aerial images, a three-dimensional géometry of the roof (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan everything”
and at least page 9, “Pictometry provide a number of annotation tools as well as allowing the user
to attach and geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 39) The method of claim 39 wherein constructing the three-dimensional geometry of the
roof includes co-registering, based on a set of reference points, the aerial images (see at least
page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,
and plan everything” and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”).

(Claim 40) wherein receiving the request for measuring the roof includes receiving the request
from at least one of: a building tenant (page 2, “customer”), a building owner (page 2,
“customer”), a roofing contractor (page 3), a solar panel installation company (page 3,
“architectural’), a gutter installation company (page 3, “architectural”), an HVAC company (page

3, “architectural®), and an insurance company).
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Claim 41:

Pictometryfaq, as shown, discloses the following limitations:

A method for providing a roof report comprising,

receiving aerial images of a roof having a plurality of sections (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything” and page 4, “Zoom in and inspect structural composition, roof layout, and
access points”);

outputting a roof report including the first generated image (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) and at least page 9, “Pictometry provide a number of annotation tpols as well as
allowing the user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”).

Pictometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

under control of a roof estimation system (see at least paragraph 0053):

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful

tool that can help multiple organizations, departments, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Pictometryfaq in view of Kubo does not disclose the following limitations, but Yahiro et al.

however, as shown, does:

generating a first image of the roof showing a plan view of the roof, the generated image
including a first set of lines (see at least paragraph 0028, “a number of computer aided
design (CAD) views of the custome.r’s premises are generated.” combined with paragraph
0032, “These additional costs might include electric work, and costs assocciated with the

height, pitch, and material of the roof.”};
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it would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of pictometryfaq in view of Kubo with the technique of Yahiro et al. in order to
provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Pictometryfaq in view of Kubo in view of Yahiro et al. does not disclose-the following limitations,

but Mann however, as shown, does:

o indicating the roof pitch measurements of the first generated image (see at least
paragraphs 0008-0009, “The user need only take a digital photograph of the house or
housing to be re-roofed, download it onto a PC, then enter just one dimension
measurement, commonly the length of the roof rafter, which can be calculated by
counting the number of tile courses, points out Rose.” [0009] “Viewmaster then
automatically calculates all the other dimensions and the roof pitch, and takes into
account other roof details such as ridges, valleys and verges.”

It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of pictometryfaq in view of Kubo in view of Yahiro et al. with the technique of -

Mann because "An obvious appeal of the software will be its simplicity.” (Mann, paragraph 0008).

Kubo in view of pictometryfaq in view of Yahiro does not disclose the following limitations, but Tao

et al. however, as shown, does:

e determining roof pitch measurements by constructing a three dimensional geomeltry of the
roof based on the received aerial images (see at least paragraphs 0118-0120).

e representing the section of the roof on the first generated image (see at least figure 17 and
paragraphs 0118-0120);

e said roof pitch measurements determined by the reconstructed three dimensional geometry
and said roof pitch measurements showing a pitch of at least one of the sections within a

section of the roof having the pitch (see at least figure 17 and paragraphs 0118-0120).
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It would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo in view of pictometryfaq in view of Yahiro with the technique of Tao
et al. in order to provide “an accurate but inexpensive first quote to customers who show an initial

interest” (Yahiro et al., paragraph 0034).

Claims 42-51:
pictometryfaq in view of Kubo in view of Yahiro et al. in view of Mann in view of Tao et al.
discloses the limitations of claim 41 as shown above. Moreover, Pictometryfag, as shown,

discloses the following limitations:

(Claim 42) wherein said roof pitch measurements show, within each section, a pitch of the section
(see at least page 2, “Pictometry provides visual information that lets you see everywhere,

measure anything, and plan everything”).

(Claim 43) further comprising:

e indicating roof area measurements on the roof report, said roof area measurements
determined by the reconstructed three dimensional geometry and showing an area of at least
one of the sections within a section of the roof having the area (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word

or Excel document or even a corresponding image or video from another source.”).

(Claim 44) further comprising:
e indicating roof area measurements on the roof report, said roof area measurements
determined by the reconstructed three dimensional geometry and showing, within each

section, an area of the section (see at least page 2, “Pictometry provides visual information
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that lets you see everywhere, measure anything, and plan everything”) and at least page 9,
“Pictometry provide a number of annotation tools as well as allowing the user to attach and
geolocate other documents or files , such as a Word or Excel document or even a

corresponding image or video from another source.”).

(Claim 45) The method of claim 44 wherein the indicating roof area measurements on the roof

report comprises indicating roof area measurements on the roof report on a second generated

image of the roof included in the roof report different than the first generated image (see at least

page 2, “Pictometry provides visual information that lets you see everywhere, measure anything,

and plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as

well as allowing the user to attach and geoiocate other documents or files , such as a Word or

Excel document or even a corresponding image or video from another source.”).

(Claim 46) The method bf claim 45 wherein the indicating roof area measurements on the roof

report on a second generated image of the roof included in the roof report different than the first

generated image comprises:

generating the second image of the roof showing a plan view of the roof, the generated

' second image including a second set of lines representing the sections of the roof on the

second generated image; and indicating roof area measurements on the second generated
image, said roof area measurements determined by the reconstructed three dimensional
geometry and showing an area of at least one of the sections within a section of the roof
having the area, and wherein the outputted roof report includes the first and second
generated images (see at least page 2, "Pictometry-provides visual information that lets you
see everywhere, measure anything, and plan everything”; at least page 4, “create visual
database of critical infrastructure such as bridges dams, roads, chemical outlets, petroleum
pipelines, storage facilities, landmarks, and other public buildings.”; and at least page 9,

“Pictometry provide a number of annotation tools as well as allowing the user to attach and
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geolocate other documents or files , such as a Word or Excel-document or even a

corresponding image or video from another source.”}.

(Claim 47) further comprising:

indicéting roof dimension measurements on the roof report, said roof dimension
measuremeﬁts determined by the reconstructed three dimensional geometry and showing an
approximate actual length of a sloped edge of a roof section proximate to a line of the first set
of lines, said line representing the sloped edge (see at least page 2, “Pictorhetry provides
visual information that lets you see everywhere, measure anything, and plan everything”) and
at least page 9, “Pictometry provide a number of annotation tools as well as allowing the user
to attach and geolocate other documents or files , such as a Word or Excel document or even

a corresponding image or video from another source.”). -

(Claim 48) further comprising:

indicating roof dimension measurements on the roof report, said roof dimension
measurements determined by the reconstructed three dimensional geometry and showing,
proximate to each line of the first set of lines, a dimension of a roof section represented by
the line (see at least page 2, “Pictometry provides visual information that lets you see
everywhere, measure anything, and plan everything”) and at least page 9, “Pictometry
provide a number of annotation tools as well as allowing the user to attach and geolocate
other documents or files , such as a Word or Excel document or even a corresponding image

or video from another source.”)..

(Claim 49) The method of claim 48 wherein the indicating roof dimension measurements on the

roof report comprises indicating roof dimension measurements on the roof report on a second

generated image of the roof included in the roof report different than the first generated image

(see at least page 2, “Pictometry provides visual information that lets you see everywhere,
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measure anything, and plan everything”) and at least page 9, “Pictometry provide a number of

annotation tools as well as aliowing the user o attach and geolocate other documents or files ,

such as a Word or Excel document or even a corresponding image or video from another

source.”)..

(Claim 50) The method of claim 49 wherein the indicating roof dimension measurements on the

roof report on a second generated image of the roof included in the roof report different than the

first generated image comprises:

generating the second image of the roof showing a plan view of the roof, the generated
second image including a second set of lines representing the sections of the roof on the
second generated image see at least page 2, “Pictometry provides visual information that lets
you see everywhere, measure anything, and plan everything”; at least page 4, “create visual
database of critical infrastructure such as bridges dams, roads, chemical outlets, petroleum
pipelines, storage facilities, landmarks, and other public buildings.”; and at least page 9,
“Pictometry provide a number of annotation tools as well as allowing the user to attach and
geolocate other documents or files , such as a Word or Excel document or even a
corresponding image or video from another source.”); and

indicating roof dimension measurements on the second generated image, said roof
dimension measurements determined by the reconstructed three dimensional geometry and
showing an approximate actual length of a sioped edge of a roof section proximate to a line
of the second set of lines, said line representing the sloped edge, and wherein the outputted
roof report includes the first and second generated images (see at least page 2, “Pictometry
provides visual information that lets you see everywhere, measure anything, and plan
everything”) and at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and geolocate other documents or files , such as a Word or Excel

document or even a corresponding image or video from another source.”)..
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(Claim 51) wherein the generated first image of the roof is a line drawing (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and plan
everything”) and at least page 9, “Pictometry provide a number of annotation tools as well as
allowing the user to attach and geolocate other documents or files, such as a Word or Excel

document or even a corresponding image or video from another source.”).

Claim 56:

Pictometryfaq, as shown, discloses the following limitations:

A method for providing a roof report comprising,

e receiving aerial images of a roof having a plurality of sections (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything” and page 4, “Zoom in and inspect structural composition, robf layout, and
access points”);

e outputting a roof report including the first, second and third images (see at least page 2,
“Pictometry provides visual information that lets you see everywhere, measure anything, and
plan everything”) and at least page 9, “Pictometry provide a number of annotation tools as
well as allowing the user to attach and geolocate other documents or files , such as a Word
or Excel document or even a corresponding image or video from another source.”).

Pictometryfaq does not disclose the following limitations, but Kubo however, as shown, does:

s under control of a roof estimation system (see at least paragraph 0053):

it would have been obvious to one of ordinary skill in the art at the time of the invention to
combine the system of Kubo with the technique of pictometryfaq in order to provide “a powerful
tool that can help multiple organizations, departﬁients, and agencies save valuable time, money,

and resources.” (pictometryfaq, page 3).

Pictometryfaq in view of Kubo does not disclose the following limitations, but Yahiro et al.

however, as shown, does:
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« generating a first, second and third image of the roof, the generated images each showing a
plan view of the roof, and each including a set of lines (see at least paragraph 0028, “a
number of computer aided design (CAD) views of the customer's premises are generated.
The CAD views are oriented in general directions, and may show, for example, aerial or
satellite top views, and views from the north, south, east or west.. tailored to the image of the
customer’s roof shown in the aeriallor satellite image.”);

o indicating the roof area measurements on the second generated image (see at least
paragraph 0028, “a number of computer aided design (CAD) views of the customer's
premises are generated.” combined with paragraph 0023, “Layout of the solar modules can
be determined based on the size and orientation of the customer’s roof, which can be
determined from the aerial or satellite image.”);

o indicating the roof area measurements on the third generated image (see at least paragraph
0028, “a number of computer aided design (CAD) views of the customer’s premises are
generated.” combined with paragraph 0023, “Layout of the solar modules can be determined
based on the size and orientation of the customer’s roof, which can be determined from the
aerial or satellite image.”);

It would have been obvious to one of ordinary skill in the art at the time of the invention to

combine the system of pictometryfaq in view of Kubo with the technique of Yahiro et al. in order to

provide “an accurate but inexpensive first quote to customers who show an initial interest” (Yahiro

et al., paragraph 0034).

Pictometryfag in view of Kubo in view of Yahiro et al. does not disclose the following limitations,

but Mann however, as shown, does:

o indicating the roof pitch measurements of the first generated image (see at least
paragraphs 0008-0009, “The user need only take a digital photograph of the house or
housing to be re-roofed, download it onto a PC, then enter just one dimension

measurement, commonly the length of the roof rafter, which can be calculated by
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