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( Roof Estimation )

Y

Receive a first and a second aerial image of a
building, each of the aerial images providing a
different view of the roof of the building

Y

Correlate the first aerial image with the second
aerial image

Y

Generate, based at least in part on the correlation
between the first and second aerial images, a
three-dimensional model of the roof

Y

Prepare and transmit a roof estimate report that
includes one or more annotated top-down views of
the three-dimensional model
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Receive a substantially top-down image of a
building having a roof

Y

Generate a preliminary model of the roof based on
the received image

Y

Modify the preliminary model based on information
about the roof received from a user

Y

Prepare and transmit a roof estimate report that
includes one or more annotated top-down views of
the modified model
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(57)  Userinterface systems andmethods for roof es-
timation are described. Example embodiments include a
roof estimation system thatprovides a user interface con-
figured to facilitate roof model generation based on one
or more aerial images of a building roof. In one embod-
iment, roof model generation includes image registration,
image lean correction, roof section pitch determination,
wire frame model construction, and/or roof model review.
The described userinterface provides userinterface con-
trols that may be manipulated by an operator to perform

Pitch determination systems and methods for aerial roof estimation

at least some of the functions of roof model generation.
In one embodiment, the user interface provides user in-
terface controls that facilitate the determination of pitch
of one or more sections of a building roof. This abstract
is provided to comply with rules requiring an abstract,
and it is submitted with the intention that it will not be
used to interpret or limit the scope or meaning of the
claims.
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Description
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Non-
Provisional Application No. 12/467,244; entitled "PITCH
DETERMINATION SYSTEMS AND METHODS FOR
AERIAL ROOF ESTIMATION?" filed May 15, 2009 which
is incorporated herein by reference in its entirety.

BACKGROUND

1. Field of the Invention:

[0002] This invention relates to systems and methods
for estimating construction projects, and more particular-
ly, to such systems and methods for determining roof
measurement information based on one or more aerial
images of a roof of a building.

2. Description of the Related Art:

[0003] The information provided below is not admitted
to be part of the present invention, but is provided solely
to assist the understanding of the reader.
[0004] Homeowners typically ask several roofing con-
tractors to provide written estimates to repair or replace
a roof on a house. Heretofore, the homeowners would
make an appointment with each roofing contractor to visit
the house to determine the style of roof, take measure-
ments, and to inspect the area around the house for ac-
cess and cleanup. Usingthis information, the roofingcon-
tractor then prepares a written estimate and then timely
delivers it to the homeowner. After receiving several es-
timates from different rooting contractors, the homeown-
er then selects one.
[0005] There are factors that impact a roofing contrac-
tor's ability to provide a timely written estimate. One factor
is the size of the roof contractor's company and the lo-
cation of the roofing jobs currently underway. Most roof
contractors provide roofing services and estimates to
building owners over a large geographical area. Larger
roof contractor companies hire one or more trained indi-
viduals who travel throughout the entire area providing
" written estimates. With smaller roofing contractors, the
owner or a key trained person is appointed to provide
estimates. With both types of companies, roofing esti-
mates are normally scheduled for buildings locatedin the
same area on a particular day. If an estimate is needed
suddenly at a distant location, the time for travel and the
cost of commuting can be prohibitive. If the roofing con-
tractor is a small company, the removal of the owner or
key person on a current job site can be time prohibitive.
[0006] Another factor that may impact the roofing con-
tractor's ability to provide a written estimate is weather
and traffic.
[0007] Recently, solar panels have become popular.
In order to install solar panels, the roof’s slope, geomet-
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rical shape, and size as well as its orientation with respect
to the sun all must be determined in order to provide an
estimate of the number and type of solar panels required.
Unfortunately, not al! roofs on a building are proper size,
geometrical shape, or orientation for use with solar pan-
els.

SUMMARY

[0008] These and otherobjects are metbythe systems
and methods disclosed herein that determine and pro-
vide roof measurement information about the sizes, di-
mensions, slopes and orientations of the roof sections of
a building roof. Roof measurement information may be
used to generate a roof estimate report that provides and
graphically shows this information. A roof estimation sys-
tem that practices at least some of the techniques de-
écn’bed herein may include an image acquisition engine,
a roof modeling engine, and a report generation engine.
The roof estimation system is configured to generate a
model of a roof of a building, based on one or more aerial
images. In addition, the roof estimation system is config-
ured to determine roof measurement information and
generate a roof estimate 'repon based on the generated
model and/or the determined roof measurementinforma-
tion.

[0009] In some embodiments, the roof estimation sys-
tem includes a user interface engine which provides ac-
cess to at least some of the functions of the roof estima-
tion system. In one embodiment, the user interface en-
gine provides interactive user interface components op-
erable by an operatorto performvarious functions related
to generating a model of a roof of a building, including
image registration, lean correction, pitch determination,
feature identification, and mode! review and/or correc-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Figure 1 is a block diagram illustrating example
functional elements of one embodiment of a roof estima-
tion system.

[0011] Figures 2A-2Billustrate aerial images of a build-
ing at a particular address.

[0012] Figures 3A-3F illustrate individual pages of an
example roof estimate report generated by an example
embodiment of a roof estimation system.

[0013] Figures 4A-4F are screen displays illustrating
image registration and image lean correction in an ex-
ample embodiment. (Also shows lean correction.)
[0014] Figures S5A-5D are screen displays illustrating
pitch determination in an example embodiment.

[0015] Figures 6A-6D are screen displays illustrating
model construction and concurrent display of operator
specified roof features in an example embodiment.
[0016] Figures 7A-7C are screen displays illustrating
roof model review in an example embodiment.

[0017] Figure 8 is an example biock diagram of a com-
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puting system for practicing embodiments of a roof esti-
mation system. :

[0018). Figure9is anexample flow diagram of an image
registration routine provided by an example embodiment.
[0018] Figure 10 is an example flow diagram of a pitch
detemination routine provided by an example embodi-
ment.

[0020] Figure 11 is an example flow diagram of con-
current feature display routine provided by an example
embodiment.

DETAILED DESCRIPTION

[0021] Embodiments described herein provide en-
hanced computer-and network-based methods, tech-
niques, and systems for estimating construction projects
based on one or more images of a structure. Example
embodiments provide a Roof Estimation System ("RES")
that is operable to provide a roof estimate report for a
specified building, based on one or more-aerial images
of the building. In one embodiment, a customer of the
RES specifies the building by providing an address of
the building. The RES then obtains one or more aerial
images showing at least portions of the roof of the build-
ing. Next, the RES generates a model of the roof of the
building, which is then utilized to detemmine roof meas-
urement information. The roof measurement information
may include measurements such as lengths of the edges

of sections of the roof, pitches of sections of the roof,

areas of sections of the roof, etc. The model of the roof
and/or the roof measurement information is then usedto
generate a roof estimate report. The roof estimate report
includes one ormore line drawings of the roof of the build-
ing, which are annotated with information about the roof,
such as lengths of the edges of sections of the roof, pitch-
es of sections ofthe roof, areas of sections of the roof, etc.
[0022] Some embodiments of the roof estimation sys-
tem include an interactive user interface configured to
provide access to one or more of the functions of the roof
estimation system. In one embodiment, the roof estima-
tion system includes user interface controls that facilitate
image registration, image lean correction, roof model
generation, pitch detemmination, and roof model review.
Image registration includes aligning, based at least in
part on operator inputs, one or more images of a building
roof to a set of reference points within a single three-
dimensional ("3D") grid that is shared between the one
ormore images. Roof model generation includes gener-
ating a 3D model of a roof, based at ieast in part on op-
erator inputs specifying various features and/or dimen-
sional attributes of the roof. Roof model generation may
further include the determination of the pitches of various
planar sections of a roof. Roof model review includes
display of a model of a roof, possibly in conjunction with
one or more images of the roof, so that an operator may
" review the model for accuracy and possibly make adjust-
ments and/or corrections to the roof model. In other em-
bodiments, all or some of the functions of the roof esti-
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mation system may be performed automatically. For ex-
ample, image registration may include automatically
identifying building features for the placement of refer-
ence markers. Further, roof model generation may in-
clude automatically recognizing features, dimensional at-
tributes, and/or pitches of various planar roof sections of
the roof.

[0023] The described user interface is also configured
to concurrently display roof features onto multiple images
of a roof. For example, in the context of roof model gen-
eration, an operator may indicate a roof feature, such as
an edge or a comer of a section of the roof, in a first
image of the roof. As the roof estimation system receives
the indication of the roof feature, the user interface con-
currently displays that feature in one or more other im-
ages ofthe roof, so thatthe operator may obtain feedback
regarding the accuracy of the roof model, the image reg-
istration, etc.

[0024] |n the following, Figures 1-3 provide an over-
view of the operation of an example roof estimation sys-
tem. Figures 4-7 provide additional details related an ex-
ample interactive user interface provided by one embod-
iment of the roof estimation system. Figures 8-11 provide
details related to roof estimation system implementation
techniques.

1. Roof Estimation System Overview

[0025] Figure 1is a block diagram illustrating example
functional elements of one embodiment of a roof estima-
tion system. In particular, Figure 1 shows an example
Roof Estimation System ("RES") 100 comprising an im-
age acquisition engine 101, a roof modeling engine 102,
a report generation engine 103, image data 105, model
data 106, and repoit data 107. The RES 100 is commu-
nicatively coupled to an image source 110, a customer
115, and optionally an operator 120. The RES 100 and
its components may be implemented as part of a com-
puting system, as will be further described with reference
to Figure 8.

[0026] More specifically, in the illustrated embodiment
of Figure 1, the RES 100 is configured to generate a roof
estimate report 132 for a specified building, based on
aerial images 131 of the building received from the image
source 110. The image source 110 may be any provider
of images of the building for which a roof estimate is being
generated. In one embodiment, the image source 110
includes a computing system that provides access to a
repository of aerial images of one or more buildings. In
addition, the aerial images 131 may include images ob-
tained via manned or unmanned aircraft (e.g., airplane,
helicopter, blimp, drone, etc.), satellite, etc. Furthermore,
the aerial images 131 may include images obtain via one
or more ground-based platforms, such as a vehicle-
mounted camera that obtains street-level images of
buildings, a nearby building, a hilltop, etc. In some cases,
a vehicle-mounted camera may be mounted in an ele-
vated position, such as a boom. Example aerial images
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are described further with reference to Figures 2A-2B.
[0027] The image acquisition engine 101 obtains one
or more aerial images of the specified building by, for
example, providing an indicator of the location of the
specifiedbuilding (e.g., street address, GPS coordinates,
lot number, etc.) to the image source 110. In response,
the image source 110 provides to the image acquisition
engine 101 the one or more aerial images of the building.
. The image acquisition engine 101 then stores the re-
ceived aerial images as image data 105, for further
processing by other components of the RES 100. Ob-
taining aerial images of a specified building may include
various forms of geo-coding, performed by the image ac-
quisition engine 101 and/or the image source 110.1n one
embodiment, the image source geo-codes a provided
street address into latitude and longitude coordinates,
which are then used to look up (e.g., query a database)
aerial images of the provided street address.

[0028] Next, the roof modeling engine 102 generates
a model of the roof of the specified building. In the illus-
trated embodiment, the roof modeling engine 102 gen-
erates a three-dimensional ("3D*) model, althoughin oth-
er embodiments, a two-dimensional (e.g., top-down roof
plan) may be generated instead or in addition. Generat-
ing a model of the roof may generally include image cal-
ibration, in which the distance between two pixels on a
given image is converted into a physical length. Image
calibration may be performed automatically, such as
based on meta-information provided along with the aerial
images 131. -

[0029] A variety of automatic and semi-automatic tech-
niques may be employed to generate a model of the roof
of the building. In one embodiment, generating such a
model is based at least in part on a correlation between
at least two of the aerial images of the building. For ex-
ample, the roof modeling engine 102 receives an indica-
tion of a corresponding feature that is shown in each of
the two aeral images. In one embddiment, an operator
120, viewing two or more images of the building, inputs
an indication in at least some of the images, the indica-
tions identifying which points of the images correspond
to each other for model generation purposes.

[0030] The corresponding feature may be, for exam-
ple, a vertex of the roof of the building, the corer of one
of the roof planes of the roof, a point of a gable or hip of
the roof, etc. The corresponding feature may also be a
linear feature, such as aridge or valley line between two
roof planes of the roof. In one embodiment, the indication
of a corresponding feature on the building includes “reg-
istration® of a first point in a first aerial image, and a sec-
ond point in a second aerial image, the first and second
points corresponding the substantially the same point on
the roof of the building. Generally, point registration may
include the identification of any feature shown in both
aerial images. Thus, the feature need not be a point on
the roof of the building. Instead, it may be, for example,
any point that is visible on both aerial images, such as
on anearby building (e.g., a garage, neighbor’s building,
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etc.), on a nearby structure (e.g., swimming pool, tennis
court, etc.), on a nearby natural feature (e.g., atree, boul:
der, etc.), etc.

[0031) In some embodiments, the roof modeling en-
gine 102 determines the corresponding feature automat-
ically, such as by employing on one or more image
processing techniques used to identify vertexes, edges,
or other features of the roof. In other embodiments, the
roof modeling engine 102 determines the corresponding
feature by receiving, from the human operator 120 as
operator input 133, indications of the feature shown in
multiple images of the building.

[0032] Inone example embodiment, the RES 100 gen-
erates a model! of the roof of the building in the following
manner. First, a set of reference points are be identified
in each of the images. These reference points are iden-
tified by the operator 120 utilizing a suitable input device,
such as a mouse or joystick. The roof modeling engine
102then uses these reference points andany acceptable
algorithm to co-register the images and reconstruct the
three-dimensional geometry of the object identified by
the reference points. There are a variety of photogram-
metric algorithms that can be utilized to perform this re-
construction. One such algorithm used by the RES 100
uses photographs taken from two or more view points to
“triangulate” points of interest on the object in three-di-
mensional ("3D") space. This triangulation can be visu-
alized as a process of projecting a line originating from
the location of the photograph’s observation point that
passes through a particular reference point in the image.
The intersection of these projected lines from the set of
observation points to a particular reference point identi-
fies the location of that point in 3D space. Repeating the
process for all such reference points allows the software
to determine a 3D volume suitable for buildinga 3D model
of the structure. The choice of reconstruction algorithm
depends on a number of factors such as the spatial re-
lationships between the photographs, the number and
locations of the reference points, and any assumptions
that are made about the geometry and symmetry of the
object being reconstructed. Several such algorithms are
described in detail in textbooks, trade journals, and ac-
ademic publications.

[0033] In addition, generating @ model of the roof of a
building may include correcting one or more of the aerial
images for various imperfections. For example, the ver-
tical axis of a particular aerial image sometimes will not
substantially match the actual vertical axis of its scene.
This will happen, for example, if the aerial images were
taken at different distances from the building, or at a dif-
ferent pitch, roll, or yaw angles of the aircraft from which
the images were produced. |n such cases, an aerial im-
age may be corrected by providing the operator 120 with
a user interface control operable to adjust the scale
and/or relative angle of the aerial image to correct for
such errors. The correction may be either applied directly
tothe aerialimage, orinstead be stored (e.g., as an offset)
for use in model generation or other functions of the RES
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100.

{0034] Generating a model of the roof of a building fur-
ther includes the automatic or semi-automatic identifica-
tion of features of the roof of the building. In one embod-
iment, one or more user interface controls may be pro-
vided, such that the operator 120 may indicate (e.g.,
draw, paint, etc.) various features of the roof, such as
valleys, ridges, hips, vertexes, planes, edges, etc. As
these features are indicated by the operator 120, a cor-
responding three-dimensional (*3D") model may be up-
dated accordingly to include those features. These fea-
tures are identified by the operator based on a visual
inspection of the images and by providing inputs that
identify various features as valleys, ridges, hips, etc. In
some cases, a first and a second image view of the roof
(e.g., anorth and east view) are simultaneously present-
ed to the operator 120, such that when the operator 120
indicates a feature in the first image view, a projection of
that feature is automatically presented in the second im-
age view. By presenting a view of the 3D model, simul-
taneously projected into multiple image views, the oper-
ator 120 is provided with useful visual cues as to the
correctness of the 3D model and/or the correspondence
between the aerial images.

[0035] In addition, generating a model of the roof of a
building may include determmining the pitch of one ormore
_ of the sections of the roof. In some embodiments, one or
more user interface controls are provided, such that the
operator 120 may accurately determine the pitch of each
of the one or more roof sections. An accurate detemi-
nation of the roof pitch may be employed (by a human
or the RES 100) to better determine an accurate cost
estimate, as roof sections having a low pitch are typically
less costly surfaces to repair and/or replace.

[0036] The generated model typically includes a plu-
rality of planar roof sections that each correspond to one
of the planar sections of the roof of the building. Each of
the planar roof sections in the model has a number of
associated dimensions and/or attributes, among them
slope, area, and length of each edge of the roof section.
Other information may include any information relevant
to a roof builder or other entity having an interest in con-
struction of, or installation upon, the roof. For example,
the otherinformation may include identification of valleys,
ridges, rakes, eaves, or hip ridges of the roof and/or its
sections; roof and/or roof section perimeter dimensions
and/or outlines; measurements of step heights between
different roof levels (e.g., terraces); bearing and/or ori-
entation of each roof section; light exposure and/or shad-
owing patterns due to chimneys, other structures, trees,
latitude, etc.; roofing material; etc? Once a 3D model has
been generated to the satisfaction of the roof modeling
engine 102 and/or the operator 120, the generated 3D
model is stored as model data 106 for further processing
by the RES 100. In one embodiment, the generated 3D
model is then stored in a quality assurance queue, from
which it is reviewed and possibly corrected by a quality
control operator.
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[06037] The report generation engine 103 generates a
final roof estimate report based on a model stored as
model data 1086, and then stores the generated report as
report data 107. Such a report typically includes one or
more plan (top-down) views of the model, annotated with
numerical values for the slope, area, and/or lengths of
the edges of at least some of the plurality of planar roof
sections of the model of the roof. The report may also
include information about total area of the roof, identifi-
cation and measurement of ridges and/or valleys of the
roof, and/or different elevation views rendered from the
3D model (top, side, front, etc). An example report is il-
lustrated and discussed with respect to Figures 3A-3E,
below.

[0038] In some embodiments, generating a report in-
cludes labeling one or more views of the model with an-
notations that are readable to a human user. Some mod-
els include a large number of small roof details, such as
dormers or other sections, such that applying uniformiy
sized, oriented, and positioned labels to roof section
views resultsin avisually cluttered diagram. Accordingly,
various techniques may be employed to generate aread-
able report, including automatically determining an opti-
mal or near-optimal label font size, label position, and/or
label orientation, such that the resuiting report may be
easily read and understood by the customer 115.
[0039] In addition, in some embodiments, generating
a report includes automatically determining a cost esti-
mate, based on specified costs, such as those of mate-
rials, labor, transportation, etc. For example, the custom-
er 115 provides indications of material and labor costs
tothe RES 100. Inresponse, the report generation engine
103 generates aroof estimate report that includes a cost
estimate, based on the costs provided by the customer
115 and the attributes of the particular roof, such as area, .
pitch, etc.

[0040] In one embodiment, the generated report is
then provided to a customer. The generated report can
be represented, for example, as an electronic file (e.g.,
a PDF file) or a paper document. In the illustrated exam-
ple, roof estimate report 132 is transmitted to the cus-
tomer 115. The customer 115 may be or include any hu-
man, organization, or computing system that is the re-
cipient of the roof estimate report 132. For example, the
customer 115 may be a property owner, a property man-
ager, aroof construction/repair company, a general con-
tractor, an insurance company, a solar power panel in-
staller, a climate control (e.g., heating, ventilation, and/or
air conditioning) system installer, a roof gutter installer,
anawninginstaller, etc. Reports may be transmitted elec-
tronically, such as via a network (e.g., as an email, Web
page, etc.) or by some shipping mechanism, such as the
postal service, a courier service, etc.

[0041] Insome embodiments, one or more of the mod-
els stored as model data 106 are provided directly to the
customer or other computing system, without first being
transformed into a report. For example, a model and/or
roof measurement information based thereon may be ex-
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ported and/or transmitted as a data file, in any suitable
format, that may be consumed or otherwise utilized by
some othercomputing system, such as acomputer-aided
design ("CAD") tool, a drawing program, a labor and ma-
terial estimation software, a projectmanagement/estima-
tion software, etc.

[0042] The RES 100 may be operatedby various types
of entities. In one embodiment, the RES 100 is operated
by a roof estimation service that provides roof estimate
reports to customers, such as roofing contractors, in ex-
change for payment. In another embodiment, the RES
100 is operated by a roof construction/repair company,
to generate roof estimate reports that are used internally
and/or provided to customers, such as property owners.
[0043] In addition, the RES 100 may be operated in
various ways. Inone embodiment, the RES 100 executes
as a desktop computer application that is operated by
the operator 120. In another embodiment, the RES 100
executes as a network-accessible service, such as by a
Web server, that may be operated remotely by the oper-
ator 120 and/or the customer 115. Additional details re-
garding the implementation of an example roof estima-
tion system are provided with respect to Figure 8, below.
[0044]) Figures 2A-2Biillustrate aerialimages of a build-
ingat a particular address. In the illustrated example, the
aerial images are represented as stylized line drawings
for clarity of explanation. As noted above, such aerial
images may be acquired in various ways. In one embod-
iment, an aircraft, such as an airplane or helicopter is
utilized to take photographs while flying over one or more
properties. Such aircraft may be manned or unmanned.
In another embodiment, a ground-based vehicle, such
as a car or truck, is utilized to take photographs (e.g.,
"street view” photographs) while driving past one or more
properties. In such an embodiment, a camera may be
mounted on a boom or other elevating member, such
that images of building roofs may be obtained. In another
embodiment, photographs may be taken from afixed po-
sition, such as a tall building, hilltop, tower, etc.

[0045] In particular, Figure 2A shows a top plan (top-
down) aerial image 210 of a building 200. The roof of the
building 200 includes multiple planar roof sections 200a-
200d. Figure 2A also shows a second aerial image 211
providing a perspective (oblique) view ofthe building 200.
The roof sections 200a and 200c are also visible inimage
211. :

[0046] Figure 2B shows a top-down, wide angle image
212 of the building 200. The image 212 includes details
of the surrounding areas 220 of the building 220. Infor-
mation about the surrounding areas 220 of the building
220 are in some embodiments used to determine addi-
tional cost factors related to a roof estimate. Forexample,
the cleanup of, or access to, a worksite at building 220
may be complicated by various factors, including a sub-
stantial amount of landscaping; steeply sloped building
sites; proximity to environmentally sensitive areas; etc.
In such cases, the roof estimation system may automat-
ically increase a cost factor in a corresponding roof esti-
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mate report.

[0047] Insome embodiments, an aerialimage has cor-
responding meta-information. Such meta-information
may include details about the type of camera used (e.g.,
focal length, exposure, etc.), the position of the camera
(e.g., GPS coordinates of the aircraft at the time the im-
age was captured), the orientation of the camera (e.g.,
the angle of the camera), the time and/or date the image
was captured, etc.

[0048] Figures 3A-3F illustrate individual pages of an
example roof estimate report generated by an example
embodiment of a roof estimation system. As discussed
with respect to Figure 1, a roof estimate report is gener-
ated by the roof estimation systembased on one ormore
aerial images of a building. The roof estimate report may
be based on a computer model (e.g., a 3D model) of the
roof, and includes one or more views of the model. In this
example, the various views of the mode| are presented
as annotated line drawings, which provide information
aboutthe roof, such as the roof section areas, roof section
edge lengths, roof section pitches, etc. The roof estimate
report may be in an electronic format (e.g., a PDF file)
and/or paper format (e.g., a printed report). In some em-
bodiments, the roof estimate report may be in a format
that may be consumed by a computer-aided design pro-
gram.

[0049] Figure 3A shows a cover page 301 of the report
and includes the address 301 a of a building 301 ¢ and
an overhead aerial image 301 b of the building 301 c.
[0050] Figure 3B shows a second page 302 of the re-
port and includes two wide perspective (oblique) views
302a and 302b of the building 301 ¢ at the address with
the surrounding areas more clearly shown.

[0051] Figure 3C shows a third page 303 of the report
and includes a line drawing 303a of the building roof
showing ridge lines 303b and 303c, and a compass in-
dicator 303d. In addition, a building roof having valleys
wouldresultin a line drawing including one or more valley
lines. The ridge and/or valley lines may be called out in
particular colors. For example, ridge lines 303b and 303c
may be illustrated in red, while valley lines may be illus-
trated in blue. The line drawing 303a is also annotated
with the dimensions of the planar sections of the building
roof. In this case, the dimensions are the lengths of the
edges of the planar roof sections.

[0052] Fig 3D shows a fourth page 304 of the report
and includes a line drawing 304a of the building roof
showing the pitch of each roof section along with a com-
pass indicator. The pitch in this example is given in inch-
es, and it represents the number of vertical inches that
the labeled planar roof section drops over 12 inches of
horizontal run. The slope can be easily calculated from
such a representation using basic tigonometry. The use
of a numerical value of inches of rise per foot of run is a
well known measure of slope in the roofing industry. A
roof builder typically uses this information to assist in the
repair and/or construction of a roof. Of course, other
measures and/or units of slope may be utilized as well,
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including percent grade, angle in degrees, etc.

[0053] Figure 3E shows a fifth page 305 of the report
and includes a line drawing 305a of the building roof
showing the square footage of each roof section along
with the total square foot area value. Of course, other
units of area may be used as well, such as square meters
or the number of "squares” of roofing material required
for covering each roof section.

[0054) Figure 3F shows a fifth page 306 of the report
and includes a fine drawing 306a of the building roof
where notes or comments may be written. The line draw-
ing 306a includes a label for each roof section (shown
here as "A", “B", "C"), such that comments may be con-
veniently related to specific roof sections.

[0055] Inotherembodiments, more or less information
may be provided, or the illustrated information may be
arranged in different ways. For example, the report may
be provided in electronic form, such as a PDF file or a
computer aided design software format. In some embod-
iments, the report may be “active"” or editable, such that
the user of the report may make changes to the report,
based on on-site observations.

2. Roof Estimation System User Interface

[0056] Figures 4A-4F, 5A-5D, 6A-6D, and 7A-7C de-
scribe an example interactive user interface provided by
one embodiment of the roof estimation system. As noted,
the RES 100 described with reference to Figure 1 in-
cludes a user interface engine 104 that is configured to
provide access to one or more functions of the RES 100,
including image registration (described with respect to
Figures 4A-4F), roof pitch determination (described with
respect to Figures 5A-5D), roof model construction (de-
scribed with reference to Figures 6A-6D), and roof model
review (described with respect to Figures 7A-7C).

A. Image Registration

[0057] Figures 4A-4F are screen displays illustrating
image registration and image lean correction in an ex-
ample embodiment. In particular, Figure 4A shows a user
interface screen 400 that is utilized by an operator to
generate a three dimensional mode! of a roof of a build-
ing. The userinterface screen 400 shows a roof modeling
project in an initial state, after the operator has specified
an address of a building and after images of the building
have been obtained and loaded into the roof estimation
system.

[0058) The userinterface screen400includes acontro!
panel 401 and five images 402-406 of a building roof 407.
The control panel 401 includes user selectable controls
(e.g., buttons, check boxes, menus, etc.) for various roof
medeling tasks, such as setting reference points for the
images, setting the vertical (Z) axis for the images,
switching between different images, saving the model,
and the like. Each of the images 402-406 provides a dif-
ferent view of the building roof 407. In particular, images
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402-406 respectively provide substantially top-down,
south, north, west, and east views of the building roof
407. Each image 402-406 includes four marker controls
(also called "reference points® or “registration markers*®)
that are used by the operator to set reference points in
the image for purposes of image registration. The regis-
tration markers will be described further with respect to
an enlargement of image portion 408 described with re-
spect to Figures 4B-4C, below.

[0059] Figures 4B-4C show an enlarged view of image
portion 408 during the process of image registration for
image 402, which provides a top-down view of the build-
ing roof 407. As shown in Figure 4B, image portion 408
includes the building roof 407 and registration markers
410-413. The markers 410-413 are interactive user in-
terface controls that can be directly manipulated (e.g.,
moved, rotated, etc.) by the.operator in order to specify
points to use for purposes of image registration. In par-
ticular, image registration includes determining a trans-
formation between each of one or more images and a
uniform 3D reference grid. The uniform 3D reference grid
is used as a coordinate system for a 3D model of the
roof. By registering multiple images to the reference grid,
an operator may indicate a roof feature on an image (such
as a roof edge), which may then be translated from the
coordinate system of the image to the coordinate system
of the reference grid, for purposes of including of the in-
dicated feature in the 3D model.

{0060] Marker 410 is an origin marker control, and in-
cludes atms 410a-410c. Ams 410a and 410b are hori-
zontal arms that are utilized to specify the X and Y axes
(e.g., the horizontal plane) ofthe reference grid. Arm 410c

“is a vertical amm that may be utilized to specify the Z axis

(e.g., the vertical axis) of the reference grid. The use of
the vertical arm to specify the Z axis will be further de-
scribed with respect to Figure 4E, below. ’
[0061] Typically, markers 410-413 are color coded,
such that they may be distinguished from one another.
For example, marker411-413 may be respectively color-
edred, blue, and green. Origin marker 410 has a different
appearance than markers 411-413, so may be of any
color. In other embodiments, markers 411-413 méy be-
distinguished in other ways, such as by utilizing different
sized dashed lines, different line thicknesses, etc. In still
other embodiments, markers are not distinguished any
way from each other, such as by being of uniform shape,
color, etc.

[0062] Figure 4C shows image portion 408 with mark-
ers 410-413 after they have been placed by an operator.
Typically, registration markers are placed at four spatially
distributed-corners of the roof. As shown in Figure 4C,
the operator has ptaced markers 410-413 atfour different
comers of the building roof 407. In particular, the operator
first placed the origin marker 410 at the lower left corner
of the building roof 407, and has adjusted (e.g., rotated)
the arms 410a and 410b to align with the major horizontal
axes of the roof. By adjusting the arms 410a and 410b
of the origin marker 410, the rotational orientation of
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markers 411-413 is automatically adjusted by the roof
estimation system. Next, the operator places markers
411-413 on some other corners of the roof. In general,
the operator can place registration marker over any roof
feature, but roof comers are typically utilized because
they are more easily identified by the operator. After the
operator is satisfied with the placement of markers
410-413, the operator typically registers a next image of
the building roof 407, as will be described next.

[0063] Figures 4D-4F illustrate image registration for
image 404, which provides a north view of the building
roof 407. In particular, Figure 4D shows the userinterface
screen 400 described with reference to Figure 4A. Here,
image 402 has been minimized, while image 404 has
been enlarged so that the operator may register that im-
age by placing markers on image 404, as will be de-
scribed below with respect to an enlarged view of image
portion 418.

[0064] Figure 4E showsanenlarged view ofimage por-
tion 418 during the process of image registration for im-
age 404. Image portion 418 includes the building roof
407 and registration markers 420-423. Markers 420-423
respectively correspond to markers 410-413 described
above. in particular, marker 420 is an origin marker con-
trol that includes arms 420a-420c. Arms 420a and 420b
are horizontal arms that are utilized to specify the X and
Y axes of the reference grid. Arm 420c is a vertical aim
that may be utilized to specify the Z axis of the reference
grid.

[0065] In the example of Figure 4E, the operator has
moved each of markers 420-423 to a corner of the roof
407. Note that the markers 420-423 are moved to roof
corners that correspondto those selected by the operator
with markers 410-413, as described with reference to
Figure 4C. In particular, origin marker 420 has been
moved to the comer of the roof 407 selected with origin
marker 410 in image 408; marker 421 has been moved
to the corner selected with marker 411 in image 408;
marker 422 has been moved to the corner selected with
marker 412 in image 408; and marker 423 has been
moved to the corner selected with marker 413 in image

408. In addition, markers 420-423 have been rotated, by -

operator rotation of the origin marker 420, to align with
the major axes of the roof 407.

[0066] As noted, the operator can utilize the origin
marker 420 to specify the vertical axis of the reference
grid. In particular, the operator can adjust (e.g., by drag-
ging with a mouse or other pointing device) amm 420c of
marker 420 to specify the vertical (Z) axis of the image.
In some cases, aerial images may include some amount
of lean, due to the orientation of the aircraft during image
capture. For example, pitch, yaw, or roll of an aircraft
during the course of image capture may result in images
that are misaligned with respect to the vertical axis of the
building and its roof. Typically, an operator may adjust
am 420c to line up with a feature of a building or roof
that is known to be substantially vertical, such as a wall
of a house or a chimney. Then, based on the angle of
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arm 420c with respect to the vertical axis of the image,
the roof estimation system can determine a correction
between the reference grid and the image.

[0067] Figure 4F shows an enlargedview of image por-
tion 418 after registration of image 404. Once the oper-
ator has placed and adjusted markers 420-423, the op-
erator may direct (e.g., by clicking a button) the roof es-
timation system to register the image to the reference
grid, based on the positions and orientations of markers
420-423. Once the roof estimation system registers the
image, it provides the operator with feedback so that the
operator may determine the correctness or accuracy of
the registration.

{0068] In the example of Figure 4F, the operator has
directedthe roof estimation systemto registerimage 404,
and the roof estimation system has updated image por-
tion 418 with registration indicators 430-433. Registration
indicators 430-433 provide the operator with feedback
so that the operator may judge the accuracy of the reg-
istration of image 404. )

[0069] Registration indicator 430 is an origin registra-
tionindicator thatincludes two arms 430a-430bandthree
reference grid indicators 430c-430e, shown as dashed
lines. The reference grid indicators 430c-430e show the
vertical axis (430c) and the two horizontal axes (430d
and 430e) of the reference grid determined based on the
placement and orientation of the markers 420-423. Arms
430a and 430b correspond to the placement of arms
420a-420c of origin marker 420. If the arms 430a and
430b do not substantially align with the corresponding
reference grid indicators 430e and 430d, then the deter-
mined reference grid is out of alignment with the specified
axes of the house. Typically, an operator will retum to
the view of Figure 4E to make adjustments to origin mark-
er, such as adjusting one or more of the vertical or hori-
zontal axes, in order to refine the registration of the im-
age. Although the arms 430a-430b and the reference
grid indicators 430c-430e are here illustrated as solidand
dashed lines, in other embodiments they may be color
coded. For example, arms 430a-430b may be red, while
reference grid indicators 430c-430e may be blue.
[0070] Registration indicators 431-433 provide the op-
erator with information regarding the accuracy of the
placement of markers 421-423. In particular, each reg-
istration indicator 431-433includes a solidcrosshairs and
a reference indicator, shown for example as a dashed
line 432a. The crosshair of a registration indicator corre-
sponds to the placement of a marker. For example, the
crosshairs of registration indicator 431 corresponds to
the placement of marker421inFigure 4E. If the reference
indicator intersects the center (or substantially near the
center) of the crosshairs of a registration indicator, then
the operator knows thatthe placement of the correspond-
ingmarker is accurate. On the other hand, if the reference
indicator does not intersect the center of the crosshairs
of a registration indicator, then the operator knows that
the placement of the corresponding marker is inaccurate.
Typically, such an inaccuracy arises when the placement
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of markers in the top view of the roof does not agree with
(correspond to) the placement of corresponding markers
in another view of the roof. In such cases, the operator
can return to the view of Figure 4C or 4E to adjust the
position of one or more markers.

[0071] After registering image 404, the operator will
proceed to register additional images of the building roof
407 utilizing a process similar to that described above.
In this example, the operator will register images 403,
405, and 406. Although the operator is here described
as registering a total of five images, in other cases more
or fewer images may be registered.

B. Roof Model Construction

[0072] Figures 5A-5D and 6A-6C generally illustrate
aspects of the process of roof model generation based
on multiple registered images. In particular, these figures
illustrate the construction of a roof model by an operator.
Model generation/construction may include identification
of rooffeatures shown in various images of the roof, such
as edges, planar sections, vertexes, and the like, as well
as determination of roof pitch and other dimensional at-
tributes of the roof. Each identified roof feature is incor-
porated by the roof estimation system into a 3D model
of the roof, based on a translation between an image in
which the feature is identified and the reference grid, as
determined by the process described with reference to
Figures 4A-4F, above.
[0073] Figures SA-5D are screen displays illustrating
pitch determination in an example embodiment. in par-
ticular, Figure 5A shows the user interface screen 400
after images 402-406 have been registered. In this ex-
ample, the operator is using a pitch détemmination control
(also called a “pitch determination marker® or "pitch de-
" termination tool") to specify the pitch of a planar roof sec-

tion of the building roof 407 visible in image 406. The -

pitch determination control will be further described in
Figure 5B, below, with respect to an enlargement of im-
age portion 508.

[0074] Figure 5B shows anenlarged view of image por-
tion 508 during the process of pitch determination for
image 406, which provides an east perspective view of
the building roof 407. As shown in Figure 5B, the image
portion 508 includes the building roof 407 and a pitch
determination marker 510 (also called a “protractortool”).
The pitch determination marker 510 is an interactive user
interface control that can be directly manipulated by the
operator in order to specify the pitch of a section of the
building roof 407.

[0075] The pitch determination marker 510 includes
ams 510a-510d. Ams 510a-510c are axes, which are
automatically aligned, based on the registration of image
406, with the major (X, Y, and Z) axes of the building roof.
Amn 510d is a "protractor” amn that is adjustable by the
operator to specify roof pitch. '

[0076] The marker 510 is typically first moved by the
operatorto aconvenient location on the building roof 407,
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usually corner of a planar section of the roof 407. Next,
the operator adjusts arm 510d so that is substantially
aligns with the sloped edge of the planar roof section.
Then, the roof estimation system determines the pitch of
the roof section, based on the configuration of the marker
510 with respect to the image and the reference grid.
[0077]) After specifying the pitch of a planar roof sec-
tion, the operator will typically specify other information
about the planar roof section, such as its outline, as will
be described with reference to Figures 6A-6D. Note that
asthe operator provides additional information about the
geometry of the roof 407, the roof estimation system may
automatically determine the pitch and/or other features
of at least some of the other planar roof sections, based
on the provided geometric information and/or assump-
tions about roof symmetry or other standard architectural
practices.

[0078] Figure 5C shows a second type of pitch deter-
mination marker being used in the context of image 403
which provides a south perspective viewdf the building
roof 407. The illustrated pitch determination marker may
be used in addition to, or instead of, the pitch detemina-
tion marker 510 described with respect to Figures 5A-
5B, above. In particular, Figure 5C shows a pitch deter-
mination marker 520 (also called an "envelope too!") that
includes surfaces 520a and 520b. The pitch determina-
tion marker 520 is an interactive user interface control
that can be directly manipulated by the operator in order
to specify the pitch of a section of the building roof 407.
In particular, the pitch determination marker 520 may be
moved and/or adjusted so that it appears to lie substan-
tially atop two adjacent planar sections of roof 407.
[0079] Figure 5D shows the pitch detemmination mark-
er 520 after the operator has used it to specify the pitch
of two sections of roof 407. Here, the operator has moved
the marker 520 to a position in which the spine of the
marker 520 is substantially aligned with the ridge line of
roof 407. Then, the operator has adjusted the angle of
the surfaces 520a and 520b so that they appear to lie
substantially atop corresponding sections of roof 407.
Then, the roof estimation system determines the pitch of
the roof sections, based on the configuration of the mark-
er 520 with respect to the image and the reference grid.
Also illustrated are pitch indicators 521 and 522. Pitch
indicator 521 corresponds to the measured pitch of sur-
face 520a, and pitch indicator 522 corresponds to the
measured pitch of surface 520b. As the operator adjusts
the angle of surfaces 520a and/or 520b, the correspond-
ing pitch indicators 521-522 are automatically updated
to reflect the determined pitch. In this example, the pitch
of both surfaces is given as 4 inches of rise per foot of run.
[0080] The envelope pitch determination marker 520
may be adjusted in other ways, to specify pitches for
types of roofs other than the gabled roof shown in image
403. For example, when measuring pitch of roof sections
that form a roof hip, point 520¢c may be manipulated by
the operator, such as by dragging it to the left or right, to
adjust the shape of the surfaces 520a and 520b, so that
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the surfaces align with the edges formed by the intersec-
tion of the sections that form the roof hip.

[0081] Figures BA-6D are screen displays illustrating
model construction and concurrent display of operator
specified roof features in an example embodiment. In
particular, Figures 6A-6D illustrate the construction of a
three dimensional wire frame model of a building roof,
based on the specification of roof features by an operator.
In addition, Figures 6A-6D illustrate the concurrent dis-
play of aperator specified roof features in multiple views
of a building roof.

[0082] Figure 6A shows the user interface screen 400
after images 402-406 have been registered, and after
roof pitches have been determined. In this example, the
operator is specifying sections of roof 407, visible in im-
age 406, that are to be added to a 3D wire frame model
- of the roof 407 maintained by the roof estimation system.
The specification of roof sections will be further described
with reference to enlarged portion 608 of image 406 in
Figure 6B, below. In addition, as the operator specifies
roof sections in image 406, the roof estimation system
concurrently displays the specified roof sections in each
of the other images 402-405. The concurrent display of
operator specified roof features will be further described
with reference to enlarged portion 609 of image 402 in
Figure 6C, below.

[0083] Figure 6B is an enlarged view of image portion
608 during the process of wire frame model construction
in the context of image 406, which provides an east per-
spective view of the building roof 407. As shown in Figure
6B, the image portion 608 inciudes the building roof 407,
drawing tool 610, and wire frame 611. The drawing tool
610 (also called a “drawing marker" or a "drawing con-
trol") is an interactive user interface control that can be
directly manipulated by the operator in order to specify
roof features, such as edges, ridges, valleys, comers,
etc. In the illustrated embodiment, the operator uses the
drawing tool 610 to trace or outline planar sections of the
roof 407, leading to the generation of wire frame 611.
The drawing tool 610 may be used to establish a series
ofconnected line segments thatresult in a closed polygon
representing a planar roof section. As the operator spec-
ifies a planar roof section in this manner, the roof esti-
mation system determines, based on the image and the
reference grid, the geometry of the planar roof section,

and includes (adds) the specified planar roof section in -

a 3D model that corresponds to roof 407.

[0084] Figure 6C is an enlarged view of image portion
609 illustrating the concurrent display of operator spec-
ified roof features, in the context of image 402, which
provides a top plan view of the building roof 407. As the
operator specifies roof sections as described with respect
to Figure 6B, the roof estimation system concurrently dis-
plays the specified roof features in one or more of the
otherimages displayed by the user interface screen 400.
More specifically, image portion 609 includes building
roof 407 and wire frame 612. Wire frame 612corresponds
to wire frame 611 constructed by the operator with ref-
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erence to Figure 6B, except that wire frame 612 is auto-
ratically displayed as a projection from the 3D model
into the top-down view of image 402. Changes that the
operator makes to wire frame 611 are concurrently dis-
played by the roof estimation system as wire frame 612
in image portion 609. For example, if a new planar roof

‘section is added by the operator to wire frame 611, the

new planar roof section is automatically displayed in wire
frame 612. By concurrently displaying operator identified
features in multiple views of building roof 407, the oper-
ator obtains feedback regarding the correctness and/or
accuracy of the 3D model or other aspects of the model
generation process, such as image registration and pitch
determination.

[0085] Generally, the roof estimation system can be
configuredto concurrently display any operator-identified
features, such as comers, ridges, valleys, planar sec-
tions, and the like, in multiple views of a building.
[o086] Furthemnore, the concurrently displayed wire
frame 612is an interactive user interface element, in that
the operator can make changes to the wire frame 612,
which are then concurrently displayed in wire frame 611.
Wire frames similar to those described above are also
projected by the roof estimation system into images 403,
404, and 405 displayed by the user interface screen 400.
In this manner, the operator can switch between various
images of the building roof 407, making refinements to
the 3D model by adjusting the wire frame in whichever
image is more convenient and/or provides a more suita-
ble perspective/view of the model.

[0087] Figure 6D shows the user interface screen 400
during construction of a 3D model of the building roof
407. In particular, the user interface 400 includes a shad-
ed wire frame 613 representation of the 3D model con-
structed as described above. In this view, the operator
can review the wire frame 613 in isolation from any im-
ages to determine whether the wire frame 613 accurately
represents the building roof 407. The wire frame 613 is
an interactive user interface component, in that it can be
directly manipulated (e.g., moved, rotated, resized, ete.).
In some embodiments, manipulating the wire frame 613,
such as by changing its shape, results in corresponding
changes in the underlying 3D model.

C. Roof Model Review

[0088] Figures 7A-7C are screen displays illustrating
roof model review in an example embodiment. In partic-
ular, Figures 7A-7C illustrate various techniques to facil-
itate the review of a roof model by an operator. Reviewing
the roof model may include reviewing roof section pitches
(e.g., to determine whether they conform to'the building
roof and/or standard construction practices), reviewing
the shape and/or location of the roof model (e.g., to de-
termine whether it substantially conforms to the building
roof), etc.

[0089] Figure 7A shows the user interface screen 400
after the operator has constructed a model of the roof
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407 using one or more of the images 402-406. In this
example, a wire frame has been projected onto (super-
imposed upon) image 402 and annotated with roof sec-
tion pitches, as will be described further with respect to
enlarged portion 708 of image 402 in Figure 7B, below.
[0090] Figure 7B is an enlarged view of image portion
708 during the process of roof model review in the context
of image 402, which provides a substantially top plan
view of the building roof 407. As shown in Figure 7B, the
image portion 708 includes a wire frame 710 and labels
711 a-711 c that indicate pitches of corresponding sec-
tions of roof 407. The wire frame 710 and the illustrated
pitches are determined by the roof estimation system
based on the pitch determination described with respect
to Figures 5A-5D, above, and the operator’s specification
of the wire frame model described with respect to Figures
6A-6D, above.

[0091] The wire frame 710 includes multiple vertexes
connected by line segments. Each vertex includes a han-
dle, such as handle 710a. The handles may be directly
manipulated (individually or in groups) by the operatorto
make adjustments/modifications to the wire frame 710.
For example, when an operator drags handle 710a to a
new location, the ends of the two line segments connect-
ed to handle 710a will also move to the new location.
[0092] Figure 7C is an alternative view of the 3D model
of roof 407 during the process of roof model review. In
Figure 7C, the user interface screen 400 includes a wire
frame 720 representation of the 3D model of the roof 407.
The wire frame 720 consists of multiple line segments
corresponding to edges of planar roof sections. Each line
segment is annotated with a label, such as label 723,
indicating the determined length of the corresponding
roof section edge. Furthemmore, some of the line seg-
ments indicate that they correspond to a particular roof
feature. For example, line segments 721 and 722 may
be colored (e.g., red) so as to indicate that they corre-
spond to roof ridges. Other line segments may be differ-
ently colored (e.g., blue) so as to indicate a correspond-
ence to roof valleys or other features. In addition, the wire
frame 720 may be directly manipulated by the operator
in order to make adjustments to the underlying model of

the roof 407. For example, the operator could increase -

or decrease the length of line segment 721, resulting in
a change in the corresponding feature of the 3D model
of roof 407.

[0093] Notethatalthough the operatoris shown, in Fig-
ures 5-7 above, operating upon a total of five images, in
other cases, fewer images may be used. For example,
in some cases fewer images may be available, or some
images may provide obstructed views of the building roof,
such as due to tree cover, neighboring buildings, etc.

3. Implementation Techniques

[0094] Figure 8 is an example block diagram of a com-
puting system for practicing embodiments of a roof esti-
mation system. Figure 8 shows a computing system 800
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that may be utilized to implement a Roof Estimation Sys-
tem ("RES") 810. One ormore general purpose or special
purpose computing systems may be used to implement
the RES 810. More specifically, the computing system
800 may comprise one or more distinct computing sys-
tems present at distributed locations. In addition, each
block shown may represent one or more such blocks as
appropriate to a specific embodiment or may be com-
bined with other blocks. Moreover, the various blocks of
the RES 810 may physically reside on one or more ma-
chines, which use standardinter-process communication
mechanisms (e.g., TCP/IP) to communicate with each
other. Further, the RES 810 may be implemented in soft-
ware, hardware, firmware, or in some combination to
achieve the capabilities described herein.

[0095] In the embodiment shown, computing system
800 comprises a computer memory (‘memory®) 801, a
display 802, one or more Central Processing Units
("CPU") 803, Input/Output devices 804 (e.g., keyboard,
mouse, joystick, track pad, CRT or LCD display, and the
like), other computer-readable media 805, and network
connections 806. The RES 810is shown residingin mem-
ory 801. In other embodiments, some portion of the con-
tents, some of, or all of the components of the RES 810
may be stored on and/or transmitted over the other com-
puter-readable media 805. The components of the RES
810 preferably execute on one or more CPUs 803 and
generate roof estimate reports, as described herein. Oth-
ercode orprograms 830 (e.g., a Web server, adatabase
management system, and the like) and potentiaily other
data repositories, such as data repository 820, also re-
side in the memory 801, and preferably execute on one
or more CPUs 803. Not all of the components in Figure
8 are required for each implementation. For example,
some embodiments embedded in other software do not
provide means for user input, for display, for a customer
computing system, or other components.

[0096] In a typical embodiment, the RES 810 includes
an image acquisition engine 811, a roof modeling engine
812, areport generation engine 813, an interface engine
814, and a roof estimation system data repository 816.
Other and/or different modules may be implemented. In
addition, the RES 810 interacts via a network 850 with
an image source computing system 855, an operator
computing system 865, and/or a customer computing
system 860.

[0097] The image acquisition engine 811 performs at
least some of the functions of the image acquisition en-
gine 101 described with reference to Figure 1. In partic-
ular, the image acquisition engine 811 interacts with the
image source computing system 855 to obtain one or
more images of a building, and stores those images in
the RES data repository 816 for processing by other com-
ponents of the RES 810. In some embodiments, the im-
age acquisition engine 811 may act as an image cache
manager, such that it preferentially provides images to
other components of the RES 810 from the RES data
repository 816, while obtaining images from the image
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source computing system 855 when they are not already
present in the RES data repository 816. In other embod-
iments, images may be obtained in an "on demand"® man-
ner, such that they are provided, either by the image ac-
quisition engine 811 or the image source computing sys-
tem 855, dii'ectly to modules of the RES 810 and/or the
operatorcomputing system 865, withoutinterveningstor-
age in the RES data repository 816.

"[0098] The roof modeling engine 812 performs at least
some of the functions of the roof medeling engine 102
described with reference to Figure 1. In particular, the
roof modeling engine 812 generates a model based on
one or more images of a building that are obtained from
the RES data repository 816 or directly from the image
source computing system 855. As noted, mode! gener-

" ation may be performed semi-automatically, based on at
least some inputs received from the computing system
865. In addition, at least some aspects of the model gen-
eration may be performed automatically, based onimage
processing and/or image understanding techniques. Af-
ter the roof modeling engine 812 generates a model, it
stores the generated model in the RES data repository
816 for further processing by other components of the
RES 810.

[0099] The report generation engine 813 performs at
least some of the functions of the report generation en-
gine 103 described with reference to Figure 1. In partic-
ular, the report generation engine 813 generates roof re-
ports based on models stored in the RES data repository
816. Generating a roof report may include preparing one
or more views of a given 3D model of a roof, annotating
those views with indications of various characteristics of
the model, such as dimensions of sections or other fea-
tures (e.g., ridges, valleys, etc.) of the roof, slopes of
sections of the roof, areas of sections of the roof, etc. In
some embodiments, the report generation engine 813
facilitates transmission of roof measurement information
that may or may not be incorporated into a roof estimate
report. For example, the roof generation engine 813 may
transmit roof measurement information based on, or de-
rived from, models stored in the RES data repository 816.
Such roof measurement information may be provided to,
for example, third-party systems that generate roof esti-
mate reports based on the provided information.

[0100] The interface engine 814 provides a view and
a controller that facilitate user interaction with the RES
810 and its various components. For example, the inter-
face engine 814 implements a user interface engine 104
described with reference to Figure 1. Thus, the interface
engine 814 provides an interactive graphical user inter-
face that can be used by a human user operating the
operator computing system 865 to interact with, for ex-
ample, the roof modeling engine 812, to perform func-
tions related to the generation of models, such as point
registration, feature indication, pitch estimation, etc. In
other embodiments, the interface engine 814 provides
access directly to a customer operating the customer
computing system 860, such that the customermay place
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anorderforaroof estimate reportfor an indicated building
location. In at least some embodiments, access to the
functionality of the interface engine 814 is provided via
a Web server, possibly executing as one of the other
programs 830.

[0101] Insome embodiments, the interface engine 814
provides programmatic access to one or more functions
of the RES 810. For example, the interface engine 814
provides a programmatic interface (e.g., as a Web serv-
ice, static or dynamic library, etc.) to one or more roof
estimation functions of the RES 810 that may be invoked
by one of the other programs 830 or some other module.
in this manner, the interface engine 814 facilitates the
development of third-party software, such as user inter-
faces, plug-ins, adapters (e.g., for integrating functions
of the RES 810 into desktop applications, Web-based
applications, embedded applications, etc.), and the like.
In addition, the interface engine 814 may be in at least
some embodiments invoked or otherwise accessed via
remote entities, such as the operator computing system
865, the image source computing system 855, and/or the
customer computing system 860, to access various roof
estimation functionality of the RES 810.

[0102] The RES datarepository 816 stores information
related the roof estimation functions performed by the
RES 810. Such information may include image data 105,
model data 106, and/or report data 107 described with
referenceto Figure 1. Inaddition, the RES data repository
816 may include information about customers, operators,
or other individuals or entities associated with the RES
810.

[0103) Inanexample embodiment, components/mod-
ules of the RES 810 are implemented using standard
programming techniques. For example, the RES 810
may be implemented as a "native” executable running
onthe CPU 803, along with one or more static or dynamic
libraries. In other embodiments, the RES 810 is imple-
mented as instructions processed by virtual machine that
executes as one of the other programs 830. In general,
a range of programming languages known in the art may
be employed for implementing such example embodi-
ments, including representative implementations of var-
ious programming language paradigms, including but not
limited to, object-oriented (e.g, Java, C++, C#, Matlab,
Visual Basic.NET, Smalitalk, and the like), functional
(e.g., ML, Lisp, Scheme, and the like), procedural (e.g.,
C, Pascal, Ada, Modula, andthe like), scripting (e.g., Perl,
Ruby, Python, JavaScript, VBScript, and the like), de-
clarative (e.g., SQL, Prolog, and the like).

[0104] The embodiments described above may also
use well-known synchronous or asynchronous client-
servercomputing techniques. However, the various com-
ponents may be implemented using more monolithicpro-
gramming techniques as well, for example, as an exe-
cutable running on a single CPU computer system, or
alternatively decomposed using a variety of structuring
techniques known in the art, including but not limited to,
multiprogramming, multithreading, client-server, orpeer-
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to-peer, running on one or more computer systems each
having one or more CPUs. Some embodiments execute
concurrently and asynchronously, and communicate us-
ing message passing techniques. Equivalent synchro-
nous embodiments are also supported by an RES imple-
mentation. Also, other functions could be implemented
and/or performed by each component/module, and in dif-
ferent orders, and by different components/imodules, yet
still achieve the functions of the RES.

[0105] In addition, programming interfaces to the data
stored as part of the RES 810, such as in the RES data
repository 816, can be available by standard mecha-
nisms such as through C, C++, C#, and Java APls; li-
braries for accessing files, databases, or other data re-
positories; through scripting languages such as XML, or
through Web servers, FTP servers, orothertypes of serv-
ers providing access to stored data. For example, the
RES data repository 816 may be implemented as one or
more database systems, file systems, memory buffers,
or any other technique for storing such information, or
anycombination of the above, including implementations
using distributed computing techniques.

[0106] Also, the example RES 810 can be implement-
edin adistributed environment comprising multiple, even
heterogeneous, computer systems and networks. For
example, in one embodiment, the image acquisition en-
gine 811, the roof modeling engine 812, the report gen-
eration engine 813, the interface engine 814, and the
data repository 816 are all located in physically different
computer systems. In another embodiment, various
modules of the RES 810 are hosted each on a separate
server machine and are remotely located from the tables
which are stored in the data repository 816. Also, one or
more of the modules may themselves be distributed,
pooled or otherwise grouped, such as for load balancing,
reliability or security reasons. Different configurations
and locations of programs and data are contemplated for
use with techniques of described herein. A variety of dis-
tributed computing techniques are appropriate for imple-
menting the components of the illustrated embodiments
in adistributed mannerincluding but not limitedto TCP/IP
sockets, RPC, RMI, HTTP, Web Services (XML-RPC,
JAX-RPC, SOAP, and the like).

[0107] Furthermore, in some embodiments, some or
all of the components of the RES are implemented or
provided in other manners, such as at least partially in
firmware and/or hardware, including, but not limited to
one or more application-specific integrated circuits
(ASICs), standard integrated circuits, controllers (e.g.,
by executing appropriate instructions, and including mi-
crocontrollers and/or embedded controllers), field-pro-
grammable gate arrays (FPGAs), complex programma-
ble logic devices (CPLDs), and the like Someorall of the
system components and/or data structures may also be
stored (e.g., as software instructions or structured data)
on a computer-readable medium, such as a hard disk, a
memory, a network, or a portable media article to be read
by an appropriate drive or via an appropriate connection.
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The system components and data structures may also
be stored as data signals (e.g., by being encoded as parnt
of acarrierwave orincluded as part of an analog or digital
propagated signal) on a variety of computer-readable
transmission mediums, which are then transmitted, in-
cluding across wireless-based and wired/cable-based
mediums, and may take a variety of forms (e.g., as part
of a single or multiplexed analog signal, or as multiple
discrete digital packets or frames). Such computer pro-
gram products may also take other forms in other em-
bodiments. Accordingly, embodiments of this disclosure
may be practiced with other computer system configura-
tions.

[0108] Figure 9is an example flow diagram of an image
registration routine provided by an example embodiment.
The illustrated routine 900 may be provided by, for ex-
ample, execution of the roof estimation system 810 de-
scribed with respect to Figure 8. The illustrated routine
900 facilitates image registration based upon operator
indicated registration points and/or image lean correc-
tions.

[0109] More specifically, the routine begins instep 901,
where it displays, on a user interface screen, an aerial
image of a building having a roof. As part of the user
interface screen, the routine also displays user interface
controls such as markers that may be used by an operator
for purposes of image registration and/or lean correction,
as described with reference to Figure 4A, above.
[0110] In step 802, the routine receives, via one or
more registration markers, indications of one or more
points on the aerial image. The registration markers are
manipulated by the operatorto specify points onthe aerial
image, as described with reference to Figures 4A-4E.
Typically, the points are visually identifiable features,
such as corners of the roof of the building. For example,
if the roof has four corners (e.g., a northwest, southwest,
northeast, and southwest corner) the operator may place
one registration marker on each of the four corners as
shown in the aerial image. Then, the positions {e.g., co-
ordinates on the aerial image) of the markers are trans-
mitted to the routine for use in registering the aerial im-
age, as described below.

[0111] Instep 903, the routine receives, via aleancor-
rection marker, an indication of the vertical axis of the
building roof. In at least some cases, the aerialimage of
the building is out of alignment with respect to the vertical
axis of the building. This may be caused, for example,
by pitch, roll, and/or yaw experienced by the aircraft dur-
ing the process of photographing the building. To correct
for such misalignment, the lean correction marker is ma-
nipulated by the operator to indicate a vertical axis of the
building. Typically, the operatoraligns the lean correction
marker with known, substantially vertical feature of the
building, such as a chimney, wall corner, etc., as de-
scribed with reference to Figure 4E, above. After the op-
erator has aligned the lean correction marker, the posi-
tion (e.g., angle of the marker, coordinates of the end-
points of the marker, etc.) of the lean correction marker
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istransmittedto the routine foruse in registering the aerial
image, as described below.

[0112] Particular benefits may be obtained from lean
correction performed in the context of an overhead, or
“top down,” view. An "overhead lean" occurs when the
camerais not directly overhead with respect to the build-
ing when the photo is taken. In some cases, leans in
excess of 5 degrees have been observed in "top down®
photos. Furthermore, unlike oblique, perspective views,
a top-down lean is typically less likely to include a con-
venient visual marker that provides sufficient angle to
assess the lean direction and magnitude, such as the
edge of the building or a tall chimney. An overhead lean
affects the perceived location of the roof lines in a top
down view. This effect is amplified as the pitch of the roof
increases and/or as the vertical separation between dis-
connected roof sections increases. Without lean carrec-
tion, superimposing a wire frame over the visible ridge-
lines (and other features of a building that reside at dif-
ferent elevations) may produce asymmetries in other-
wise symmetric structures. Further, an absence of lean
correction may intreduce errors in pitch estimation, as
the wire frame may not appear consistent between top
and oblique view points. More specifically, without top
view lean correction, the positions for the roof lines in an
otherwise correct (i.e., accurate with respectto the actual
geometry of the roof) wire frame will typically not line up
on the visible roof lines in the overhead reference photo.
This often leads the user (or software) to either introduce
errors by incorrectly drawing the wire frame to the image
lines or perform a subjective determination of where and
how to shift the wire frame lines off the image lines to
produce a correct model. Top view lean correction allows
the roof estimation system to trace to, or substantially to,
the actual roof lines seen in the top image while still pro-
ducing an accurate wire frame model.

[0113] Image misalignment may be specified in other
ways. For example, in other embodiments, the operator
may instead rotate the image to a position in which the
building appears to be in a substantially vertical position.
Then, the angle of rotation of the image may be trans-
mitted to the routine for use in registering the aerial im-
age.

[0114] In step 904, the routine registers, based on the
received indications of the points and/or the received in-
dication of the vertical axis, the aerial image to a refer-
ence grid. Registering the image to a reference grid may
include determining a transformation between the refer-
ence grid and the image, based on the indicated points
and/or the indicated vertical axis. Determining such a
transformation may be based on other information as
well, such as meta-information associated with the aerial
image. In some embodiments, the aerial image has cor-
responding meta-information that includes image cap-
ture conditions, such as camera type, focal length, time
of day, camera position (e.g., latitude, longitude, and/or
elevation), etc.

[0115] In step 905, the routine determines whether
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there are additional aerial images to be registered, and
if so, returns to step 901, else proceeds to step 906. Dur-
ing execution of the loop of steps 901-905, the operator
typically indicates, for each registration marker, the same
feature (e.g., corner) of the roof as shown in each of mul-
tiple images, such that the routine can register the mul-
tiple images to a single, uniform reference grid. Upon
completion of the registration process, the routine has
determined a uniform coordinate system for the multiple
aerial images, for use during other phases of model con-
struction, such as pitch determination or feature identifi-
cation.

[0116] In step 906, the routine generates a three-di-
mensional model based at least in part on the aerial im-
age(s) and the reference grid. As discussed above with
referenceto Figures 5A-5D and 6A-6D, model generation
includes identification of roof features shown in various
images of the roof, such as edges, planar sections, ver-
texes; and the like, as well as determination of roof pitch
and other dimensional attributes of the roof. In otherem-
bodiments, the routine performs other functions with the
registered images, such as storing them for later\use
(e.g., by an automated model generation module), trans-
mitting them to another computing (e.g., for use in a third-
party design application), etc. Afterstep 906, the routine
ends.

[0117]} Note that in at least some embodiments, as-
pects of the routine 900 may be performed in an auto-
mated manner. For example, operations discussed
above as being performed by an operator, such as the
determination of the location of image registration points
of step 902 and/or the indication of lean of step 903, may
be performed by automated image processing tech-
niques. '

[0118] Figure 10 is an example flow diagram of a pitch
determination routine provided by an example embodi-
ment. The illustrated routine 1000 may be provided by,
for example, execution of the roof estimation system 810
described with respect to Figure 8. The itlustrated routine
1000 facilitates the determination of the pitch of a section
of a roof, by displaying a pitch determination marker and
modifying a 3D model! of a roof based on an indication
of roof pitch received via the pitch determination marker.
[0119] More specifically, the routine begins at step
1001 where it displays an aerial image of a building hav-
ing a roof comprising a plurality of planar roof sections
that each have a corresponding pitch. The aerial image
is displayed in the context of a user interface screen,
such as is described with reference to Figures 4A-6C,
above. The aerial images may be received from, for ex-
ample, the image source computing system 855 and/or
from the RES data repository 816 described with refer-
ence to Figure 8. As discussed above, aerial images may
be originally created by cameras mounted on airplanes,
balloons, satellites, etc. In some embodiments, images
obtained from ground-based platforms (e.g., vehicle-
mounted cameras) may be used instead or in addition.
[0120] Instep 1002, the routine displays a pitch deter-
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mination marker operable to indicate pitch of a planar
roof section. The pitch determination marker may be, for
example, a pitch determination marker 510 ("protractor
tool") or 520 ("envelope tool"), such as are respectively
described with respect to Figures 5Band 5C, above. The
routine displays the pitch determination marker by, for
example, presenting it on a user interface screen dis-
played on a computer monitor or other display device.
The pitch determination marker is a direct manipulation
user interface control, in that an operatormay manipulate
it (e.g., adjust an angle, change its shape, alter its posi-
tion, etc.) in orderto indicate pitch of a planar roof section.
Additional details regarding pitch determination controls
are provided with respect to Figures 5A-5D, above.
[0121] In step 1003, the routine receives, via the dis-
played pitch determination marker, an indication of the
pitch of one of the plurality of planar roof sections of the
roof of the building. Receiving an indication of the pitch
includes receiving an indication (e.g., via an event, call-
back, etc.) that the marker has been manipulated by the
operator, and then determining an angle based on the
shape and/or position of the marker. In some embodi-
ments, such an indication may be received on an event
driven basis, such as every time the marker is manipu-
lated in some manner. In other embodiments, the routine
may poli the marker from time to time to determine its
current state. In addition, the operator may explicitly in-
dicate that the current state of the marker is to.be trans-
mitted to the routine, such as by pressing a button or
other indication.
[0122] In step 1004, the routine modifies a three-di-
mensional model of the roof based on the received indi-
cation of the pitch of the one planar roof section. Modi-
fying the 3D model of the roof includes associating the
indicated pitch with a portion of the model corresponding
tothe one planar roof section. For example, the 3D model
may include one or more data structures representing
planar roof sections, and the indicated pitch may be in-
cluded as part of the data structure representing the one
planar roof section. In some embodiments, the 3D model
may not at this point include representations of the planar
roof sections, such as because the operator has not yet
specified them. In such a case, the routine may store the
indicated pitch in association with the location and orien-
tation at which the pitch was specified by the operator,
as determined from the aerial image. Then, at a later
time, when the operator specifies a roof section that has
- the same orientation as the stored pitch and that includes
oris near the stored location, the roof estimation system
can store the indicated pitch in association with the spec-
ified roof section. '
[0123] After step 1004, the routine ends. In other em-
bodiments, the routine may instead return to step 1001,
to determine the pitch for another planar roof section (of
the same or different roof).
[0124] Figure 11 is an example flow diagram of con-
current feature display routine provided by an example
embodiment. The illustrated routine 1100 may be provid-

EP 2 251 833 A2

25

30

35

40

45

55

15

28

ed by, for example, execution of the roof estimation sys-
tem 810 described with respect to Figure 8. The iilustrat-
ed routine 1100 concurrently displays operator indicated
features in multiple aerial images of a building roof.
[0125] More specifically, the routine begins in step
1101, where'it displays a first and a second aerial image
of a building having a roof, each of the aerial images
providing a different view of the roof of the building. The
aerial images are displayed in the context of a user in-
terface screen, such as is described with reference to
Figures 6A-6C, above.

[0126] Instep 1102, the routine receives an indication
of a feature of the building shown in the first aerialimage.
The indication is typically received via a user interface
control, such as a drawing tool or marker, upon its ma-
nipulation by an operator. For example, the operator may
manipulate a drawing tool in orderto specify one ormore
features of the building roof, such as a corner on the roof,
an edge of the roof, an outline of a section of the roof,
etc. In one embodiment, the operator utilizes a drawing
tool to indicate roof section corner points and roof section
edges connecting those corner points. Additional details
regarding feature indication are provided with respect to
Figures 6A-6C, above. '
[0127] In step 1103, the routine modifies a three-di-
mensional model of the roof based on the received indi-
cation of the feature of the building. Medifying the 3D
model may include adding or updating the indicated fea-
ture to a wire frame model of the roof. For example, if the
indicated feature is a roof section corner point, the corner
point will be added to the 3D model, along with the loca-

. tion (e.g, the X, Y, and Z position of the point) of the

point. The focation of the point is automatically deter-
mined based on a translation of the position of the point
in the image to a point in the uniform reference grid as-
sociated with the image. If the indicated feature is a roof
section edge, the edge will be added to the 3D model,
such as by associating the edge with two points corre-
sponding to the end points of the edge. Higher-level fea-
tures can also be indicated. For example, a planar roof
section may be indicated by “closing" a sequence of two
ormore connected line segments, to create a closed pol-
ygon that represents the outline or perimeter of the planar
roof section.

[0128] In step 1104, the routine concurrently displays
a projection of the feature from the modified three-dimen-

. sional model onto the first and second aerial images. In

one embodiment, displaying the feature from the modi-
fied three-dimensional model includes projecting the
three-dimensional model onto both the first and second
aerial images. For example, if the first image (for which
the indicated feature was received) provides a west view
of the building, and the second image provides an east
view of the building, the routine will concurrently display
a projection of the indicated feature from the 3D model
onto both the first and second images. The projection of
the indicated feature into the second image is based at
least in part on a translation from the position of the fea-
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ture in the reference grid to a position in the second im-
age. In addition, the concurrent display onto two or more
images occurs at substantially the same time (within a
short time interval, at times that are substantially coinci-
dent) as the indication of the feature of the building in
step 1102, giving the operator the illusion that as they
are indicating a feature in the first image, the feature is
being simultaneously projected into the second image.
[0129] Aiter step 1104, the routine ends. In other em-
bodiments, the routine may instead return to step 1101,
to perform an interactive loop of steps 1101-1104 with
the operator, so that the routine can concurrently display
muiltiple features as they are. indicated by the operator.
Note that in such an embodiment, each iteration of the
loop of steps 1101-1104 may be performed at near real-
time speeds, so as to provide a fluid, interactive model
generation experience for the operator enabling the op-
erator to drag, draw, or otherwise indicate/manipulate
features in afirstimage and view the results of their work
concurrently projected into a second image.

[0130] All of the above U.S. patents, U.S. patent ap-
plication publications, U.S. patent applications, foreign
patents, foreign patent applications and non-patent pub-
lications referred to in this specification and/or listed in
the Application Data Sheet, including but not limited to
U.S. Non-Provisional Patent Application No. 12/467,244,
entitted "PITCH DETERMINATION SYSTEMS AND
METHODS FOR AERIAL ROOF ESTIMATION,” fited
May 15, 2009, are incorporated herein by reference, in
their entireties.

[0131] From the foregoing it will be appreciated that,
although specific embodiments have been described
herein for purposes of illustration, various modifications
may be made without deviating from the spirit and scope
ofthe present disclosure. For example, the methods, sys-
tems, and techniques for generating and providing roof
estimate reports discussed herein are applicable to other
architectures other than the illustrated architecture or a
particular roof estimation system implementation. Also,
the methods and systems discussed herein are applica-
ble to differing network protocols, communication media
(optical, wireless, cable, etc.) and devices (such as wire-
less handsets, electronic organizers, personal digital as-
sistants, portable email machines, game machines, pag-
ers, navigation devices such as GPSreceivers, etc.). Fur-
ther, the methods and systems discussed herein may be
utilized by and/or applied to other contexts or purposes,
such as by or for solar panel installers, roof gutter install-
ers, awning companies, HVAC contractors, general con-
tractors, and/or insurance companies.

Claims

1. A computer-implemented method for generating
a roof estimate report, the method comprising:

displaying an aerial image of a buitding having
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a roof comprising a plurality of planar roof sec-
tions that each have a cormesponding pitch;
displaying a pitch detemmination marker opera-
ble to indicate pitch of a planar roof section;
receiving, via the displayed pitch determination
marker, an indication of the pitch of one of the
plurality of planar roof sections of the roof of the
building; and

modifying a model of the roof based on the re-
ceived indication of the pitch of the one planar
roof section.

2. The method of claim 1 wherein the pitch determi-
nation marker is adjustable to specify pitch of a pla-
nar roof section.

3. The method of claim 1 or 2 further comprising:

transmitting roof measurement information
based on the modified model of the roof, the roof
measurement information including a measure
of the pitch of the one planar roof section.

4. The method of any of claims 1 to 3 wherein mod-
ifying the model of the roof includes associating the
indicated pitch with a portion of the model of the roof
that corresponds to the one planar roof section of
the roof of the building.

5. The method of any of claims 1 to 4 further com-
prising:

displaying awireframe rendering of the modified
model superimposed on the aerial image of the
building.
6. A computing system for generating a roof estimate
report, the computing system comprising:

a memory;
a roof estimation module that is stored on the

“memory and that is configured, when executed,
to:

display an aerial image of a building having
a roof comprising a plurality of planar roof
sections that each have a correspondin
pitch; .
display a pitch determination marker oper-
able toindicate pitch of aplanarroof section;
receive, via the displayed pitch determina-
tion marker, an indication of the pitch of one
of the plurality of planar roof sections of the
roof of the building;

modify a model of the roof based on the re-
ceived indication of the pitch of the one pla-
nar roof section; and

provide roof measurement information
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based on the model of the roof, the roof
measurement information including a
measure of the pitch of the one planar roof
section. -

7. The computing system of claim 6 wherein the roof
estimation module is further configured to transmit
a roof estimate report based on the provided roof
measurement information.

8. The computing system of claim 6 or 7 wherein the
pitch determination marker includes at least one of
an adjustable protractor tool and an envelope tool.

9. The computing system of any of claims 6 to 8
wherein the roof estimation module includes an in-
teractive roof modeling user interface.

10. The computing system of any of claims 6 to 9
wherein the roof estimation module is further config-
ured to display the pitch determination marker as
part of an interactive user interface.
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Area Diagram:
Total Area = 2347 sqft
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C image Registration j’\/goo

Y

Display, on a user interface screen, an aerial

Y

image of a building having a roof

Y

Receive, via one or more registration markers,
indications of points on the aerial image

Y

Receive, via a lean correction marker, an
indication of the vertical axis of the building roof

Y

Register, based on the received indications of the
points and/or the received indication of the vertical
axis, the aerial image to a reference grid

l 905

More images?
Yes

least in part on the aerial image(s) and the
reference grid

Fig. 9 v
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1000

C Pitch Determination

Y

Display an aerial image of a building having a roof
comprising a plurality of planar roof sections that
each have a corresponding pitch

Y

Display a pitch determination marker operable to
indicate pitch of a planar roof section

Y

Receive, via the displayed pitch determination
marker, an indication of the pitch of one of the
plurality of planar roof sections of the roof of the
building

Y

Modify a three-dimensional mode! of the roof
based on the received indication of the pitch of the
one planar roof section

End

Fig. 10
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1100
C Concurrent Feature Display j‘/
v
. ! L 1101
Display a first and a second aerial image of a )
building having a roof, each of the aerial images
providing a different view of the roof of the building
Y
1102
Receive an indication of a feature of the building
shown in the first aerial image
A 4
. . . 1103
Modify a three-dimensional model of the roof
based on the received indication of the feature of
the building
Y
1104

Concurrently display a projection of the feature
from the modified three-dimensional model onto
the first and second aerial images

End

Fig. 11
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(54) Bezeichnung: VERFAHREN ZUM VERMESSEN DER FLACHEN EINES HAUSDACHS
(57) Abstract

The invention relates to a method for measuring the roof 6 5
surfaces of a building with which the mentioned safety risks are
avoided and a scaled, detail-exact reproduction of the house roof
is made possible. According to the inventive method, at least one
image of the roof (1) is generated which can be processed using
data technology methods. The image is fed as a data set into
a data processing device. The progression of roof edges which
respectively enclose one of the roof surfaces is determined by
the data processing device. The dimensions of the respective
roof surface is determined by the data processing device from 2
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(57) Zusammenfassung

Die vorliegende Erfindung betrifft ¢in  Verfahren
zum Vermessen der Dachflichen eines Gebiudes, mittels
dessen die genannten Sicherheitsrisiken vermieden werden
und eine massstibliche, detailgetreue Wiedergabe des 1
Hausdachs ermoglicht wird. Bei einem solchen Verfahren
wird mindestens eine datentechnisch verarbeitbare Abbildung
des Dachs (1) erstellt, die Abbildung als Datensatz in
eine Datenverarbeitungseinrichtung  eingespeist, von der
Datenverarbeitungseinrichtung der Verlauf der Drachkanten
ermittelt, welche jeweils eine der Dachflichen umschliessen,
und von der Datenverarbeitungseinrichtung aus dem ermittelten
Verlauf der Dachkanten die Abmessungen der jeweilige
Dachfliche bestimmt. :
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Verfahren zum Vermessen der

Flachen eines Hausdachs

Die Erfindung betrifft ein Verfahren zum Vermessen der
Fldchen eines Hausdachs. Derartige Verfahren werden
eingesetzt, um Angaben flir die Planung einer Renovierung
von Hausddchern zu erhalten. Insbesondere werden diese
Angaben fiUr die Erstellung von Angeboten fir derartige
Renovierungen benétigt. Dariiber hinaus kann ein
derartiges Verfahren aber auch fir stadtebauliche
Planungsverfahren und als Grundlage fiir architektonische

Neugestaltungen eingesetzt werden.

Bisher werden zur Ermittlung der benétigten Angaben die
Abmessungen des Hausdachs vor Ort beispielsweise von
einem Dachdecker aufgenommen. Dabei werden die Liangen der
einzelnen Dachkanten, Firste, Traufen, Grate und Kehlen
etc. von Hand ausgemessen. Dariliber hinaus werden die
Dachneigung ermittelt und die Lage von Dachfensterfl&chen
erfalit.

Der Nachteil dieser Vorgehensweise besteht darin, daB der
mit der Vermessung beauftragte Fachmann das zu
vermessende Hausdach begehen mufl. Da zum Zeitpunkt der
Planung der Renovierung eines Hausdachs in der Regel noch
kein Gerlist oder sonstige Sicherheitsvorkehrungen
bestehen, ist diese Begehung insbesondere dann mit
erheblichen Sicherheitsrisiken verbunden, wenn es sich um
ein Giebeldach handelt. Dabei besteht eine besondere
Gefdhrdung dann, wenn ungiinstige Witterungsbedingungen,

wie etwa Regen oder Schnee, herrschen. Gerade bei solchen
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Witterungen kommt es jedoch hdufig aufgrund von Stiirmen
zu- Schdden an Ddchern, welche unverziiglich behoben werden

miissen.

Ein weiteres Problem besteht darin, daB haufig
beispielsweise die Neigung des Dachs nur ungefdhr
abgeschdtzt werden kann. Ebenso ist es oft aufgrund der
damit einhérgehenden erhohten Gefdhrdung nicht méglich,
die exakten Eckpunkte des zu vermessenden Dachs zu
erfassen. Deshalb enthdlt die auf Grundlage der in der
voranstehend erlduterten Weise erfaften Angaben erstellte
Kalkulation in der Regel Ungenauigkeiten, die in der
weiteren Angebotsabwicklung bericksichtigt werden missen.
So sind zum Beispiel bei der Materialplanung Zuschliage
einzurechnen, die sicherstellen, daB auch fir den Fall
einer Abweichung der aufgenommenen MaRe von den
tatsédchlichen Mafen des Hausdachs geniigend Material zur
Renovierung zur Verfligung steht. Die fir diese Zuschlige
anfallenden zus&tzlichen Kosten sind gegeniiber dem Kunden

oft nur schwer zu begriinden.

Der Erfindung liegt die Aufgabe zugrunde, ein Verfahren
zur Vermessung eines Hausdachs zu schaffen, daB die
genannten Sicherheitsrisiken vermeidet und eine
maBstabliche, detailgetreue Wiedergabe des Hausdachs
ermdglicht.

Diese Aufgabe wird erfindungsgemiB dadurch geldst, dab
mindestens eine datentechnisch verarbeitbare Abbildung
des Hausdachs erstellt wird, daB die Abbildung als
Datensatz in eine Datenverarbeitungseinrichtung
eingespeist wird, daB von der
Datenverarbeitungseinrichtung der Verlauf der Dachkanten

ermittelt wird, welche jeweils eine der Dachfl&chen

0317



WO 00/29806 PCT/EP99/08431

umschlieBen, und daB von der
Datenverarbeitungseinrichtung aus dem ermittelten Verlauf
der Dachkanten die Abmessungen der jeweiligen Dachfladche

bestimmt werden.

Die Erfindung stellt ein Verfahren zur Verfiigung, welches
es ermdglicht, automatisch diejenigen Angaben zu
ermitteln, welche fiir die Kalkulation und Vorbereitung
der bei einer Dachrenovierung durchzufihrenden Arbeiten
bendtigt werden. Zu diesem Zweck ist lediglich eine
Aufnahme des jeweiligen Dachs zu erstellen, welche in
digitalisierter, d.h. datentechnisch verarbeitbarer Form
vorliegt. Dies kann beispielsweise dadurch erfolgen, daB
eine herkommlich erstellte Photographie eines Hauses mit
zugehdriger Dachflédche in einem handelsiblichen Scanner
in digital verarbeitbare Daten umgesetzt wird, oder
dadurch, dah mittels einer digitalen Kamera ein ohne
weitere Umsetzungsschritte von einem Computer
verarbeitbarer Datensatz erstellt wird. Dann wird von der
Datenverarbeitungseinrichtung aus diesem Datensatz anhand
bekannter Filter-Algorithmen der Kantenverlauf der
Dachfldchen ermittelt. SchlieBlich werden aus den zuvor
bestimmten Kantenverl&dufen, die ggf. in eine gegléttete
vektorielle Darstellung umgerechnet worden sind, die
metrischen Abmessungen des Dachs bestimmt und fiir die

Weiterverarbeitung zur Verfiigung gestellt.

Selbstverstandlich kann die Datenverarbeitungseinrichtung
in einem unmittelbar anschlieBenden Arbeitsgang aus den
so ermittelten Angaben unter Beriicksichtigung bestimmter
Vorgaben, wie zu verarbeitendes Material, Art der
Renovierung etc., automatisch eine Kalkulation erstellen

oder einen Arbeitsplan generieren.
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Bei Einsatz des erfindungsgemafen Verfahrens ist es fur
den Fachmann nicht mehr notwendig, daB zu vermessende
Hausdach zu begehen. Damit entfallen fiir ihn die mit
einer solchen Begehung verbundenen Sicherheitsrisiken.
Statt dessen erhdlt er auf einfache Weise samtliche

Angaben, die er fir seine Arbeiten benotigt.

Grundsdtzlich ist es méglich, bei der Durchfihrung des
erfindungsgemédBen Verfahrens jede Art von Abbildung des
jeweiligen Hausdachs zu verwenden, auf welcher die
jeweilige Dachfldche in ausreichender Weise genau und
erkennbar abgebildet ist. Vorteilhaft ist es jedoch, wenn
es sich bei der Abbildung um eine Luftaufnahme handelt,
in welcher das jeweils interessierende Hausdach in
Draufsicht dargestellt ist. Weiter verbessert werden kann
die Qualit&t des Ergebnisses bei der Durchfihrung des
erfindungsgemiafen Verfahrens dadurch, daB anstelle eines
einfachen, in der Regel mit Verzerrungen behafteten
Photos eine photogrammetrische Aufnahme des Hausdachs

verwendet wird. ~

Derartige photogrammetrische Aufnahmen werden
beispielsweise zur exakten Erfassung der Hoéhenlinien von
Landschaften u.4. eingesetzt und ermdglichen die
verzerrungsfreie Wiedergabe eines aus der Luft
aufgenommenen Objekts. Durch eine geeignete, im Grundsat:z
bekannte Interpretation einer solchen
zentralperspektivischen photogrammetrischen Abbildung ist
es moéglich, zum einen den r&dumlichen Verlauf der
Dachkanten zu ermitteln und zum anderen die Dachneigung
zu bestimmen. Auf diese Weise konnen die
Dachkantenverldufe, der von sich kreuzenden Kanten
eingeschlossene Winkel und die Dachneigung mit erhdhter

Genauigkeit ermittelt werden.
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Nach einer vorteilhaften Ausgestaltung der Erfindung wird
anhand der ermittelten Dachkanten eine Zeichnung des
Dachs erstellt. Diese Zeichnung erleichtert nicht nur die
Kalkulation und Planung der durchzufithrenden Arbeiten,
sondern kann auch zur Visualisierung der jeweiligen
Erfordernisse gegeniiber dem Kunden verwendet werden. Je
nach Art und Umfang der aus der urspringlichen Abbildung
ermittelten Angaben kann dabei nicht nur eine
zweidimensionale, sondern auch eine dreidimensionale
Zeichnung erstellt werden, welche das Nachvollziehen der
erforderlichen Renovierungsarbeiten zusdtzlich

erleichtert.

Die Handhabung und Weiterleitung der von der
Datenverarbeitungseinrichtung ermittelten Angaben kann
dadurch vereinfacht werden, daB die
Datenverarbeitungseinrichtung die betreffenden Daten an
eine Dateniibertragungseinrichtung iibergibt. Bei dieser
Datenlbertragungseinrichtung kann es sich um ein
herkémmliches Modem handeln, iiber welches beispielsweise
der potentielle Kunde oder der sich jeweils vor Ort
befindliche Fachmann die ermittelten Angaben abrufen

kann.

Ebenso kann es sich bei der Dateniibertragungseinrichtung
um einen Internetzugang handeln, {iber welchen die Daten
ebenfalls durch entsprechend autorisierte Dritte
fernabfragbar sind. Eine solche Anbindung der
Datenverarbeitungseinrichtung an ein
Datenilibertragungsnetz ermdglicht es problemlos, auf
Anfrage fir Dritte zu einem bestimmten Objekt die
erforderlichen Angaben nach dem erfindungsgemafen

Verfahren zu ermitteln und sie anschlieffend zur
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unverziglichen Weiterverarbeitung in datentechnisch

aufbereiteter Form zur Verfiigung zu stellen.

Nachfolgend wird die Erfindung anhand eines

Ausflihrungsbeispiels niéher erl&utert. Es zeigen:
Fig. 1 eine Luftaufnahme eines zu vermessenden Hausdachs;

Fig. 2 die Luftaufnahme gemiR Fig. 1, in welche
zusatzlich der Verlauf der ermittelten Dachkanten

hervorgehoben ist;

Fig. 3 eine zeichnerische Darstellung des in Fig. 1

gezeigten Hausdachs in Draufsicht;

Fig. 4 eine zeichnerische Darstellung des zu bemaBenden

Hausdachs in einer Seitenansicht.

Bei der in Fig. 1 gezeigten Aufnahme A eines Hausdachs 1
handelt es sich um einen vergréRerten Ausschnitt aus
einer photogrammetrisch erstellten, verzerrungsfreien
Luftaufnahme, welche aus grofler Héhe von einem

Uberfliegenden Flugzeug aufgenommen wurde.

Das Hausdach 1 weist die Form eines Walmdachs mit vier
angeschrdgt aufeinander zulaufenden, relativ stark
geneigten Dachfl&dchen 1la,1b,1c,1d und einer umlaufenden
Traufe 6 auf, welche eine geringere Neigung hat. Die
gegentiberliegenden Dachfldchen 1b,1d weisen die Form
eines gleichschenkligen Dreiecks auf, wahrend die
gegeniiberliegenden Dachflidchen 1la,lc trapezférmig
ausgebildet sind. In der Dachfliche la ist eine mittig
angeordnete Dachgaube 2 vorhanden, wahrend in der
Dachflédche 1c ein Schornstein 3 und drei in einer Reihe

nebeneinander beabstandet angeordnete Dachflachenfenster
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4 eingebaut sind. Ein weiteres Dachfl&chenfenster 5 ist

in der Dachfldche 1d mittig positioniert.

Zur Ermittlung der Flacheninhalte der Dachfl&chen
la,1b,1c,1d wird die Aufnahme A, sofern sie nicht schon
in datentechnisch verarbeitbarer Form vorliegt,
digitalisiert, indem sie iiber einen Scanner in einen
Graphik-Datensatz umgesetzt wird. Der so gewonnene
Datensatz wird in einer herkémmlichen, hier nicht
gezeigten Datenverarbeitungseinrichtung (Computer)

weilterverarbeitet.

Von der Datenverarbeitungseinrichtung werden zundchst
mittels eines bekannten Bilderkennungsverfahren (Tracing)
durch Anwendung geeigneter Filter die Verliaufe der Kanten
der Dachfl&che 1 ermittelt. Dabei berilicksichtigt das
Bilderkennungsverfahren nicht nur die einfache bildliche
Wiedergabe des Dachs, wie sie in der Aufnahme A zu
erkennen ist, sondern verarbeitet zusstzlich die
Informationen, welche die Photogrammetrie zur Verfiigung
stellt, wie beispielsweise die relative Winkelstellung
der Kameras, welche die Bilder erzeugt haben, die bei der
Erstellung der verzerrungsfreien Abbildung A iberlagert
worden sind. Gleichzeitig erkennt die
Datenverarbeitungseinrichtung die Lage und GroéBe der

Dachfldchenfenster 4,5 und des Schornsteins 3.

AnschlieRend fiihrt die Datenverarbeitungseinrichtung eine
Glattung der Kantenverldufe durch, um die jeweiligen
Endkoordinaten der Kanten zu bestimmen. Als Ergebnis
dieses Verarbeitungsschritts werden dreidimensionale
Anfangs- und Endkoordinaten erhalten,

anhand derer die Abmessungen des Dachs 1 (Linge der

jeweiligen Kante, Neigung der jeweiligen Kante, Position

0322



WO 00/29806 PCT/EP99/08431

der Dachfldchenfenster, Fldcheninhalte usw.) in bekannter

Weise bestimmt werden.

Auf Anforderung durch einen Benutzer generiert die
Datenverarbeitungseinrichtung mit Abmafen versehene
Ansichtszeichnungen des Dachs 1 (Fig. 3 und 4).
Zusdtzlich kann anhand der in dreidimensionaler Form
vorliegenden Daten eine dreidimensionale Darstellung des

Dachs 1 generiert werden.

Die Datenverarbeitungseinrichtung ist mit einer nicht
dargestellten Datenibertragungseinrichtung verbunden,
Uber die sie an das Internet angeschlossen ist. Bei
dieser Datenlbertragungseinrichtung kann es sich um einen
Internet-Server handeln, iiber den Daten fir Dritte
abrufbar im Internet bereit gestellt werden. Die derart
bereit stehenden Ergebnisse der durchgefiihrten Vermessung
des Dachs 1 kdénnen von Interessenten durch einen Zugriff
auf den Internet-Server nach vorheriger Einholung einer
Genehmigung beim Anbieter dieser Ergebnisse abgerufen

werden.
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Patentanspriche

1. Verfahren zum Vermessen der Dachfldchen (la,lb,lc,1d)
eines Gebdudes, d ad ur c h
gekennzeichnet,

- daB mindestens eine datentechnisch verarbeitbare
Abbildung (A) des Dachs (1) erstellt wird,

- daB die Abbildung (A) als Datensatz in eine
Datenverarbeitungseinrichtung eingespeist wird,

- daB von der Datenverarbeitungseinrichtung der
Verlauf der Dachkanten ermittelt wird, welche
jeweils eine der Dachflidchen (la,1lb,lc,1d)
umschlieBen, und

- daB von der Datenverarbeitungseinrichtung aus dem
ermittelten Verlauf der Dachkanten die Abmessungen
der jeweiligen Dachflache (la,lb,1lc,1d) bestimmt

wird.

2. Verfahren nach Anspruch 1, d a du r c h
gekennzeichnet, dabB die Abbildung (A)
eine photographische Luftaufnahme des Dachs (1) ist.

3. Verfahren nach Anspruch 1 oder 2, dadurch
gekennzeichnet, dafd die Abbildung (1)

eine photogrammetrische Aufnahme ist.

4. Verfahren nach einem der Anspriche 1 bis 3,
dadurch gekennzeichnet, dab
von der Datenverarbeitungseinrichtung anhand der
ermittelten Abmessungen (1) eine Zeichnung des Dachs

(1) generiert wird.
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5. Verfahren nach einem der Anspriiche 3 oder 4,
dadurch gekennzeichnet, daa@
die Datenverarbeitungseinrichtung anhand des

ermittelten Kantenverlaufs die Dachneigung bestimmt.

6. Verfahren nach einem der voranstehenden Anspriiche,
dadurch gekennzeichnet, dap die
von der Datenverarbeitungseinrichtung ermittelten
Werte, wie Abmessungen und Dachneigung, an eine

Datenlibertragungseinrichtung tbergeben werden.

7. Verfahren nach Anspruch 6, d adurch
gekennzeichnet, daB die von der
Datenverarbeitungseinrichtung an die

Datenilibertragungseinrichtung Ubergebenen Daten durch

Dritte fernabfragbar sind.
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< the main point position of the image from said defined series of pictures, and measuring the object that is to be measured by taking -

into account the determined focal length, the lens distortion, and the main point position of the image, also in a 3D video.

76

(57) Zusammenfassung: Die Erfindung betrifft ein Verfahren zur Vermessung von Gegenstinden mit einer Kamera durch Aufnahme
und spiterer Auswertung einer Serie von Objektaufnahmen aus mindestens zwei verschiedenen Richtungen und Kalibrier-/messmit-
e tel durch Durchfithrung dieses Verfahrens. Es ist die Aufgabe der Erfindung, mit einfachen Mitteln eine Mdglichkeit zu schaffen,
y={ dic Vermessung vom Boden (Nahbereichsphotogrammetrie) und aus der Luft (Luftbildphotogrammetrie) mit handelsiiblichen, nicht
% werksscitig kalibrierten Kameras durchzufiihren, wie sic derzeit fiir den Privatbedarf iiberall zu niedrigen Preisen erhiltlich sind. Zur
& Auswertung der Vermessungsaufnahmen sollen keine hochpreisigen Spezialauswertegeriite bendtigt werden. Die Erfindung besteht
& darin, dass man mindestens eine herkdmmliche (Digital-) Kamera mit Vario- bzw. Zoomobjektiv als Aufnahmesystem ver wen-
det, dass man mit diesem Aufnahmesystem das Objekt gleichzeitig oder nacheinander. mit einem Passpunktkoordinatensystem als
Messvolumen in einer Aufnahmeserie aufnimmt, dass man die Brmittlung der Brennweite, der Objektiwerzeichnung und der Bild-
hauptpunktlage aus dieser definierten Aufnahmeserie vornimmt und dass man unter Berlicksichtigung der ermittelten Brennweite,
der Objektiwerzeichnung und der Bildhauptpunktlage das zu vermessende Objekt vermisst, ebenso im 3D-Video.

0328



10

18

20

25

30

35

40

WO 2005/124276 PCT/DE2005/001048

Verfahren zur Vermessung von Gegenstanden mit einer Kamera
und Kalibrier-/messmittel zur Durchfithrung dieses Verfahrens

Die Erfindung betrifft ein Verfahren zur Vermessung von Gegenstanden mit
einer Kamera durch Aufnahme und spaterer Auswertung einer Serie von
Objektaufnahmen aus mindestens zwei verschiedenen Richtungen und Ka-
librier-/messmittel zur Durchfihrung dieses Verfahrens.

Zur Vermessung von Gegenstidnden mit einer Kamera durch Aufnahme ei-
ner Se_rie von Bildem aus verschiedenen Richtungen und deren spéteren
Auswertung ist es bekannt, sehr teure Spezialkameras zu verwenden. Die-
ée Kameras sind sogenannte metrische bzw. teilmetrische Kameras, die mi_t
einem Objektiv fester Brennweite arbeiten, das vom Hersteller werksseitig
kalibriert worden ist. Eine Kalibrierung des Objektivs kann nur fur eine je-
weils bestimmte Brennweite vorgenommen werden. Um der GroRe des zu
vermessenden Objektes und den Anforderungen an die Messgenauigkeit
gerecht zu werden, miissen verschiedene Objektive mit unterschiedlichen
Objektivbrennweiten eingesetzt werden. Daher missen Kameras mit aus-
tauschbaren Objektiven zur Vermessung verschieden groBer Objekte ver-
wendet werden. Dieses ist in der Anschaffung teuer und wéahrend des Ver-
messungseinsatzes 'durch den Objektivwechsel und der stationdren Be-
stimmung der Kamerakalibrierung und der Objektivverzeichnung zudem
zeitaufwendig. Der vom Hersteller betriebene Aufwand fir die Herstellung
des Kameragehauses, des speziellen CCD-Chips und dessen Aufhdngung
an der Gehéausertickwand ist grot und auch Grund fur den hohen Preis ei-
ner solchen Fachkamera. Dieses trifft um so mehr fur Luftbild-

Ersatzblatf
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kameraaufnahmesysteme zu. Zur Auswertung dieser bekannten Systeme
werden Stereo-Auswertegerate benétigt, die sehr kostspielig in der An-
schaffung sind.

Ebenfalls bekannte und in der Anschaffung sehr teure Vermessungssyste-
me sind die 3D-Laserscannervermessung, bei der auf das zu vermessende
Objekt direkt Passpunkte aufzubringen sind und photogrammetrische Sys-
teme die auf eine Streifenprojizierung angewiesen sind. Das ist zeitaufwen-
dig und schrankt die zur Vermessung geeigneten Objekte ein.

Die Erfindung vermeidet die Nachteile des Standes der Technik. Es ist die
Aufgabe der Erfindung mit einfachen Mitteln eine Méglichkeit zu schaffen,
die Vermessung vom Boden (Nahbereichsphotogrammetrie) und aus der
Luft (Luftbildphotogrammetrie) mit handelsiblichen, nicht werksseitig kalib-
rierten Kameras durchzufiihren, wie sie derzeit fir den Privatbedarf tberall
zu niedrigen Preisen erhaltlich sind. Zur Auswertung der Vermessungsauf-
nahmen sollen keine hochpreisigen Spezialauswertegerate benétigt wer-
den.

Die Erfindung besteht darin, wenn man mindestens eine herkdmmliche,
nicht metrische (Digital-) Kamera, vorzugsweise mit Vario- bzw. Zoomobjek-
tiv als Aufnahmesystem verwendet, dass man mit diesem Aufnahmesystem
das Objekt gleichzeitig oder nacheinander mit einem Passpunktkoordina-
tensystem in einer Aufnahmeserie aufnimmt, dass man die Emittlung der
Brennweite, der Objektivverzeichnung und der Bildhauptpunktiage aus die-
ser definierten Aufnahmeserie vornimmt und dass man unter Ber{icksichti-
gung der emittelten Brennweite, der Objektivverzeichnung und der Bild-

hauptpunktlage das zu vermessende Objekt vermisst.

Zur Erhdhung der Genauigkeit ist es vorteilhaft, dass man vor der Vermes-

sung einmalig die Objektivverzeichnung und den Bildhauptpunkt der ver-
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wendeten Kamera fir die zu verwendenden Brennweiten ermittelt. Diese

Daten werden dann der folgenden Aufnahmeserie zugrunde gelegt.

Besonders zweckmaRig ist es, wenn man Kamerakalibrierung, die Ermitt-
lung der Brennweite, der Objektivverzeichnung, der Bildhauptpunktiage
und/oder die Auswertung der Daten auf einem Computer mit einer.prozess-
steuernden Software vormimmt.

Auf diese Weise ist es ermoglicht, mit einer handelstblichen Standardka-
mera kleine und auch groRe Objekte ohne Objektivwechsel photogramme-
trisch zu vermessen und zu hochgenauen Vermessungsergebnissen zu ge-
tangen. Da hier nur ein einziges Objektiv verwendet wird, das im Gegensatz
zum Stand der Technik ein Varioobjektiv ist, kann der Nutzer dieser Kamera
die fur seine Objektabbildung optimale Brennweite stufenlos einstelien. Es
entfallt ein zeitintensiver Objektivwechsel. Mit diesem Verfahren gelingt es
erheblich schneller und kostenginstiger, die zur Vermessung notwendige
Aufnahmeserie zu erstellen, die wegen des stufenlosen Einsatzes des Vari-
oobjektives auf nur wenige Bildaufnahmen beschrankt ist.

Es entfallt der hohe zeitliche und finanzielle Aufwand einer werksseitigen
Gesamtkalibrierung der Kamera. Das gelingt dadurch, dass die lKaIibrierung
der Kamera sowie die Ermittlung der Objektivverzeichnung nicht mehr im
Herstellungswerk, sondern innerhalb jeder Vermessungsaufnahmeserie er-
folgen kann. Vorteilhafterweise kann diese Kalibrierung innerhalb jeder der
Vermessung im Computer (,calibration oh the job’) zuzufuhrenden Aufnah-
meserie erfolgen. Daher sind an der Kamera auch keine besonderen Mag- .
nahmen zur Vermeidung negativer Umweltfaktoren oder technische Um-

bauten vorzunehmen.

Die Objektvermessung, eine Konturendigitalisierung oder die Ableitung ei-
ner Oberflachenpunktewolke kann nun an der direkten, realen rdumlichen
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Ansicht von allen fotografierbaren Objekten bzw. Flachen und Situationen
unter Beibehaltung von deren Eigenschaften, wie beispielsweise deren Ob-
jektoberflachenfarb- und Schattenstrukturen, durchgefthrt oder durch Ex-
port einer Oberflachenpunktwolke, mit oder ohne Konturendigitalisierung an
externe Applikationen fur weitere Anwendungen Gbergeben werden. Dieses
ist gegeniber dem bekannten 3D-Laserscanningverfahren vorteithaft, bei
dem die realen Objektoberflichenfarbstrukturen verloren gehen. Denn de-
ren Darstellungen sind Pseudo-3D-Darsteflungen einer schattierten Farb-
stufe.

Als Kameras konnen eine herkdmmliche Kamera, Digitalkamera, Videoka-
mera bzw. Camcorder oder andere Objektaufnahmesysteme, wie z.B. Film-
und Femsehkamera, Mikroskopkamera, Rasterelektronenmikroskopbildauf-
nahmesysteme, Endoskopsystemkameras auch fur die CAD-Vermessungs-
und Digitalisierfunktionalitat, verwendet werden.

Das Passpunktkoordinatensystem dient als Messvolumen und ist mit defi-
nierten, geometrisch exakt angeordneten und einmalig eingemessenen
Passpunkten ausgestattet, um definierte Raumkoordinatenv in x-, y- und z-
Richtung zu liefern. Bei terrestrischen Flachen sind dieses Hoch- und
Rechtswerte oder iiber das GPS emmittelte Koordinaten. Das Messvolumen
dient als Kalibriervoriage fir die Kamerakalibrierung und als exakte Grund-
lage fur die Objektvermessung.

Als Passpunktkoordinatensystem kann man fur kleine Objekte auf einem
Objekttrager angeordnete Passpunktfestkorper zum Aufspannen eines
Messvolumens verwenden oder fir kleinste Objekte dreidimensionale in ih-
ren AbmaRen bekannte Mikrokérper oder Nanostrukturen ggfs. in Kombina-
tion mit Rasterlinien unterschiedlicher MaRstabe, fur mittelgroe bis groe
Objekte einen mit Messmarken versehenen Kalibrierkéfig oder ein mit
Messmarken versehenes dreistrahliges Koordinatengestell und fir terrestri-
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sche und atmosphérische Objekte Bodenmarkierungen in x-, y- Richtung
und in z- Richtung definiert fiegende oder schwebende Objekte als kombi-
niertes Messvolumen verwenden.

Man geht folgendermafien vor:

Kleinste Objekte werden zur Kameraaufnahme auf einen horizontalen Glas-
objekttrager gelegt, nachdem zuvor mit einer 3D-Kalibriermessplatte die Ka-
librierung der Kameras und des Linsensystems eines (Stereo)mikroskops
oder einer (Stereo)lupe bestimmt wurde. Diese 3D-Kalibriermessplatte

- weist definierte Raster aus x-fy-Rasterlinien sowie Mikrokorper auf, die im

definierten Tiefenscharfebereich der VergréBerungsstufe liegen und die z-
Koordinate liefern. Es kann auch ein Nanostrukturkérper, beispielsweise ein
Kristallgitter mit bekannten GitterstrukturmaRen, als Kalibrier- und Messvo-
lumen dienen.

Kleine Objekte werden mit einem Passpunktkoordinatensystem, bestehend
aus einer das Objekt tragenden horizontalen Objektplattform und einer an
der hinteren Kante der Objektplattform angeordneten vertikalen Objekttra-
gerrickwand, auf denén Passpunktfestkorper zum Aufspannen eines
Messvolumens angeordnet sind, fotografiert. Diese Anordnung kann vorab
als Kalibrierstation fir die Kamera dienen, indem die Objekttragerickwand
durch eine Kalibriertafel, spater dargestelit in der Fig. 6, ausgetauscht wird.

MittelgroBe bis groe Objekte werden in einen Messkafig mit definiert an-
geordneten Passpunkten eingestelit oder werden mithilfe eines dreiachsi-
gen, einen Raum aufspannenden, mobilen Koordinatengestelles mit einma-
lig eingemessenen Messmarken als Messvolumen zur Vermessung aufge-
nommen. Die drei Achsen des Passpunktkoordinatengestelles kénnen zu-
sammensteckbar oder -klappbar angeordnet sein, um fGr den Transport
zum néchsten Messeinsatz wiederverwendbar platzsparend zusammenleg-
bar zu sein.

0333



10

15

20

25

30

WO 2005/124276 PCT/DE2005/001048

Vorteilhaft ist es, wenn das Passpunktkoordinatensystem mobil und vor Ort
an dem zu vermessendem Objekt einzusetzen ist. So muss nicht das zu
vermessende Objekt in ein Labor transportiert werden, wodurch das Objekt
beschadigt werden kdnnte und was unnétig zeitaufwendig ist.

Die Aufnahmen kénnen vor Ort (auch freihéindig) getatigt werden. Das zu
vermessende Objekt muss nicht direkt mit Passpunkten bzw. Messmarken
markiert werden.

Das mobile Passpunktkoordinatensystem (Messvolumen) kann auch durch
Flugobjekte gestellt werden, die synchron, timergesteuert und mit einem
Positioniersystem gekoppelt sind, um far Luft- und Satellitenbildaufnahme-
systeme, ebenso fir eine BD-Vermessung von terrestrischen oder auRerter-

- restrischen Flachen oder atmosphérischen Objekten (z.B. Wolken, Torna-

dos) einsetzbar zu sein.

Der verfahrensgemafe Einsatz des mobilen Passpunktkoordinatensystems
eignet sich auch im Natursteinabbau zur Berechnung des Absprengvolu-
mens, der Absprengfliche und der Sprengbohriochprofile, indem aus ver-
fahrensgemaR aufgenommenen Fotos aus unterschiedlichen Richtungen
die benétigten Koordinaten zu berechnen sind. Dabei bilden lotrechte' Mess-
latten mit definiertem, eingemessenem Abstand das Messvolumen. Somit
findet das erfindungsgeméRe Verfahren bereits aus Arbeitssicherheitsgriin-
den seine Berechtigung und wird von der BG-Natursteinabbau innerhalb ei-
nes digitalen fotografischen Bruchwand-Vermessungssystems empfohlen
(Branchenversion). Dieses Verfahren hat zudem den Innovationsforderpreis
2005 von der BG ih der Kategorie ,Sicherheitstechnik* verliehen bekommen
und ist mittlerweile als ein neues anerkanntes photogrammetrisches Mess-
verfahren, neben der Laservermessung, beststigt worden.
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Durch das erfindungsgemaRe Verfahren sind alle fotografierbaren Objekte
unabhé&ngig von deren Dimensionen, sowohl durch Einzelbilder als auch
durch Filmsequenzen, in ihrer realen rdumlichen Stereoansicht mit all ihren
realen Oberflachen- und Schattenstrukturen und Farbschattierungen dar-
stellbar und zusatzlich mit CAD-Funktionalitdt messtechnisch auswertbar
und/oder digitalisierbar. Durch die freie Wahl der Kamera sind mit diesem
Verfahren neue Anwendungsgebiete der photogrammetrischen Vermes-
sung erschlossen. '

Fir die Vermessung von sich bewegenden Objekten ist es zweckméaRig, ein
Zwei-Kamerasystem zu verwenden. Dabei nimmt man mit den beiden Ka-
meras eine Videosequenz oder eine dicht hintereinander liegende Einzel-
bildfolge auf und sucht aus dieser ein korrespondierendes Bildpaar fir die

Vermessung heraus, welches auch der Kalibrierung zugrunde gelegt wird.

Besonders vorteilhaft ist es, wenn man dreidimensionale Messmarken ver-
wendet. Diese kdnnen keil- oder kugelférmig ausgebildet sein. Wenn man
wrfelférmige Passpunktfestkérper als Messmarken verwendet, die definier-
te Markierungen auf den Festkdrperflichen besitzen, kénnen die Koordina-
ten eines Passpunktfestkorpers sehr exakt bestimmt werden.

Die mehrflachigen Passpunktfestkérper kénnen bei Rundum-Aufnahmen
auch mit Kugeln kombiniert bzw. getauscht werden, auch sind geometrisch
exakte karierte Linien geeignet, allerdings ergibt sich bei kugelférmigen
Passpunktfestkérpern lediglich nur eine Anmessung zur Ermittlung der
Passpunktkoordinate, dafir sind sie in Luftbildaufnahmen gleichzeitig ver-
wendbar, bei den mehrflaichigen Wiirfeln ein Mittelwert aus maximal drei
Warfelflichenanmessungen je Passpunktfestkorper.

Wenn ein Objekt ohne eine Verdeckung durch am mobilen Passpunktkoor-

dinatensystem angeordneten Messmarken aufgenommen werden soll, kann
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s0 vorgegangen werden, dass man zunéchst mit zwei (Video)Kameras die
Objektumgebung mit einem mobilen Passpunktkoordinatensystem zur Er-
rhittlung von Objektivverzeichnung, Brennweite und Bildhauptpunktiage
aufnimmt, dass man anschlieBend das Passpunktkoordinatensystem ent-
fernt und dann von den selben Standorten aus mit den selben Kameraein-
stellungen das Objekt zur Vermessung bzw. als 3D-Video aufnimmt.

Zur besseren Kenntlichkeit des Aufnahmeobjektes im Rahmen der Korrela-
tion innerhalb der beiden Objektaufnahmen ist es zweckmaRig, wenn man
bei einer strukturarmen Oberfliche des zu vermessenden Objektes (Ge-
genstandes) diese Oberflache vor der Vermessung zur besseren Erkenn-
barkeit behandelt oder eine Struktur auf die Oberfliche projiziert. '

Bei der Vermessung von sich bewegenden Objekten ist es vorteilhaft, ein
Aufnahmesystem zu verwenden, das aus zwei synchron geschalteten Ka-
meras besteht und bei dem man vor der Objektaufnahme die Objektivver-
zeichnung, Brennweite und die Bildhauptpunktiage und das Messvolumen
ermittelt hat.

_Bei der Vermessung eines ortsfesten oder sich bewegenden Objektes oder

einer Situation mit einem sich bewegendeh Aufnahmesystem ist es zweck-
maRig, ein starres mobiles vorkalibriertes Aufnahmesystem zu verwenden,
welches aus zwei synchron geschalteten Kameras besteht und bei dem
man vor der Objektaufnahme die Objektivverzeichnung, Brennweite und die
Bildhauptpunktlage und das Messvolumen ermittelt hat.

Genauigkeiten

Die Genauigkeit des Messverfahrens lasst sich gemaf Richtiinie VDI/VDE
2634 Blatt 1/2 v. 12.04.02 fiir Optische 3D-Messsysteme — Bildgebende Sys-
teme mit punktférmiger Antastung - bestimmen. Die Abnahmekriterien sind
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Langenmessabweichungen durch Abstandsmessungen an EndmaBobjekten in
einem definierten Messvolumen.

Die Genauigkeiten die mit diesem Messverfahren zu erzielen sind, hdngen von
folgenden Parametern ab:

Pixelauflosung der Kamera, Qualitat der Kamerakalibrierung sowie manuelle
Messfehler und Geometrieverhaltnisse bzgl. des Messvolumens (nicht beein-
flussbar).

Die Messgenauigkeit kann wie im folgenden Beispiel abgeschétzt werden:

Die verwendete Kamera hat 3.2 Mio. Pixel (2048*1536 Pixel), das Objekt eine
Lange von 200 mm und wird mdglichst bildfillend aufgenommen, so dass die
200 mm Lange von ca. 2000 Pixel erfasst wird. Hieraus resultiert zunéchst eine
PixelgroBe auf das Objekt bezogen von 0,1 mm.

Die Koordinatengenauigkeit kann Uber die Standardabweichung an den Pass-
punkten (duRere Orientierung) abgeschatzt werden — diese liegt bei gunstiger
Passpunkisituation und genauer Messung im Bereich von 1 Pixel, kann aber in
ungiinstigeren Fallen auch deutlich hoher sein. Zu beachten ist schlieBlich
auch die visuelle Einstellgenauigkeit in den Bildern, die je nach Kontrast und
Zoom bei 0,25 Pixel liegt.

In unserem Beispiel ergibt sich die abgeschatzte Messgenauigkeit damit zu
0,fmm x 1 x 0,25 = 0,025 mm.

Zur Standardabweichung an den Passpunkten:

Angenommen, diese Werte liegen bei rund 5 pym und die Pixelgrole des Ka-

merasensors betrage 2,5 uym, dann liegt die Standardabweichung bei ca. 2 Pi-
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xel. Der dichteste Pixelrasterabstand einer Punktwolke, nach diesem Beispiel,
betragt dann 0,1mm. Dieser Wert ist voreinstellbar und sollte mit Bedacht ge-
wahit werden, da er die Kapazitat des Rechners sprengen kann - eine Abstim- -
mung mit externen Weiterverarbeitungsschritten eigener Applikationen ist zu
empfehlen.

Allgemein also:

Messgenauigkeit [mm]=PixeigroBe am Objekt [mm] x mittlere Standardabwei-
chung an den Passpunkten [pxl] x Einsteligenauigkeit im Bild [pxl].

Werden hochprazise Messungen verlangt, sollte man gemal vorab ge-
nannter Richtlinie vorgehen und mit z.B. einem Endmag, einer Messlatte
etc. neben dem Aufnahmeobjekt die Fotoserien aufnehmen. Vor Beginn der
Objektvermessung die Abmafe des Endmafes oder der Messlatte in der
Stereobetrachtung messen, um dann den Grad der Abweichung zum SOLL
- EndmaR zu bekommen. Die gleiche Abweichung trifft dann auch bei der
Objektvermessung zu. Dieser IST-SOLL Vergleich wird nur einmalig durch-
gefuihrt, quasi zur Genauigkeitsbestimmung des Messvolumens sowie der
Kameras (z.B. einer Bauteilvermessung), sofern das Messvolumen und die
Kameras stabil bzw. unverriickbar bleiben und nur die Messobjekte ge-
tauscht werden.

Technische Grundlagen

Die Genauigkeiten, die bei der Ausmessung von Objekten in Bildern erzielt
werden kdnnen, hdngen unter anderem davon ab, wie genau die einzelnen
nachstehend aufgefuhrten Kameraparameter bekannt sind und weiche Kon-
stanz diese aufweisen. Konstanz bezieht sich dabei auf den zeitlichen As-
pekt, aber auch auf Umwelteinfliisse (Temperatur, Luftfeuchte).

0338



10

15

20

25

30

WO 2005/124276 PCT/DE2005/001048

-1 =

In jedem Fall mussen fiir die photogrammetrische Auswertung der Bilder
folgende Parameter bekannt sein:

Grofle des Sensors (Lange und Breite in Pixel)
Pixelgrofe [um]

Brennweite [mm]

Hinzu kommen zu Erhdhung der Genauigkeit:

Lage des Bildhauptpunktes

radial-symmetrische Objektivverzeichnung

Weitere Einflussfaktoren sind u.a.:

Planlage des Sensors
Mechanische Stabilitat der Kamera

Weitere Komponenten der Objektivverzeichnung

Dabei geften folgende Zusammenhange:

Die GréRe des Sensors ist bekannt und konstant.
Die Pixelgrofe ist konstant, aber i.d.R. unbekannt, und muss zunéchst er-
mittelt werden.

Die Brennweite ist bei Varioobjektiven nicht konstant und wird zusétzlich

durch die Fokussierung beeinflusst. Die gewahite Brennweite wird heutzu-
tage iblicherweise in der Bilddatei abgespeichert (EXIF-Format), dieser
Wert ist jedoch nicht wirklich exakt.

Die Lage des Bildhauptpunktes ist nicht konstant, sondern u.a. von der
Brennweite abhéngig, und zunéachst nicht bekannt. Ebenso ist die radial-
symmetrische Objektivverzeichnung von der gewahlten Brennweite abhén-
'gig und muss durch eine Kalibrierung ermittelt werden.
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Die weiteren aufgefuhrten Parameter werden nicht 6der nur indirekt in das
beschriebene Verfahren einbezogen. Bei metrischen Kameras sind sie be-
kannt.

Ermitteln der PixelgréRe

Da nicht nur die PixelgroRe allein, sondern das Verhéltnis dieses Wertes
zur Brennweite fiir die weitere Auswertung entscheidend ist, genigt es, fir
die Pixelgrole zunachst einen Naherungswert zu bestimmen. Dies ge-
schieht nach der empirisch entwickelten Formel:

Nominelle Sensordiagonale [Zoll]
PixelgréBe [um] = x 17018 (1)
Sensordiagonale [Pixel]

Wie bereits erwéahnt, ist die Pixelgrée konstant - der ermittelte Wert kann
demnach fOr alle Bilder als N&herung beibehalten werden.

Ermitteln der radial-symmetrischen Verzeichnung und des Bildhauptpunktes

Die radial-symmetrische Verzeichnung des Objektivs ist von der aktueilen
Brennweite abhéngig, bei identischer Brennweite jedoch weitgehend kon-
stant. Aus diesem Grund kann die Verzeichnung einmalig fir jede der ge-
wunschten Brennweiten ermittelt und die daraus abgeleiteten Korrektur-
funktionen fur alle Bilder verwendet werden. Far diese einmalige Ermittiung
der Verzeichnung wird eine spezielle 2D-Kalibriertafel (abgebildet in der
Fig. 6) und Algorithmen zur Erfassung der Verzeichnung bzw. zum Aufstel-
len der Korrekturfunktion verwendet.
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Die Kalibriertafel hat das Format A3 und besteht aus einem hochstabilen
Material worauf das eigentliche Kalibrierfeld mit Zieimarken im definierten
Abstand auflaminiert ist.

Diese Tafel ist mit den jeweiligen Brennweiten zu fotografieren in der Wei-
se, dass sich die Kamera méglichst senkrecht zur Tafel befindet und diese
mdglichst fldichendeckend abgebildet wird. Tafel und Kamera sind dabei si-
cher zu fixieren (Stativ), und es ist fir eine gute Ausleuchtung Zu sorgen.

Die vier in den Ecken gelegenen Zielmarken werden von Hand gemessen,
alle ubrigen automatisch. Die Ermittlung der radial-symmetrischen Ver-
zeichnung verlauft dann wie folgt:

Far alle Zielmarken existieren die Sollkoordinaten. Die Marken werden als

Passpunkte aufgefasst und mit Hilfe der Soll- sowie der gemessenen Koor-

dinaten ein rdumlicher Ruckwartsschnitt mit Ausgleichung (kleinste Quadra-

te) gerechnet. Ergebnis sind zunachst fur jede Zielmarke die gemessenen

bzw. die berechneten Bildkoordinaten. Aus diesen Werten kann sodann die
, Verzeichnung ermitteit werden.

Vorteile dieses Verfahrens:

e Es ist nicht zwingend nétig, dass sich die Kamera genau senkrecht tiber der

Tafel befindet

e Es ist ebenfalls nicht zwingend nétig, dass sich die Kamera exakt Uber der

Mitte der Tafel befindet

e Der Punkt in geringster Entfernung zur Bildmitte und mit minimaler Ver-

zeichnung ist der Bildhauptpunkt, der also zugleich mit der Verzeichnung
ermittelt wird.

Die Korrekturfunktion wird berechnet aus den Soll- bzw. Ist-Koordinaten der
Zielmarken und ist ein Polynom 3. Grades:
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f(r) = @ + a,r + @ + asr ‘ (2)

Ermitteln der Brennweite

Es wurde bereits darauf hingewiesen, dass nicht zwingend beide Parameter
Pixelgroe und Brennweite hochgenau bekannt sein mUssen, sondem le-

diglich das Verhiltnis beider Werte, woraus sich der Offnungswinkel des
Obijektivs ableitet.

 Fur die Pixelgréie wurde mit Formel (1) ein i.a. schon recht genauer Néhe-

rungswert bestimmt. Dieser wird im folgenden als konstant angesetzt und
davon ausgehend die tatsichliche Brennweite in jedem Bild separat be-
rechnet.

Far die photogrammetrische Auswertung muss ohnehin fiir jedes Bild die
aduBere Orientierung (Projektionszentrum, Rotationswinkel) bestimmt wer-
den. Dieses geschieht durch die Messung von Passpunkten, deren Objekt-
koordinaten bekannt und die im Bild erkennbar sind.

Unter der Voraussetzung, dass hinreichend viele (mindestens 6), gut ver-
teilte und rdumliche angeordnete Passpunkte vorliegen, kann nicht nur die
auBere Orientierung bestimmt werden. Die vorgegebene (in der Bilddatei
abgespeicherte) Brennweite wird rechnerisch um einen bestimmten Bereich
(z.B. £ 25 mm) verandert und die jeweils resultierende Standardabweichung
an den Passpunkten ermittelt. Diejenige Brennweite, bei der die Standard-
abweichung ihren kleinsten Wert erreicht, ist dann die tatséchliche, bei der
Aufnahme verwendete Brennweite.
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Die Passpunktanordnung muss sich dabei an der Objektgroie orientieren.
Aligemein gilt, dass der Passpunktverband (Messvolumen) das Objekt um-
schlieBen sollte, in jedem Fall aber nicht wesentlich kleiner als das Objekt
sein darf. ’

- Das Wesen der Erfindung ist nachstehend anhand von in den Zeichnungen

schematisch dargesteliten Ausfilhrungsbeispielen naher erlautert. Die Ge-
staltung dieser Beispiele kann im Einzelfall variieren, weil sie auf die Ob-
jektdimensionen der Messobjekte und die vor Ort gegebenen Vorausset-
zungen angepasst werden. Es zeigen die:

Fig.1: eine mobile Kalibrier- und 3D-Objektvermessungsstation mit Kali-
briertafel (Fig. 6),

Fig.2: einen Kafig zur Vermessung mittelgroer Objekte;

Fig.3: ein dreiachsiges Koordinatengestell zur Vermessung von Mittel-
und GroRobjekten,;

Fig.4: mehrflachige keilformige 3D-Messmarkenflachen fur die Pass-
punkbestimmung;

Fig.5: keilférmige Messmarkentafeln fur den Messkafig und das Koordi-
natengestell; '

Fig.é: eine 2D-Kalibriertafe! fir die Ermittlung der Objektivverzeichnung
(Fig. 7), der Bildhauptpunktlage, der Brennweite, der Kamerakalib-
rierung

Fig.7.  eine Kurve der radial-symmetrischen Verzeichnung

Fig.8: eine 3D-Kalibriermessplatte in Planansicht .

Fig.9: eine 3D-Kalibriermessplatte (MaBstab tberhoht) in Perspektivan-
sicht

Die in Fig.1 gezeigte mobile Kalibrier- und Objektvermessungsstation 5 ist
mit einer Kalibriertafel 1, einer Objekttragerplattform 2 und einer mit Spann-

bligelsatzen geometrisch exakten Tragerprofilkonstruktion 3 zur Montage
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von Kameras 4 fur verschiedene Aufnahmerichtungen ausgerustet. Der Ob-
jekttrager 2 tragt das zu vermessende Objekt sowie mehrflachige Pass-
punktfestkérper 6 als mehrflachige Messmarken. Die Kalibriertafel 1 (in der
Zeichnung an der hinteren Kante der Objekttragerplattform 2 angeordnet)
und die Objektragerriickwand 11 sind gegeneinander austauschbar anzu-
ordnen. So ist mit dieser Station bei Anordnung der Kalibriertafel 1 die Ka-
librierung einer Kamera vorzunehmen oder separat fotografiert, in dem die
Kamera einzeln auf Stativ positioniert wird. Bei Anordnung der Objekttréager-
rickwand 11 sind Aufnahmen zur Vermessung des Objektes zu machen.
Anstelle von wirfelférmigen Messmarken oder Messmarkentafeln kann
auch ein prazises kariertes Linienmuster auf dem Tréger und der Rickwand
aufgebracht oder sich kreuzende Laserlichtstrahlen als Koordinatenreferenz
eingesetzt werden. Die Auspragung des Messvolumens ist auf das zu ver-
messende Objekt anzupassen.

ErfindungsgemaR wird mindestens eine herkdmmiliche (Digital-) Kamera mit
Vario- bzw. Zoomobijektiv als Aufnahmesystem verwendet, indem man mit
diesem Aufnahmesystem das Objekt gleichzeitig oder nacheinander mit
dem Passpunktkoordinatensystem als Messvolumen in einer Aufnahmese-
rie aus mindestens zwei Richtungen aufnimmt, indem man die Ermittiung
der Brennweite, der Objektivverzeichnung und der Bildhauptpunktlage aus
dieser definierten Aufnahmeserie vornimmt und indem man unter Ber{ick-
sichtigung der ermittelten Brennweite, der Objektivverzeichnung und der
Bildhauptpunktlage das zu vermessende Objekt vermisst.

Die Kalibriertafel 1, gezeigt in der Fig. 6, ist in dieser Objektvermes-
sungsstation gegen die vertikale x/y-Ebene (Tragerrickwand 11) Gber einen
Flansch austauschbar, sofern eine Kalibrierung durchgefOhrt werden soll.
Die Kameras 4 sind (ber eine Schwenkvorrichtung 12 fir Messaufnahmen
kippbar. Uber eine nicht dargestelite Kabelverbindung oder auch kabellos
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(z.B. W-LAN) werden die Daten der Aufnahmeserie einem ebenfalls nicht
dargesteliten Computer zugeftuhrt und dort ausgewertet werden.

Die dem dargestellten Verfahren zugrundeliegenden Messvolumen sind
generell fur die photogrammetrische Rundum-Vermessung und zur voilau-
tomatischen Kamerakalibrierung hergerichtet, wie auch zur Generierung
von z.B. 3D-Videos mit Messfunktionalitat, sofern man zwei Video-Kameras
vorab kalibriert und synchron steuert. Diese Generierung wird z.B. (ber
zwei so genannte Framegrabbereinheiten (Zusammenfihrung zweier Vi-
deosignale mit Generierung der Einzelbilder; je 25 Stiick pro Sek., PAL)
oder iber zwei kaskadierte Videokameras am Fire-Wire-Anschluss, einem
Hochgeschwindigkeitsrechner mit der Video-Engine-Einheit, zugefihrt. Das
Resultat ist derzeit ein Anagplyphenfilm und ein Shutterfilm, der von den
Fernsehanstalten ausgestrahit und an jedem Fernseher betrachtet werden
kann. Mit einer Anaglyphenbrille (Rot-Gruin; eingeschrénktes Farbspektrum)
oder einer sogenannten Shutterbrille (24 Bit Echtfarbfilm) kénnen diese Fil-
me in realer 3D-Ansicht betrachtet werden.

Das Messverfahren eignet sich unter anderem auch zur vollautomatischen
Bauteilevermessung an industriellen Fertigungslinien, gekoppelt mit einem
IST-SOLL Vergleich, z.B. fur die Qualitatskontrolle im Warenverkehr im
Qualitdtsmanagement (gem. z.Zt. DIN EN 1SO 9001). Das Messverfahren
erfiilt die bereits vorab genannte Richtlinie VDI/VDE 2634 Blatt 1/2.

Fur das Messverfahren sind mehrere Kameras montiert und vom Computer
fernsteuer- und synchronisierbar zu bedienen.

MittelgroRe Objekte, wie z.B. Maschinenbauteile, kénnen in einem stationa-
ren Messraum oder mit dem Messkéfig 7 der Fig. 2 vermessen werden, in
dem man sie in den Kafig hineinbringt. Dieses Messvolumen weist eine
Reihe einmalig kalibrierter Messmarkentafeln der Fig. 5 auf, die Teile eines
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Stecksystems sind. Mindestens drei, vorzugsweise sechs bis neun ausein-
ander liegende Messmarkentafeln des Kafigs fur die x-, y- und z-Richtung
werden zusammen mit dem Objekt in einer definierten Aufnahmeserie ab-
gelichtet und mit einem Computer die Auswertung bzw. Vermessung vor-
genommen. Eine fahrbare Objektaufnahmeeinheit, bestehend aus zwei
Kameras und ggfs. einem Musterprojektor (fur kontrastarme Objektoberﬂé—
chenstrukturen) und evtl. einem PC, die vorher einmalig kalibriert wurde, er-
laubt das Heranfahren z.B. an Fertigungslinien, um eine Qualitatskontrolle
(IST-SOLL Vergleich) vor Ort am Bauteil durchzufthren.

Die Brennweitenkalibrierung eines Varioobjektives erfolgt hierbei vollauto-
matisch im Rahmen der Objektvermessung. Die CCD-Chip-, die Gehause-
kalibrierung und die Objektivverzeichnung und -kalibrierung sollten zuvor in
der Kalibrier- und Objektvermessungsstation der Fig. 1 erfoigt sein (Vor-
schlag eines mobilen Messvolumens). Die anzuordnende(n) Kamera(s) sind
in Fig. 2 nicht dargestellt, da deren Position(en) nicht festgelegt zu werden
braucht, gleichwohl ermittelt die Orientierung der Aufnahmen deren Lage
bzw. Position(en) im Messvolumen.

Das mobile dreiachsige Koordinatengestell der Fig. 3 besteht aus drei Pro-
filstaben 10, die an einem mit Eckverstarkungen versehenden Eckknoten-
punkt 9 zusammengefuhﬁ sind. Die drei Profilstdbe bilden geometrisch ex-
akt die x-, y- und z-Achse ab. Das dreiachsige Koordinatengestell ist fur den
Transport zerlegbar und kann (ber eine Steck- oder Gelenkverbindung,
vorzugsweise einer starren Exzenter-Gelenkverbindung in Betriebsstellung
geklappt werden. Es weist am Ende der Profilstabe sowie im Eckknoten-
punkt 9 Passpunktfestkorper 8 auf, die mit eingemessenen Messmarkenta-
feln der Fig. 5 versehen sind. Das dreiachsige Koordinatengestell ist in sei-
ner Dimensionierung auf die ObjektgréRe abgestimmt und wird an das zu
vermessende Objekt herangetragen. Die Brennweitenkalibrierung erfoigt
vollautomatisch im Rahmen der Objektvermessung. Die CCD-Chip-, die
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Geh&usekalibrierung und die Objektivverzeichnung und —kalibrierung der
digitalen Kamera, solite zuvor in der Kalibrier- und Objektvermessungsstati-
on der Fig. 1 (kalibriertes Messvolumen) erfolgt sein, welches aber auch vor
Ort (,calibration on the job') erfolgen kann. Die Aufnahmekameras, auch un-
terschiedlicher Bauarten, sind in Fig. 3 nicht dargestellt, da deren Standort
nicht festgelegt zu werden braucht.

Durch die Verwendung eines mobilen Passpunktkoordinatensystems brau-
chen an das Messobijekt selber keine Passpunktmarkierungen aufgebracht
zu werden, so dass das erfindungsgeméaRe Verfahren auch zur vollautoma-

“tischen und berithrungsfreien Bauteilvermessung an industriellen Ferti-

gungslinien, beim Prototyping und bei IST-SOLL Vergleichen einzusetzen
ist.

Die Anzahl der definierten Passpunktfestképer oder Messkreuze des Mess--
volumens ist durch die geforderte Messgenauigkeit am Objekt sowie durch
die Pixelaufidsung und die Brennweite der eingesetzten Kamera(s) festzu-
legen.

Es sind auch Kameras unterschiedlichen Bautyps mit unterschiedlichen
Brennweiten einsetzbar, da das Verfahren in der Lage ist, die fur jede Ka-
mera exakten Werte (z.B. Brennweite, Objektivverzeichnung, Bildhaupt-
punktiage etc.) automatisch zu ermitteln, auch bei eingeschalteten Autofo-
kus.

Es besteht die Mdglichkeit, dass man die einzelnen Befehle zur Ausfihrung
der verschiedenen Verfahrensschritte in einer einfach zu bedienenden auch
branchenspezifisch anpassbaren Software kleidet und mit dieser die Tétig-
keiten des Computers steuert.

'Die Fig. 4-5 zeigen Messmarken mit keilférmiger Struktur. Der Vorteil dieser
Struktur liegt darin begriindet, dass sie sowohl fir Nah- und Femaufnah-
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men geeignet sind, indem die bei Fernaufnahmen beginnende zentrische
Unscharfe dadurch ausgeglichen wird, dass das Messfadenkreuz sich iber
den breiten Keilansatz noch zentrisch positionieren lasst. Dadurch entfallt
die Vorhaltung unterschiedlicher Gréen von Messmarken.

Die Kalibriertafel der Fig. 6 dient zur Kalibrierung des CCD-Chips, des Ka-
meragehduses, der Objektivverzeichnung und der Ermittiung der Bildhaupt-
punktlage. Die Kalibriertafel enthalt zweckmafigerweise eine Serie von
prazisen Messmarken in definierter x- und y-Richtung, so dass dariber
auch die Objektiv- bzw. Brennweitenkalibrierung bzw. —verzeichnung sowie
die Bildhaupipunktlage, die fur die Brennweite der Aufnahmeserie gilt, voll-
automatisch ermittelt werden kann, sofern bei der Objektaufnahme eine
dreidimensionale Anordnung von Passpunkten gegeben ist. Die Vorteile
dieser mobilen 2D-Kalibriertafel liegen darin begriindet, dass nunmehr kein
stationdres 3D-Kalibrierfeld fir die Kamerakalibrierung, die Ermittlung der
Objektivverzeichnung, der Brennweite und des Bildhauptpunktes bzw. —
mittelpunktes bendtigt wird. Die Kalibriertafel besteht aus einem hochstabi-
len Material, vorzugsweise im Sandwichaufbau: Aluminium-Kunststoff-
Aluminium, worauf das eigentliche Kalibrierfeld mit definierten Zielmarken,

welche auf eine Folie aufgebracht worden ist, auflaminiert ist.

Die Fig. 7-ze'igt ein Messergebnis der Objektivverzeichnung in Form eines
Polynoms 3. Grades nach Abschluss der Kalibrierung, bezogen auf der be-
rechneten Bildhauptpunktlage. Auf der Rechtsachse ist der Radius, ausge-

“hend vom Bildhauptpunkt (etwa Chipmitte), auf der Hochachse die Ver-

zeichnung abgetragen; alle Werte in {mm]. Die Punkte stellen die Zielmar-
ken der Kalibriertafel dar, der Graph das Polynom 3. Grades. Die radial-
symmetrische Verzeichnung ist nicht konstant, sondern hangt von der
Brennweite ab. Durch die Ableitung der Brennweite und der dazugehérigen
Objektivverzeichnungswerte firr vorher ermittelter Brennweitenstufen gelingt
beim Vario- bzw. Zoomobijektiv neben der Ermittlung der vom Nutzer vor-
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eingestellten Brennweite auch die Ermittlung der dazugehérigen radial-
symmetrischen Verzeichnungswerte, zudem braucht der Autofokus nicht
abgeschaltet zu werden. Insofern braucht dieses Objektiv nicht mehr auf
Anschlag voreingestellt zu werden, sondern der Nutzer wéahit die fur seine
Aufnahme geeignete Brennweite stufenlos, was die Anzahl der Bilder einer
Aufnahmeserie reduziert. Die Ableitung der Brennweite gelingt wie folgt:

Far die Bestimmung der Brennweite ist bei dem hier vorgesteliten Verfahren
wichtig, dass in jedem Bild eine hinreichend groRe Anzahl auch rdumilich
gut verteilter Passpunkte vorhanden ist. Diese durfen insbesondere nicht al-
le in einer Ebene liegen, sondern missen definiert in einem Raum verteilt
angeordnet sein. Nun erfolgt die Messung der duferen Orientierung, wobei
zunichst der aus den Bilddateien (EXIF-Header) ausgelesene Wert der
Brennweite benutzt werden kann. Nach der Ausgleichung mittels kleinster
Quadrate liegen Werte fir die Standardabweichung der Restfehler an den
Passpunkten vor.

Ausgehend vom verwendeten Wert der Brennweite wird diese nun in klei-
nen Schritten von 0,1 mm sukzessive erhoht bzw. erniedrigt und jeweils die
duBere Orientierung neu berechnet. Diejenige Brennweite, welche die ge-
ringste Standardabweichung der Restfehler aufweist, wird anschlieBend in
die Bilddatei eingetragen und fur alle weiteren Auswertungen verwendet.
Uber eine Staffelung von Aufnahmen der Kalibriertafel (Fig. 6) mit unter-
schiedlichen Brennweiten ergeben sich unterschiedliche Koeffizienten der
jeweiligen Polynome 3. Grades. Dadurch wird es mdglich jegliche vom Nut-
zer voreingestelite Brennweite nebst Verzeichnungswerte rechnerisch zu
ermitteln. Ein Varioobjektiv wird somit stufenlos fir messtechnische Auf-
nahmen einsetzbar.

0349



10

15

20

25

30

WO 2005/124276 PCT/DE2005/001048

-22-

In der Fig. 8 ist eine Planaufsicht auf eine 3D-Kalibriermesstafel/ -platte 14
dargestellt, die in der Fig. 9 in perspektivischer Ansicht (iberhdht) gezeigt
ist. Diese ist fur die verfahrensmaBig notwendige Kalibrierung der Kamera
und der Vermessung des Objektes durch Stereomikroskope und —lupen
geeignet und hierfir neu entwickelt worden. Die 3D-Kalibriermessplatte 14
stellt das fur die Kalibrierung und Vermessung mit einer Kamera notwen-
dige Messvolumen zur Verfigung. Es besteht hier aus drei beabstandet
nebeneinander auf einer Platte angeordneten definierten Rasterlinien (x-
und y-Koordinaten), vergleichbar in ihrer Funktion mit der beschriebenen
Kalibriertafel der Fig. 6, in unterschiedlichen MaRstiben (abhangig von der
gewahiten VergroBerungsstufe) und einem vor einer Seite jeden Rasters
angeordneten Mikrokdrpers 16 definierter Héhe, welcher die z-Koordinate
des Messvolumens in Abhangigkeit von der Tiefenscharfe der gewahlten
Mikroskopauflésung bildet. Der Rastermalstab ist in Abhangigkeit von der
Mikroskopauflésung zu wahlen.

Liste der Bezugszeichen

Kalibriertafel

Objektplattformtrager (horizontale x/z-Ebene)
Tragerprofile

Digitalkamera

N hHh W N =

Kalibrier- und Objekttrdgeraufnahme- und 3D-photogrammetrische

Vermessungsstation fur kleine Objekte

6 Passpunktfestkdrper mit mehreren messbaren Messmarkenflichen
alle in keilfdrmiger Auspragung

7 3D-photogrammetrischer Brennweitenkalibrier- und Messkafig, mit

eingemessenen Messmarkentafeln fiir mittlere ObjektgréRen

wirfelférmiger Passpunktfestkdrper mit Messmarkentafeln

Eckknotenpunkt
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10 dreiachsiges Koordinatengestell mit eingemessenen Messmarkenta-
feln fur groRe Objekte

11 Trégerriickwand (vertikale x/y-Ebene)

12 Kameraahfhéngungsproﬁltréger (schwenk- und kippbar)

13 Exzenter-Gelenke

14 3D-Kalibriermessplatte

15 Rasterlinien unterschiedlicher MaRstabe fir x-, y-Koordinaten (fur Ka-
librierung, vgl. Fig.6)

16 Mikrokorper mit definierter Hohe (z-Koordinate des Messvolumens)
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PATENTANSPRUCHE

Verfahren zur Vermessung von Gegenstianden mit einer Kamera
durch Aufnahme und spaterer Auswertung einer Serie von Objekt-
aufnahmen aus mindestens zwei verschiedenen Richtungen,
dadurch gekennzeichnet,

dass man mindestens eine herkdmmliche (Digital-) Kamera, vor-
zugsweise mit Vario- biw. Zoomobjektiv als Aufnahmesystem
verwendet,

dass man anschlieRend mit diesem Aufnahmesystem das Objekt
gleichzeitig oder nacheinander mit einem Passpunktkoordinaten-
system aufnimmt, ‘

dass man die Emmittlung der Brennweite, der Objektiv-
verzeichnung und der Bildhauptpunktlage aus dieser definierten
Aufnahmeserie vornimmt und

dass man unter Beriicksichtigung der ermittelten Brennweite, Ob-
jektivverzeichnung und der Bildhauptpunktlage das zu vermes-
sende Objekt vermisst.

Verfahren nach Anspruch 1,
dadurch gekennzeichnet,

dass man vor der Vermessung einmalig die Objektivverzeichnun-

. gen der verwendeten Kamera fur die zu verwendenden Brennwei-

ten ermittelt.

Verfahren nach Anspruch 1,2,
dadurch gekennzeichnet,
dass man die Ermittiung der Brennweite, der Objektiv-

verzeichnung, der Bildhauptpunktlage und/oder die Auswertung
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der Daten auf einem Computer mit einer prozesssteuernden Soft-

ware vornimmt.

Verfahren nach einem der vorangehenden Anspriiche,

dadurch gekennzeichnet,

dass man als Passpunktkoordinatensystem

fur kleine Objekte eine auf einem Objekttrédger mit definierten, zu-
satzlichen Passpunktfestkorpern oder eine dreidimensionale Na-
nostruktur, '

far mittelgroRe bis groRe Objekte einen mit Messmarken versehe-
nen Kalibrierkafig oder ein mit Messmarken versehenes dreistrah-
liges Koordinatengestell,

far terrestrische und atmosphéarische Objekte Bodenmarkierungen
in x-, y- Richtung und in z- Richtung definiert fliegende oder
schwebende Objekte als kombiniertes Luft-/ Bodenmessvolumen
verwendet.

- Verfahren nach Anspruch 1,

dadurch gekennzeichnet, _
dass man furr die Vermessung von sich bewegenden Objekten ein
Zwei-Kamerasystem verwendet.

Verfahren nach Anspruch 5,

dadurch gekennzeichnet,

dass man mit den beiden Kameras eine dicht hintereinander lie-
gende Bildfolge oder ein Video aufnimmt und aus dieser ein kor-
respondierendes Bildpaar fir die Kalibrierung und die Vermessung
heraussucht und der Vermessung zugrunde legt.
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Ven‘ahrén nach Anspruch 1,

dadurch gekennzeichnet,

dass man fur die Kamerakalibrierung, die Ermittlung der Objektiv-
verzeichnung, der Brennweite und der Bildhauptpunktlage bzw. —
mittelpunktes eine Kalibriertafel verwendet, deren Kalibrierungs-
marken im Digitaldruck mit UV-Tinte auf Polyesterfolie aufgebracht
worden sind, wobei die Polyesterfolie auf einer maRhaltigen Unter-
lage fest angeordnet ist.

Verfahren nach Anspruch 4,

dadurch gekennzeichnet,

dass man die Genauigkeit eines Passpunktfestkérpers erhéht, in-
dem man dreidimensionale Messmarken verwendet.

Verfahren nach Anspruch 8,
dadurch gekennzeichnet,

dass man als Messmarkenstruktur keilférmige Messmarken ver-
wendet.

Verfahren nach Anspruch 8,

dadurch gekennzeichnet,

dass man wiurfelfsSrmige Passpunktfestkdrper als Messmarken
verwendet, die definierte Messmarkenstrukturen auf den Festkor-
perflachen besitzen.

Verfahren nach Anspruch 1,
dadurch gekennzeichnet,
dass man zunachst mit mindestens einer Kamera aus mindestens

zwei definierten unterschiedlichen Standorten die Objektumge-
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15.
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bung mit Passpunktkoordinatensystem zu Ermittlung von Objek-
tivverzeichnung, Brennweite und Bildhauptpunktlage aufnimmt,
dass man bei einem Zwei-Kamerasystem das Passpunktkoordina-
tensystem entfernt und dann von dem selben Standort aus mit den
selben Kameraeinstellungen das Objekt zur Vermessung auf-
nimmt.

Verfahren nach Anspruch 1,

dadurch gekennzeichnet,

dass man bei einer strukturarmen Oberfliche des zu vermessen-
den Objektes die Oberflache vor der Vermessung zur besseren
Erkennbarkeit behandelt.

Verfahren nach Anspruch 1,

dadurch gekennzeichnet,

dass man der Objektvermessung Einzelbilder oder Filmsequenzen
zugrunde legt.

Verfahren nach Anspruch 1,

dadurch gekennzeichnet,

dass man die Brennweite aus der vom Benutzer voreingestellten
Brennweite eines Vario- bzw. Zoomobjektives tber die Ermittlung
der geringsten Standardabweichung der Restfehler an den Pass-
punkten derart bestimmt, dass man sukzessiv die Brennweite er-
hoht oder erniedrigt und die duBere Orientierung jeweils wieder-
holt.

Verfahren nach Anspruch 14
dadurch gekennzeichnet,
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dass man zur Vermessung von sich bewegenden Objekten ein
Aufnahmesystem verwendet, das aus zwei synchron geschalteten
Kameras besteht und

bei dem man vor der Objektaufnahme die Objektivverzeichnung,
Brennweite und der Bildhauptpunktlage und das Messvolumen
ermittelt hat.

Verfahren nach Anspruch 1-4,

dadurch gekennzeichnet,

dass man zur Vermessung eines ortsfesten Objektes mit einem
sich bewegenden Aufnahmesystem ein mobiles Aufnahmesystem
verwendet, welches aus zwei fest zueinander montierten und syn-
chron geschalteten Kameras besteht und

bei dem man vor der Objektaufnahme die Objektivverzeichnung,
Brennweite und de Bildhauptpunktlage und das Messvolumen er-
mittelt hat.

Verfahren nach Anspruch,

dadurch gekennzeichnet,

dass man fur Nahbereichs- und Luftbildaufnahmen kugelférmige
Messmarken verwendet.

Kalibriermesstafel fur Mikroskope und Lupen

dadurch gekennzeichnet,

dass diese aus einer ebenen, horizontalen Auflagefléche und ei-
n.em auf dieser Flache angeordneten quader- oder wiirfelférmigen
Kérper besteht,

dass ein definiertes Raster auf dieser Unterlage angeordnet ist,
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21.

22.
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dass das Raster mindestens eine derartige FlachengroRe auf-
weist, dass es die Okularansicht voll abbildet und eine genligende
Anzahl von Messpunkten aufweist und

dass der Korper derart zum Raster angeordnet ist, dass dieser
durch das Mikfoskop/Lupe erkennbar eine senkrecht zur Raste-
rung angeordnete dritte Raumrichtung mit gleicher Héhe auf-
spannt, die im Tiefenschérfebereich der Mikroskopauflésung liegt.

Kalibriermesstafel nach Anspruch 18,
dadurch gekennzeichnet,
dass die Auflagefiache ein Objekttrager ist.

Kalibriermesstafel nach Anspruch 18

dadurch gekennzeichnet,

dass das Raster ein Linienraster aus senkrecht aufeinander ste-
henden Linien ist.

Kalibriermesstafel nach Anspruch 18-20

dadurch gekennzeichnet,

dass mehrere Raster unterschiedlicher Rasterweiten und mehrere
Korper unterschiedlicher Kérperhéhen auf einer Auflage angeord-
net sind,

wobei jedem Raster ein der Rasterweite und Tiefenschirfe ent-
sprechend dimensionierter Kbrper zugeordnet ist.

Kalibriertafel

dadurch gekennzeichnet,

dass diese aus einer form- und verwindungssteifen Platte besteht,
wobei auf der Oberseite dieser Platte ein Kalibrierfeld mit definier-
ten Zielmarken angeordnet ist.
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25.

26.

27.

30

Kalibriertafel nach Anspruch 22,

dadurch gekennzeichnet,

dass die Platte aus Lagen aus Aluminium und Kunststoff aufge-
baut ist, wobei'die innenliegende Kunststofflage sandwichartig von
auEénliegenden Aluminiumlagen fest umschlossen ist.

Kalibriertafel nach Anspruch 22,

dadurch gekennzeichnet,

dass die Messmarken auf definierten (gedachten) Rasterpunkten
angeordnet sind.

Kalibriertafel nach Anspruch 22,

dadurch gekennzeichnet,

dass die Messmarke aus einer geometrischen Struktur besteht,
und im gleichen Abstand beabstandet zur nachsten Messmarke
angeordnet ist.

Messmarkentafel,

dadurch gekennzeichnet,

dass die Messmarke aus 4 keilférmigen Flachen besteht, deren
Keilspitzen in dem Messmarkenmittelpunkt enden und deren Keil-
ansatz am Umfang der Messmarke angeordnet ist,

wobei jede keilformige Flache einen gleichen Winkel von 90 Grad
aufspannt und ‘

jede keilférmige Flache im gleichen Abstand beabstandet zur
néchsten keilférmigen Flache angeordnet ist.

Koordinatengesteli als mobiles Messvolumen,
dadurch gekennzeichnet,
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dass das Gestell aus mindestens drei lotrechten Staben besteht,
die mit jeweils einem Stabende in einem gemeinsamen Punkt an-
geordnet sind und |

dass Messmarken oder Passpunktfestkdrper definiert an diesen
Staben in jeder Raumrichtung angeordnet sind.

Koordinatengestell nach Anspruch 26,

dadurch gekennzeichnet,

dass die Stdbe Steckverbindungen oder Gelenkverbindungen
aufweisen.

Koordinatengestell nach Anspruch 26,

dadurch gekennzeichnet,

dass weitere Stabe derart anzuordnen sind,

so dass ein Ké&fig aufspannbar ist und

dass die weitere Stibe weitere Messmarken oder Passpunkte
aufweisen.
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MEANS

(54) Bezeichnung: VERFAHREN ZUR VERMESSUNG VON GEGENSTANDEN MIT EINER KAMERA UND KALIBRIER-
MITTELN

(57) Abstract: The invention relates to a method for measuring objects with the aid of a camera by recording and later evaluating
a series of pictures of said object taken from at least two directions as well as calibration/measuring means for carrying out said
method. The aim of the invention is to make it possible to take measurements from the ground (close range photogrammetry) as
well as from the air (acrial photogrammetry) with simple means, using commercial cameras that are not calibrated at the factory end
and are available everywhere for private use at low cost while dispensing with the need for expensive special evaluation devices for
evaluating the measurement pictures. Said aim is achieved by using at least one conventional (digital) camera comprising a vario lens
or zoom lens as a recording system, simultaneously or successively recording the object in a series of pictures using a control point
coordinate system as a measuring volume with the aid of said recording system, determining the focal length, the lens distortion, and
the main point position of the image from said defined series of pictures, and measuring the object that is to be measured by taking
into account the determined focal length, the lens distortion, and the main point position of the image, also in a 3D video.

(57) Zusammenfassung: Die Erfindung betrifft ein Verfahren zur Vermessung von Gegenstinden mit einer Kamera durch Auf-
nahme und spiterer Auswertung einer Serie von Objektaufnahmen aus mindestens zwei verschiedenen Richtungen und Kalibrier-
/messmittel durch Durchfithrung dieses Verfahrens. Es ist die Aufgabe der Erfindung, mit einfachen Mitteln eine Méglichkeit zu
schaffen, die Vermessung vom Boden (Nahbereichsphotogrammetrie) und aus der Luft (Luftbildphotogrammetrie) mit
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handelsiiblichen, nicht werksseitig kalibrierten Kameras durchzufithren, wie sie derzeit fur den Privatbedarf tiberall zu niedrigen
Prciscn crhéltlich sind. Zur Auswertung der Vermessungsaufnahmen sollen keine hochpreisigen Spezialauswertegerdte benotigt
werden. Die Erfindung besteht darin, dass man mindestens eine herkbmmliche (Digital-) Kamera mit Vario- bzw. Zoomobjektiv
als Aufnahmesystem ver wendet, dass man mit diesem Aufnahmesystem das Objekt gleichzeitig oder nacheinander. mit einem
Passpunktkoordinatensystem als Messvolumen in einer Aufnahmeserie aufnimmt, dass man die Ermittlung der Brennweite, der
Objektiwerzeichnung und der Bildhauptpunktlage aus dieser definierten Aufnahmeserie vornimmt und dass man unter Beriicksichti-
gung der ermitielten Brennweite, der Objektiwerzeichnung und der Bildhauptpunktlage das zu vermessende Objekt vermisst, ebenso
im 3D-Video.
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A. KLASSIFIZIERUNG DES ANMELDUNGSGEGENSTANDES
GO1B21/04

GO1B11/00

Nach der Intemationalen Pateniklassifikation (IPK) oder nach der nationalen Kiassifikation und der IPK

B. RECHERCHIERTE GEBIETE

Recherchierter Mindestprifstofi (Klassifikationssystem und Klassifikationssymbole }

Recherchierte aber nicht zum Mindestprifstoff gehdrende Verbffentlichungen, sowelt diese untsr die recherchierten Gebiete fallen
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EPO-Internal, INSPEC, PAJ, WPI Data, COMPENDEX, IBM-TDB

C. ALS WESENTLICH ANGESEHENE UNTERLAGEN
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Y US 5 852 672 A (LU ET AL) 1-3,5,
22. Dezember 1998 (1998-12-22) 11-13,
15,16
Spalte 5, Zeile 31 - Spalte 7, Zeile 25
A Abbildungen 1-5 4,6-10,
14,17
Y EP 1 174 681 A (FORD GLOBAL TECHNOLOGIES, 1-3,13
INC) 23. Januar 2002 (2002-01-23)
Spalte 2, Zeile 19 - Spalte 11, Zeile 3
A Abbildung 1 4-12,
14-17
- / -

Weitere Verdffentiichungen sind der Fortsetzung von Feld C zu

Siehe Anhang Patentfamilie
entnehmen A

“T" Spatere Verdffentlichung, die nach dem intemationalen Anmeldedatum
oder dem Prioritatsdatum verdfientlicht worden Ist und mit der
Anmeldung nicht kollidiert, sondem nur zum Verstandnis des der

° Besondere Kategorien von angegebenen Verbffentlichungen

"A" Verdffentlichung, die den allgemeinen Stand der Technik definiert,
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*£* altsres Dokument, das jedoch erstam oder nach dem intemationaten
Anmeldedatum verdffentlicht worden ist

scheinen zu lassen, oder durch die das Verdftentiichungsdatum einer
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ausgefihrt)
0" Verdflentlichung, die sich auf eine mindliche Offenbarung,
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anderen im Recherchenbericht genannten VerBffentlichung belegt werden

Erindung zugrundellegenden Prinzips oder der itr zugrundeliegenden
Theorie angegeban ist N

X" Verﬁffemlichur? von besonderer Bedeutung; die beanspruchte Erfindung
kann allein aufgrund dieser Verdtentlichung nicht als neu oder auf
erﬁnderlsche( Tatigkelt beruhend betrachtet werden

"Y” Verdffentiichung von besonderer Bedeutung; die beanspruchte Erfindung
kann nicht als auf erfinderischer Tatigkeit beruhend betrachtet
werden, wenn die Verdffentlichung mit einer oder mehreren anderen
Verdffentiichungen dieser Kategorie in Verbindung gebracht wird und
dlese Verbindung (0r elnen Fachmann naheliegend Ist
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Datum des Abschiusses der internationalen Recherche
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Absendedatum des internationalen Recherchenberichts
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Feld Il Bemerkungen zu den Anspriichen, die sich als nicht recherchierbar erwiesen haben (Fortsetzung von Punkt 2 auf Blalt 1)

GemaB Artikel 17(2)a) wurde aus folgenden Grinden fiir bestimmte Anspriiche kein Recherchenbericht erstellt:

1. D Anspriiche Nr.
weil sie sich auf Gegenstande beziehen, zu deren Recherche die Behdrde nicht verpflichtet ist, namlich

2. D Anspriiche Nr.
weil sia sich auf Teile der intemationalen Anmeldung beziehen, die den vorgeschriebenen Anforderungen so wenig entsprechen,
daB eine sinnvolie internationale Recherche nicht durchgefUhrt werden kann, némlich

3. D Anspriiche Nr.
weil es sich dabei um abhangige Anspriiche handelt, die nicht entsprechend Satz 2 und 3 der Regel 6.4 a) abgefaBt sind.

Feld Il Bemerkungen bei mangeinder Einheitlichkeit der Erfindung (Fortsetzung von Punkt 3 auf Blatt 1)

Die intemationale Recherchenbehdrde hat festgestelit, daB diese intemationale Anmeldung mehrere Erfindungen enthalt:

siehe Zusatzblatt

Da der Anmelder alle erforderlichen zusatzlichen Recherchengebihren rechtzeitig entrichtet hat, erstreckt sich dieser
internationale Recherchenbericht auf alle recherchierbaren Ansprliche.

-

Da for alle recherchierbaren Anspriche die Recherche ohne einen Arbeitsaufwand durchgefiihrt werden konnte, der eine
zusatzliche Recherchengeblhr gerechtfertigt hatte, hat die Beharde nicht zur Zahlung einer solchen Gebdhr aufgefordert.

N

3. L__I Da der Anmelder nur einige der erforderiichen zusatzlichen RecherchengebOhren rechtzeitig entrichtet hat, erstreckt sich dieser
internationale Recherchenbericht nur auf die Anspriche, fiir die Gebhren entrichtet worden sind, némlich auf die
Anspriche Nr.

4. Der Anmelder hat die erforderlichen zusatzlichen Recherchengebihren nicht rechtzeitig entrichtet. Der internationale Recher-
chenbericht beschrankt sich daher auf die in den Ansprichen zuerst erwahnte Erfindung; diese ist in folgenden Ansprichen er-
faBt:

see Annex

Bemerkungen hinsichtlich elnes Widerspruchs D Die zusatzlichen Gebithren wurden vom Anmelder unter Widerspruch gezahilt.

D Die Zahlung zusatzlicher Recherchangebthren erfolgte ohne Widerspruch.

Formblatt PCTASA/210 (Fortsetzung von Blatt 1 (2)) (Januar 2004)
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WEITERE ANGABEN PCT/ISA/ 210

Die internationale Recherchenbehdrde hat festgestellt, dass diese
internationale Anmeldung mehrere (Gruppen von) Erfindungen enthalt,
namlich:

1. Anspruch: 1 bis 17

Verfahren zum Vermessen von Gegenstdnden mittels einer.
Kamera, deren Brennweite, Objektivverzeichnung und
Bildhauptpunktlage mittels eines Passpunktkoordinatensystems
ermittelt werden.

2. Anspruch: 18 bis 21
Kalibriermesstafel fir Mikroskopie mit Raster und Kérper fiir
die dritte Raumrichtung

3. Anspruch: 22 bis 25

Kalibriertafel auf steifer Platte mit Zielmarken

4. Anspruch: 26

Messmarkentafel mit speziellen Messmarken

5. Anspruch: 27 bis 29

Dreidimensionales Koordinatengestell
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< (57) Abstract: A method for processing in a computer a plurality of digital images stored in the computer. The digital images are

from respective photographs of a geographic region. The photographs were taken from different directions. The method iricludes

=~ displaying the images and upon selecting an image point in an oblique image, synchronizing a corresponding image point in the
digital images so that the selected image point in the first image and the cormresponding synchronized image point in other images
have substantially identical world coordinates. The method is useful for performing a geographic measurements on an oblique by

@] selecting an image ground point below a first image point; calculating world coordinates in a vertical line segment which extends
vertically from the image ground point, and upon selecting the first image point on the vertical line segment, calculating world

O coordinates at the first image point based on the world coordinate in the vertical line segment. The method is further used to display
a three dimensional object, crop facades from the images and paste facades onto the object.
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WO 2006/040775 PCT/1L.2005/001095

COMPUTATIONAL SOLUTION OF AND BUILDING OF THREE

DIMENSIONAL VIRTUAL MODELS FROM AERIAL PHOTOGRAPHS

FIELD AND BACKGROUND OF THE INVENTION

The present invention relates to using photogrammetric techniques for
providing measurements on two dimensional oblique photographs and three
dimensional models based on two dimensional oblique photographs.

Conventionally, mapping of land is achieved with the use of orthogonal
photography, with the camera pointing orthogonally downward towards the ground.
Orthogonal photographs are easily scaled to provide horizontal distance
measurements. However, orthogonal photographs are not sufficient for topographical
measurements or measurements of heights since sufficient elevation information is
not available. Additional methods are used for attaining elevation information such as
radar, or surveying in combination with orthogonal photography. Height information
is typically stored in a computer as a digital terrain model. The combination of a
elevation measurements with orthogonal aerial photography is conventionally used to
build a topographical map. Representative prior art references in the field of mapping
land include US patent 4,686,474 and US patent 5,247,356.

Photogrammetry is a measurement technology in which the three-dimensional
coordinates of points on a three dimensional physical object are determined by
measurements made in one or more photographic images. The technique is used in
different fields, such as topographic mapping, architecture, engineering, police
investigation, geology and medical surgery. Photogrammetric techniques require that
photogrammetric images be taken at an oblique angle to provide elevation
information. The challenge of photogrammetry arises from the fact that oblique
photographs are not easily scaled. For instance, images of buildings in the foreground
of an oblique photograph appear to be much larger than similar buildings in the
background of the the same image.

- Reference is now made to Figure 1 a prior art drawing showing coordinate
axes 10 in a photogrammetric calculation. Coordinates X and Y represent geographic
coordinates, e.g. distances on the horizontal plane parallel to the ground. Coordinate
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2
Z for represents elevation, for instance above sea level (z=0). A camera is located in

position (X..Y,,Z,). Angular coordinates of the camera are given by angles of

rotation Omega [Q2], Phi [¢], and Kappa [K or k]. Omega [Q2] is the angle of rotation
about the X axis, Phi [¢] is the angle of rotation about the Y axis Kappa [X] is the

angle of rotation about the Z axis. The term “camera coordinates™ as used herein
includes both the position coordinates (X,Y,,Z,) and the three angles of rotation.
Ray 103a is a light ray which emanates from Point P(X,Y,Z) located on a physical

object 105. Ray 103a enters the camera and is imaged on image plane 107 at a point
P'(x,y,). The focal leﬁgtb of the camera is typically known. Typically,
photogrammetric cameras have low photographic distortion, and the distortion is
known and is removed during subsequent calculation. Typically, aerial photography is
performed at varying angles, usually between 20° and 70°, under the wing of the
aircraft.

Photography can be carried out with a digital or analog metric camera, or a
video camera or a simple camera which is not designed for photogrammetric
measurements. In the case of a camera, using film, the photographs are scanned with
an accurate photogrammetric scanner. In the case of a video camera, a video frame or
an average of identical video frames are used for the photograph. The term “interior
orientation” is used herein to denote the 2D affine coordinate transformation between
two-axis systems, the photograph coordinate system (for instance measured in
millimeters on the film) to the digital image coordinate system ( in picture elements of
known size) subsequent to scanning. The “interior orientation” is calculated as
follows for film photography. For video other types of photography, the interior

orientation is analogous:

We look for coefficients a,,4,,4a, by,b;,, such that

X, =0y %+ -y, +8, , Y,=by-x;+b -y, +b, where x;,y; is image

coordinate, and X,,¥, is matching photograph coordinate

The operator marks at least three fiducial marks on the image, and inputs the
corresponding coordinates of the photograph coordinate system. If there are more then

three fiducial marks, a least square adjustment may be used. The operator integrates
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3
the calibration report including the camera lens distortion with the orientation

solution.

The term “exterior orientation” is used to solve the camera coordinates, the

camera position (X_,Y,,Z,) and the three orientation angles Omega, Phi and Kappa

of the camera when the photograph was taken. The operator inputs the focal length of
the camera f. The operator selects at least three ground control points on the oblique
digital image, and corresponding ground control points typically on a scaled
orthogonal photograph or map for which world coordinates are known. Alternatively,
the world coordinates of the three control points are provided by surveying. For each

control point j selected, geoographic coordinates X?;,1?; are typically obtained from

the orthogonal photograph or map, and elevation Zf; from a digital terrain model

previously stored in the computer.
We need to solve the collinearity (CE) equations :

my (Xt=X ) +m,(Yt-Y)+m;(Zt-Z,)
my (Xt =X, )+ my, (Yt =Y )+ myy(Zt—Z,)

xp =x0—f

iy (Kt~ X ) 4 myy (0= Y,) 4 sy (21— Z.)
my (Xt~ X ) +my, (Yt =Y )+ my(Zt - Z,)

V=Y —f

XY, is photograph coordinate, X%,Yr is physical object coordinate in
world space.
X9, Y, is taken from camera calibration report , or calculated by fiducials

coordinates.

And M is matrix:

m,, =cosgcosk
m,, =sinQsingcosk +cosQsink

m,;, =—cosQsingcosk +sinQsink
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m,, =—cos@gsink

m,, =~sinQsin@sin k +cosQcosk
m,, = cosQsingsink +sin Qcosk
my, =sing

m,, =-—sinQcosg

m,, = cosdcosg

There are six unknown parameters or camera coordinates to solve, each time the
operator selects a ground contro] point on the oblique image and on the orthogonal
photograph two equations are formed, thus three ground control points are required to
solve for all the unknown parameters.

The calculation proceeds with a linearization of the equations using a Taylor
expansion, first guessing initial values for the six unknowns and iteratively solving
the linearized equations using a least square adjustment, trying to improve the results
for the 6 unknown parameters until a previously defined threshold is reached. After a
solution is reached, the solution is typically checked by the accuracy report (residuals),
changing/sampling of additional control points and physically checking of several
points chosen at random, in order to check orientation accuracy by pointing to the
orthogonal photograph and checking the accuracy of the pointing on the oblique
photograph. _

Prior art photogrammetric solutions using oblique aerial photography used
digital terrain models (DTM) based on a Triangulated Irregular Network (TIN) model.
The TIN model was developed in the early 1970's as a simple way to build a surface
from a set of irregularly spaced points. The irregularly spaced sample points can be
adapted to the terrain, with more points in areas of rough terrain and fewer in smooth
terrain. An irregularly spaced sample is therefore more efficient at representing a
surface. In a TIN model, the sample points are connected by lines to form triangles.
Within each triangle the surface is usually represented by a plane. By using triangles
each piece of the mosaic surface will fit with neighboring pieces. The surface will be
continuous, as each triangle's surface would be defined by the elevations of the three
corner point.

Another type of digital terrain model is a raster digital terrain model The raster
DTM is typically a rectangular grid over a certain area and resolution. Each pixel in
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5
the raster “covers” an area of 7x7 [m?] in world space, and has a gray value that

represents the height of the terrain in the middle of this square.

In prior art photogrammetric solutions for oblique aerial photography, after the
camera coordinates are determined an operator is able to select geographic coordinates
on the orthogonal map or photograph and obtain the correspbnding image coordinates
or photograph coordinates by solving the CE equations with a single query to the
stored TIN DEM .

Measurement capability in prior art photogrammetric solutions for oblique
aerial photography is limited. Reference is now made to Figure 2 which illustrates a
horizontal distance measurement of the prior art. In Figure 2, selecting an image point
201 on an entity 203, e.g. image of building determines and calculates a ray 103 from
camera position 101 to the physical point corresponding to image point 201. The
geographic coordinates used for the measurement (and for obtaining elevation from
the DTM) are from point 205 where ray 103 intersects the terrain. For oblique angles,
close to orthogonal, this method of calculation is reasonably accurate. However, for
other angles, prior art methods introduce errors. For instance for measuring a
horizontal measurement along the roof of a building, ray 103 intersects the ground
several meters from the foot of the building. The measured horizontal distance H is
based on the ground distance where ray 103 intersects the ground and the
measurement is in error due to perspective distortion and to actual differences in
elevation between the real point where ray 103 strikes the ground and the foot of the
building .

There is thus a need for, and it would be highly advantageous to have a
method of for more accurately measuring distances on oblique images than is
provided for in the prior art. Furthermore, it would be advantageous to have a method
which references world coordinates from one oblique photographs to other
photographs including oblique photographs taken of the same region but from
different directions. Moreover, there is a need for and it would be advantageous to
have a method for building three dimensional objects based on accurate metrological
techniques so that the three dimensional objects are viewed and manipulated in a
separate display window and/or exported to other computer applications in a standard
format. Furthermore, there is a need for and it would be advantageous to have a

method for cropping facades from oblique photographs and incorporating the facades

0383



10

15

20

25

30

WO 2006/040775 PCT/IL2005/001095

. 6 _ |
with the three dimensional objects as virtual three dimensional models of physical
objects. '

REFERENCES:

http://en.wikipedia.org/wiki/Photogrammetry

The term “geographic coordinates” as used herein refers to a pair of
coordinates, position coordinates or angular coordinates, e.g. latitude and longitude,
which determine a geographic location, typically on the surface of the planet Earth.
The term “geographic region” or “region” as used herein includes man-made physical
objects, such as buildings and roads. Similarly the term “geographic measurements”
includes measurements of man-made physical objects as well as natural terrain. The
term “world coordinates” or “three-dimensional coordinates™ as used herein refers to
geographic coordinates and a third coordinate, e.g. elevation, which determine a
position on or above the surface of the Earth or any other world. The term “oblique”
as used herein refers to a direction which is not a principal axis of a physical object
being photographed, typically not orthogonal nor parallel to the ground. The term
“physical object” refers to an object in real space such as a building. The term
“object” or “three-dimensional object” as used hereinafter refers to a virtual object
such as a data structure e.g. vector object which overlays in part an image of a
physical object. The term “entity” or “three dimensional entity” is used herein to refer
to at least a portion of an image of a physical object. The term “below” as used herein
refers to a projection to lower elevation. For example, a point (X,Y,0) is below
(X,Y,Z). The term “display over an image” as used herein refers to display as a layer
over a digital image. In the present invention an “object” is displayed as a layer over
an entity. The term “photography” or “photograph” as used herein includes ény type
of photography used in the art including film, digital photography, e.g. CCD, and
video photography. The terms “digital terrain model” and “digital elevation model”

are used herein interchangeably.
SUMMARY OF THE INVENTION

According to the present invention there is provided a method for processing
in a computer digital images stored in the computer. The digital images are derived
from respective photographs of a geographic region. The photographs were
photographed from a number of directions. A first image is displayed which
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corresponds to a first photograph which was photographed at an oblique angle.
Another digital image is simultaneously displayed of the same region. Upon selecting
an image point in the first image, a corresponding image point is synchronized in the
other digital image. The selected image point in the first image and the corresponding
synchronized image point in the other image have identical world coordinates.
Preferably, prior to the synchronization for at least one of the respective digital
images, camera coordinates are calculated of the photographs based on three or more
control points in the respective digital images. The geographic coordinates of control
points are previously known Alternatively, world coordinates are simultaneously
calculated for the image point and the corresponding image point. Preferably, an
exportable object is created by selecting other image points in one or more of the
displayed digital images. Preferably, synchronizing includes iteratively estimating
geographic coordinates of the selected image point, an estimated elevation value is
received from a digital elevation model of the region based on the estimated
geographic coordinates. The digital elevation model is previously stored in memory of
the computer, and respective camera coordinates of the first photograph and the other
photograph are previously determined. Preferably, a raster digital elevation model is
stored in memory of the computer. Upon inputting any geographic coordinates to the
raster digital elevation model, the raster digital elevation model returns a
corresponding elevation value. Preferably, prior to the synchronization of one of the
digital images, three or more control points are selected in the digital images, and
respective geographic coordinates of the control points are previously determined.
Respective elevation values are obtained from the raster digital elevation model.
Camera coordinates are calculated of the camera which photographed the photographs
based on the control points. Preferably, a photograph direction is determined of one or
more digital images, the photograph direction is determined by a vector between a
camera position of the digital image to the selected image point; and digital images
are chosen based on comparing a geographic direction to the photograph direction.
Preferably, a a measurement is performed in one or more displayed images between
a first image point and a second image point, by selecting an image ground point
below the first image point; calculating at least one world coordinate in a vertical line
segment, and the vertical line segment extends vertically from the image ground
point. Upon selecting the first image point on the vertical line segment, a world
coordinate is calculated at the first image point based on world coordinate in the
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vertical line segment. Preferably, when the measurement is a horizontal distance
measurement, the second image point is selected to calculate geographic coordinates
of the second image point. Preferably, when the measurement is a vertical distance
measurement, the second image point is selected to calculate an elevation of the
second image point. Preferably, when the selected image point is on a three
dimensional entity at least partially visible in the first image, and different views from
different directions of the three dimensional entity are displayed, image points are
selected on the three dimensional entity in the different views, thereby synchronizing
the other image points in the displayed images, and a three dimensional object is
displayed.

According to the present invention, there is provided a method for performing
a measurement related to an image point in a digital image using a computer which
stores and displays the digital image. The digital image was derived from a
photograph taken at an oblique angle. An image ground point below the first image
point is selected and one or more world coordinates are calculated in a vertical line
segment which extends vertically from the image ground point. Upon selecting the
first image point on the vertical line segment, at least one world coordinate is
calculated at the first image point based on the world coordinate in the vertical line
segment. Preferably, the vertical line segment is displayed over the displayed image.
Preferably, the calculation includes iteratively estimating geographic coordinates, an
estimated elevation value is received from a digital elevation model based on the
estimated geographic coordinates, the digital elevation model is previously stored in
memory of the computer, and respective camera coordinates of the photograph are
previously determined. Preferably, upon selecting a second image point related to the
measurement, at least one world coordinate is calculated of the second image point.

According to the present invention there is provided a method for building
three dimensional models in a computer, wherein digital images are stored in the
computer. The digital images are derived from respective photographs of a geographic
region. ﬁom- a number of directions. Displayed digital images are chosen from the
stored digital images and simultaneously displayed. The displayed digital images each
include at least a partial view from a different direction of a three dimensional entity.
Image points are selected on the three dimensional entity in one or more of the
displayed digital images thereby synchronizing other image points in other displayed
digital images, and a three dimensional object is displayed. Preferably, the image
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points are vertices of facades of the three dimensional object, the three dimensional

object is built while preserving connectivity of the facades from two or more of the
displayed digital images. Preferably, the image points include a plurality of vertices of
the facades of the three dimensional entity. The facade are cropped as respective
pongons with the vertices, by calculating world coordinates respectively of the
vertices. The facades are pasted onto the three dimensional object to incorporate the
facade in the three dimensional object. Preferably. the three dimensional object is
exported to a new display window, another application of the computer or to a
standard format. Preferably, for at least one of the image points, an image ground
point is selected below the image point, a world coordinate is calculated in a vertical
line segment which extends vertically from the image ground point. Upon selecting
the irmage point on the vertical line segment, a world coordinate is calculated at the
image point based on the world coordinate in the vertical line segment. Preferably,
for at least one of the image points, geographic coordinates are iteratively estimated ,
an estimated elevation value is received from a digital elevation model of the region
based on the estimated geographic coordinates, the digital elevation model is
previously stored in memory of the computer, and respective camera coordinates of
said photographs are previously determined. '

According to the present invention there is provided, a program storage device
readable by a machine, tangibly embodying a program of instructions executable by

the machine to perform a method for performing the methods as described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only, with reference to
the accompanying drawings, wherein:

FIG. 1 is a prior art drawing of coordinate systems used in photogrammetric

5 calculations '
. FIG. 2 is an illustration of a prior art measurement method.

FIG 3 is a flow diagram of a method according to embodiments of the present
invention;

FIG 4ais a simplified drawing of an image an orthogonal map as displayed

10 on a computer display;
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FIG 4b is a second view of the computer display after oblique images are

selected, according to an embodiment of the present invention;

FIG 5 illustrates a method for choosing oblique photographs, according to an
embodiment of the present invention;

FIG 6 is a simplified view of a computer display illustrating a method for
building three dimensional models and cropping facades, according to an embodiment
of the present invention; and

FIG 7 is an illustration of a cropped facade, according to an embodiment of

the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The present invention is of a system and method for providing measurements
and three dimensional models based on two dimensional oblique photographs.
Specifically, the system and method includes a photogrammetric computational
solution combined preferably with a raster digital elevation model. The use of a raster
digital elevation model as opposed to a TIN model, for instance, allows retrieving of
elevation values rapidly without undue computational overhead making it possible to
rapidly reference world coordinates from one oblique photograph to another of the
same region. Once different views of the same region are registered together on the
same display, the operator may build three dimensional virtual models of the entities
visible in the oblique images.

It should be noted, that although the discussion herein relates to typically to
photography of résoluﬁon of about 1 meter and digital terrain models of resolution of
tens of meters, the present invention may, by non-limiting example, alternatively be
configured as well using a different range, a higher or a lower range of resolutions.

Before explaining embodiments of the invention in detail, it is to be
understood that the invention is not limited in its application to the details of design
and the arrangement of the components set forth in the following description or
illustrated in the drawings. The invention is capable of other embodiments or of being
practiced or carried out in various ways. Also, it is to be understood that the
phraseology and terminology employed herein is for the purpose of description and
should not be regarded as limiting,

By way of introduction, principal intentions of the present invention are: to

provide a computerized method of choosing oblique digital images of a single
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geographic region from a large number of digital images of many typically adjacent
and overlapping geographic regions stored in a memory of the computer. Once
appropriate oblique photographs are chosen, another intention of the present invention
is to provide a method for selecting a point in one of the displayed two dimensional
oblique digital images and synchronize, in other displayed digital images, image
points with the same world coordinates. Another intention of the present invention is
to provide accurate measurement methods for horizontal, vertical, and air distance
measurements on oblique digital images. Another intention of the present invention is
to allow the operator to build virtual exportable objects of scaled dimensions which
correspond accurately to the dimensions of the entities of interest in the oblique digital
images. Another intention of the present invention is to crop facades from two or
more of the oblique digital images and incorporate the facades with the three
dimensional objects to build functional three dimensional virtual models of the

' physical objects originally photographed.

The present invention is applicable in many fields including tax assessment
and building code violations, urban and infrastructure planning, land registry and
management, military security, anti-terror and special forces operations, emergency
and first response of emergency workers, critical infrastructure management such as
of airports, seaports, mass transit terminals, power i)lants and government
installations. '

The principles and operation of a system and method of providing
measurements and three dimensional modeling based on two dimensional oblique
photographs, according to the present invention, may be better understood with
reference to the drawings and the accompanying description.

Referring now to the drawings, Figure 3 is a flow diagram of a process 30
illustrating several embodiments of the present invention. Process 30 begins with
storing oblique photographs (step 301) in memory of a computer. Typically, the
number of stored oblique photographs may exceed several hundred thousand. A
digital elevation model (DEM) is stored (step 309). Preferably, the DEM is a raster
DEM. Typically, a conventional map or orthogonal photographs of the same
geographic region is also stored (step 307) in the computer. The oblique photographs,
whether generated using traditional film photography or using digital photography are
infemally oriented (step 303) and externally oriented (step 305) for instance as
previously described. Steps 301-309 are included as part of pre-processing (step 31)
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required for embodiments of the present invention. Reference is now also made to
Figures 4a and 4b, which illustrate embodiments of the present invention. Once pre-
processing 31 is complete, an operator using an application, preferably installed on the
computer using a program storage device, displays (step 311) on a computer display
attached to the computer, a portion of map or orthogonal photograph 40 of interest.
The operator is interested in a point 401 of orthogonal photograph 40 and the operator
selects point 401 using an input device attached to the éomputer, e.g. a mouse click.
Particular oblique digital images 42N,42S, 42E and 42W derived originally from
oblique aerial photographs are chosen (step 315) from among the many, e.g 100,000
stored oblique images and displayed (step 317) preferably each in an individual
display window on the computer display. Typically, digital images 42 are positioned
(step 317) in the respective windows so that entities 44 with world coordinates
corresponding to point 401 are in the center of the windows. Similarly orthogonal
photograph 40 is preferably centered around point 401. The user may manipulate
images 42 using a zoom (step 321) hand tool (step 322) and/or marker tool (step
323) . Zoom (step 321) magnifies the image within the window and the hand tool
(step 322) shifts image 42 within the window. Marker tool (step 323) is used, for
instance, by dragging mouse over one image 42 and synchronous changes occur in
other images 42 that are displayed in the other windows.

According to embodiments of the present invention, an image point is selected
in one of the displayed oblique images 42 and the application is required to
synchronize, for instance to mark (step 323) corresponding image points in the other
displayed images with the same world coordinates as the selected image point.
Synchronization from oblique image 42 requires an inverse solution of the collinearity
equations. The inverse solution is typically performed iteratively. When an image
point is selected in oblique image 42, the interior orientation is used to obtain
photograph coordinates (x,y). The photograph coordinates are used as a basis to
estimate initial values for entity geographic coordinates (X, Y:) in world space. The
estimated geographic coordinates are used to obtain an elevation value Z; from the
stored DEM raster (step 309). The elevation value obtained from the DEM is then
used to obtain a next iteration for geographic coordinates. Since the inverse solution
process is iterative, there is an advantage to use a DEM raster, rather than for instance

a DEM based on a TIN model, because using the TIN model requires interpolations to
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find each new elevation value and therefore the computation with a TIN based DEM
is more time consuming. Since the TIN model is based on irregular points and for any
particular set of geographic coordinates, considerable time is required to find the
correct triangle that should be used to calculate the elevation coordinate.

Digital Elevation Model (DEM) Raster (step 309)

The DEM Raster image is used to calculate the elevation (Z) value of a given (X.Y)
geographic coordinate, according to embodiments of the present invention. The raster
dimensions depend on the desired geographic region and on the resolution desired by
the opefator. Each pixel in the raster “covers” an area of 7 x7r [m?*] in world space,
and has a gray value that represents the height of the terrain in the middle of this
square, When the gray value is lower, the shade is lighter and the elevation higher.
The gray scale is chosen by the minimum and maximum elevations of the known
terrain points. When there is a need to calculate the Z value for a specific XY
coordinate, three pixels from the raster are chosen, in such a way that XY falls inside
the triangle formed by the three pixels and these three pixels are the closest available
points to X, Y. The elevation (Z) values of the three points are calculated from the
respective gray values. Using the three points in 3D world space, namely

X;» Y12y X3, Y2525 X35¥3525 aplane is determined. Two vectors are chosen between the

points to form two vectors. A cross product computes the normal to the plane, and the
elevation value of the requested (X,Y) is determined.

The DEM raster is created (step 309) based on a collection of known world
coordinates, for example in ASCII file. The first step in the creation of the raster is to
determine the raster borders and the desired resolution. The dimensions of the raster

are then determined and an array in memory is allocated. .

By iterating over the pixels in the raster, each pixelJ.i is given a gray value based

on the known points in the following way:
X,y world coordinate for the pixel is calculated by linear transformation using the

width, height and resolution of the raster. The XY plane is divided into a number of

pieces, for instance, eight pieces, and n closest points in each piece are determined,

0391



10

15

20

25

30

WO 2006/040775 PCT/1L2005/001095

14
Good results are typically achieved by choosing n > 3. Each point found is weighted

with respect to its distance from point *.¥ and the weighted average is computed for

obtain a z value. The z value is assigned to a value in gray scale and assigned to pixel

e . . 1 .
j»i in the raster. An example of a weight function can be —, where d is the
e .

distance toX,¥ .
Image model:

The format of the stored digital information used is preferably Enhanced
Compressed Wavelet (ECW), an image format that allows compression of imagery
up to 50:1 with minimal visual loss of information. One of the main issues with ECW
(and similar products) is the length of the time period between requesting a portion of
image 42 and receiving the requested image portion. There are certain situations when
new information is rapidly needed from the ECW file including when the zoom tool
(step 321 ) or mouse wheel is used to change zoom level, when the hand tool (step
322 )is used and/or the marker tool (step 323). The software holds in memory the last
view displayed from ECW per window j.

This image, /;, is modified each time new information arrives from the ECW file,

and its size is the same as the size of the window. The software also holds a copy of
the full image with decreased resolution,usually, it is loaded from the jpeg file, but if
the jpeg file is is missing, the image is calculated from the ECW file.

Zoom tool (step 321):

When using the mouse wheel to zoom, the center of the image displayed will remain,
In order to react quickly to a user action, the application will request the correct
portion with the correct zoom to be displayed., but until this information arrives, the

application preferably calculates sub image from 7, to be displayed.

In the case of zooming in, the application takes I and enlarges it to fill the entire
window. In the case of zooming out, the application takes 7 and calculates a smaller
view of it to be displayed. In this case, the borders of the view are missing. When new
information arrives the new information is displayed in the window. If another zoom
action, e.g. mouse wheel is turned, before ECW information arrival, the earlier

request is aborted, a new request is processed and displayed from 7 .
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Hand tool (step 322):

When a user “drags” the view, a portion of the image I is copied and displayed in the
right location, while waiting for ECW information. Again if, another interaction with
the tool is done by user, the old request will abort a new request will be initialized and
another calculation form I will be carried and displayed.

Marker tool (step 323):

When using marker tool (step 323) on one window, all other windows choose (step
315) an image 42 to be displayed, and display (step 317) a respective images 42 in the
windows according to current zoom level and window size. Preferably, images 42 of '
é]l windows are synchronized so that entity 44 is seen from different images 42 inall
the windows. The user can use marker tool (step 323) for instance by either clicking
on a window, or by moving the mouse in the window while the left button is held
pressed. Both cases are the same in the manner, that the user needs to click on the
mouse left button and then move the mouse (zero movement in the second case) and
release the mouse button. When user clicks on the mouse button and as long as there
is mouse movement, the software displays a decreased resolution version of the
images. Finally when the user releases mouse button the software will request the
information from the ECW files and display (step 317) What we gain by doing this is
the speed in which the software reacts to using the tool, Of course, quality of the
displayed view is less, which is more noticeable as zoom level increases. Preferably, if
user holds the mouse button pressed, but does not move the mouse for short period of'

fime, a request to ECW file is made, so the ECW is displayed.

Image Choosing (step 315) and centering (step 317) :

When using marker tool 323, in one of the display windows, all the other
display windows choose appropriate digital images 42 in each of the other display
windows. Digital images are chosen (step 315) based on zoom level, and display
window size.

According to embodiments of the present invention, all windows are

‘synchronized so that the same entities 44 are visible from different digital images 42
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in all the windows. Preferably, digital images 42 are chosen (step 315) to include all

available views from different directions.

Reference is now made to Figure 5, which illustrates a method of choosing
(step 315) digital images 42, according to an embodiment of the present invention. Let
n be the number of oblique windows,(n=4 in the example shown in Figure 4b). The
XY plane is virtually split into n pie pieces 501 and each piece 501 is fit to one of the
display windows. The goal is to display images 42 in window i, such that images 42
were photographed from a camera direction P that falls into the ith piece 501 in the

pie. Camera direction P is the direction from camera X’ .Y, to entity 44 of interest

displayed in the center of the window, positioned in world coordinate X,,Y,. In

Figure 5, six camera directions P1-P6 are shown for different stored oblique
photographs. Only three of the four pie pieces 501 have appropriate directions. When
using marker tool 323 on orthogonal image 40, the X,Y world coordinate is
calculated by, a simple linear transformation, from mouse position, with respect to the
current view, image portion, and current size of window. Our main concerns here are
how to choose different oblique image 42 for each window, and for a given image and
window calculate which image point should be displayed at the center of the window.
When using marker tool 323 on oblique windows, first we need to find the image

point to which the mouse cursor is pointing, this again is done by a simple
transformation from mouse coordinate to image coordinate X,,Y;. Then given XY,
we need to find the matching terrain coordinate X,,Y,. Once we have this, the process
of choosing images 42 for other windows, and centering them is similar to the case of

using marker tool 323 on orthogonal photograph 40. Assume that we have XY,

geographic coordinate and wish to choose oblique images 42 to be displayed in a

certain window. For each oblique image 42 in memory, the direction from camera

position is calculated, X_,Y, to X,,Y,. If the camera direction suits the defined
window direction than the distance from cameraX,,Y,,Z. to physical object
X,,Y,,Z, is calculated. Among all images 42, chosen image 42 will be the one with

minimum distance. Once an image 42 is chosen, a center image coordinate X, to is

centered in the window by using the collinear equations to receive photograph
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coordinate X, Y;, and the interior orientation with X .Y, to receive image coordinate

X,,¥, The only remaining problem now is how to find terrain coordinate, X, ¥, by
giving an oblique image coordinate X,,¥;. To solve this problem, we do the
following: The average elevation of the DEM, Z,,, is caléulated in advance (in raster
creation step 309) X,.Y, is calculated by interior orientation from X;,Y;. We
calculate Xt,,¥?, by using Z,,X .Y, in the collinear equations. By using the raster
we calculate Zf,from Xt,,Yz. If the absolute value of Zf, —Z, is smaller than a
certain threshold than Xt,,Y%,,Zt, is used. Otherwise we iteratively repeat the process
with Zt;,X .Y, this time receiving Xt,,¥t,,Zt, and checking the absolute value of

Zt, — Zt, and so on. The process usually converges after 4-5 iterations.

According to another embodiment of the present invention, image choosing
(step 315) is performed using a special data base which is set up during pre-processing
31. For each oblique photograph stored in memory, a specific area in the shape of a
trapezoid is covered on the stored orthogonal photographs/map. The trapezoidal shape
arises from the perspective distortion of oblique images. An efficient data base
structure is set up so that for a specific query including geographic coordinates XY,
the data base returns the specific trapezoids that include X, Y.

Layer model:

According to embodiments of the present invention, the application maintains
layers of information over images 40 and/or 42. A layer of information is overlaid
and optionally displayed over oblique images 42. When a layer object is initialized,
the object receives as a parameter the size of the underlying image 40 or 42. Each
layer object currently can include for instance, lines, e.g. vectors, points and/or text.
Preferably, layer data is read and displayed over a portion of the oblique image 42
using a minimum of processor time because the user frequently changes the viewed
portion of image 42.

Each line in the system can be segmented or not segmented over the image.
When segmented a vector is composed by n image lines where each image line has

coordinates Xi;,Yi,, Xi, . Yi,, in image space, where 1< j<n. The vector is
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segmented to n world lines, each such line (except the last)

Xw, Yw, ,Zw, , Xw, ., YW, ,Zw;, has an air distance of 1m, (this number can be

changed to other values for different segmentation resolution) and transformed to
Xi,Yi,, Xi,;.Yi,, by using exterior and interior orientations. Zw;,Zw, are either
taken from DEM or calculated from the line equation defined by line

Xw, Yw,Zw, , Xw,,, . YW,,;,Zw,,; depending on need. Image 42 is segmented by
itself to 2D blocks and each image line is mapped to one or more blocks depending on

its location in image space. If the image line falls in more than one block the image
line is segmented to blocks by simply segmenting the image line to few pieces for
matching blocks.

Displaying a portion of layer information, is performed by calculating and
displaying blocks which are fully or partly visible on the current view. In this way,
image lines that are referenced usually also need to be drawn. As the current zoom
level is increased fewer blocks need to be drawn (fewer lines in the view) which gives
high responsiveness to user requests to change the portion of image viewed. As zoom
level decreases more blocks need to be drawn and when the view holds the entire
image 42, all blocks should be drawn. In such a case many or all lines in the layer
should be displayed and therefore responsiveness to user actions can suffer, depending
on number of visible image lines. Preferably, to mitigate this problem when the
application notices a user action with only a portion of image 42 viewed, while in the
process of drawing a layer, the layer drawing process is aborted, and drawing of
image 42 is processed instead. When zoom level is relatively high, aborting is not
necessary, since the drawing is performed relatively quickly.

Altemnatively, a relatively small raster image is be transparent in background
and opaque with image lines. When the zoom level is relatively low, this raster can be
drawn quickly over another image This method improves greatly the responsiveness
to user actions, because drawing time does not longer depend on the number of lines
in the layer. Notice that since the zoom level is low, accuracy of image lines
coordinates is of less importance. A disadvantage to this method is the fact that this
raster must be updated when layer information is changed. For example when user
deletes/adds line from/to the layer.
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Layers organization:
Layers are organized in blocks. Each block contains one or more layers.
The blocks are ordered, and also layers inside each block are ordered When image 42
is loaded, image 42 is initialized to hold only one block, a system layer that cannot
be deleted by the user. Preferably, the user is able to import and associate one or more
dxf files with image 42. When the dxf file is imported all layers in the file are lJoaded
to a new block. This method of layers organization enables easy manipulation of the
following features: Hiding/Displaying all layers of certain block, changing the
painting order of blocks and layers inside blocks, removing a layer or a complete
block of layers, exporting blocks of layers to a file, removing a certaih block. '

For example, to achieve changing the painting order, we need only to change

the order in which blocks of layers are organized in memory.

Layers painting:

When new information arrives from ECW file, layers information is preferably
displayed over image information, and then displayed in the display window. The
process of painting is performed in the following manner: The ECW information
arrives and painted to a bitmap B, . Each layer i, in turn, is painted over bitmap B, .

When the user uses the hand tool or the zoom tool, new information is
requested from the ECW file. In the time between the request and the arrival of image
information, the image model described above is used to paint the window with a
temporary image that is constructed from the last information that arrived from the
ECW file

Assume new information is artiving with a specific zoom level; this
information is at least a portion of the full image. The upper left coordinate on the
arriving image portion is taken from the full image at coordinate #x,fy and the

bottom left is taken from coordinate brx,bry these coordinates with certain zoom level
were requested from ECW previously.

In order to be react quickly to user requests for instance while the user is
rapidly using the hand tool, layers should be painted quickly. If layers information is
large and zoom level is low considerable time is required.

A number of techniques are used to reduce this time delay and to improve

reaction to user requests:
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-Layer painting is performed according to blocks that are visible in the

requested view. This means that most objects that are going through iteration when
the layer is in painting process, are actually objects that should be painted eventually.
Exceptions to this rule are objects that fall in partially visible image blocks.

-When the view requested occupies a relatively big portion of the complete
image (i.ebrx—tlx >c,,bry—tly >c¢,) and the user interacts with the tools above,
layer painting process is stopped , and the view is painted with layers that were

painted so far.

~When the view requested occupies relatively small portion of the complete
image, (e brx~tlx<c,,bry—tly<c,) uvsually only small amount of layers
information is needed, therefore painting is processed quickly and stopping the
painting process is not necessary.

-In order to achieve even better results (from a user point of view) another
raster image per image should be maintained to hold a complete drawing of the layer.
This raster image should be relatively small in size (one way is to use the jpeg size),
and should be constantly' edited when the layer is behind edited - an object is added ,
deleted or edited. A

Each layer can use its raster for painting instead of iterating through many
image blocks, which potentially might contain many objects. The raster image should
be with transparent background, so painting such an image over another image will

paint only the entities.

System layers for measuring tools (step 319) :

The following measurements (step 319) are performed according to
embodiments of the present invention each in a different layer: horizontal
measurements, vertical measurements, vertical rectangle measurements, terrain
segmented measurements, air distance — horizontal and diagonal measurements. For
each of the layers, there is a specific tool that is used to insert new lines to the
respective layer. Referencé is now made again to Figure 4b. The user wishes to
perform a horizontal measurement between image points 403 and 405, according to an
embodiment of the present invention. Three selections, e.g. mouse clicks are
performed to achieve the horizontal measurement. A ground point 407 is selected on

the ground below the image point 403, The second mouse click is on image point 403,
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and the third mouse click is on image point 405. The first click is used to determine
the terrain coordinates X;,%;,Z, on ground point 407 below the image point 403.

When the first click is performed, a vertical line 409 preferably appears that begins

. from the X,,Y;,Z, and extends vertically upward. Since X;,¥, is known after first
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25

30

click, calculating vertical line 409 is performed by using the collinear equations n
times, each time with X1 Y1,Z where Z; =Z, +Az-i, to receive Ap;,Ip, (Az is a
small constant) The second click is on vertical line 409. When clicked we have the

image coordinates Xi,,Yi,, which are transformed to Xp,,Yp, by using the interior
orientation. Now we use Xp,,Yp, and X;,Y, in C.E to receive Z, (the height of the

image point 403). Now we have X|,¥],Z, which are the world coordinates of image
point 403. The third click is on image point 405 and gives us Xi; Yis. Again using
interior orientation we receive Xp;,Yp;. we use Xp,,¥p;and Z, with C.E to receive

the world coordinates X;Y3Z, of image point 405. Notice that wé use Z,on the
second measured coordinate. This is a good assumption when we deal with small
distances that are known to be horizontal.

A vertical measurement, according to an embodiment of the present invention
is performed similarly to the horizontal measurement. The user wishes to vertically
measure between image point 413 and image point 415. The user first selects, e.g. by
mouse click on an image point 411 on the ground vertically below image points 413
and 415. The world coordinates of ground point 411 are calculated using the
collinearity equations. Vertical line 409 is displayed in a layer over image 428. The
user then selects image point 413 followed by image point 415. The X,Y world
coordinate is the same for all 3 clicks , and in the second and third click, we calculate
only elevations from this coordinate (in similar manner to the horizontal tool)

A vertical rectangle measuring tool is used to measure small rectangles that are
known to be vertical to the terrain (e.g measuring street signs) Four image point
selections are required with the first selection on the ground. The three first selections
are the same as in the vertical measurement The first click on the ground brings up
vertical line 409 and second and third click are on vertical line 409 for instance on
corners of a street sign. The fourth click, for instance on another comer of the street

sign calculates all the world coordinates of the street sign.
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A terrain measuring tool is used to measure terrain distances. Two selections

are on two image points on the terrain. Terrain coordinates X,,¥;,Z, , X,,Y;.Z, are

calculated. A new line is inserted into the layer with segmentation over the terrain,

the distance of each segment is calculated summed up to find the length of the path.
An air distance measure tool is used to calculate air distances between two

coordinates. Two image point selections are used. Terrain coordinates
X, %,Z, , X,,Y,,Z, are calculated for the selections. Air distance X, -X,,Y; is

calculated for the horizontal air layer and the distance X,},Z, ~X,.1,,Z; is
calculated for the diagonal air layer.

According to embodiments of the present invention, world coordinates are
accurately obtained by selecting on different images 42 synchronized image points
which have the same world coordinates, and calculating simultaneously using the two
or more sets of collinearity equations, for the world coordinates. For example,
referring again to Figure 4b, the user selects the point of the cone on entity 44S and
44W. Two sets of collinearity equations are solved simultaneously to accurately

determine the world coordinates of the point of the cone.

Build layer object (step 325)

After the process of the orientations, i.e. 3D photogrammetric model is
complete we can use the model for measuring facades and building layer objects (step
325) in the photograph, by defining a discrete function from world coordinates to the
matching image coordinates. . . :

Reference is now made to Figure 6 which shows a simplified example of
building (step 325) a layer object 60, according to an embodiment of the present
invention. Preferably, the window showing the orthogonal photograph 40 is closed or
placed in the background. A new display window 61 is opened. Window 61 is scaled
according to geographic coordinates. Different facades of entity 44 are labeled with
letters A-E. A layer object such as a rectangle is displayed obliquely over each facade.
When the layered rectangle coincides with the facade, the layered rectangle is copied
to window 61. By repeating for all facades A-E, layered object 60 is built (step 325).

Cropping facades (step 333)
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The cropping of facades is available, since the facade polygon in world

coordinates is mapped into a polygon in image space. The polygon may be be cropped
if the world coordinates of the vertices of the polygon are known. In Figure 6, facade
A is cropped (step 333) and pasted (step 335) onto layer object 60.
Figure 7 shows an example of a cropped facade taken from an oblique image.
Points A and B are vertices with known world coordinates, and since this facade is a
rectangle in the real world, knowing A,B is sufficient for knowing the entire facade
location. The cropped facade is saved to an image file such as bitmap (bmp) , jpeg
(ipg) or tiff. Together with the image file the world coordinates of the vertices are
saved creating the facade.
Handling a single facade is relatively straightforward, but what about cropping

(step 333) the facades of entire building? What is a building? A building is a group of
facades connected together. For any given photograph, some of the facades of some
buildings are occluded by others. Therefore for a complete model, multiple
photographs are required from all directions of the buildings. Assuming we have all
the required images from all directions with the orientations known. One can measure
facades in each of the images and crop the “best” facade from each image or direction.

\ In real life not everything is exact, in our case there could be small errors in
orientations and positions between images 42. Moreover, even if the orientations are
exact, ability to measure facades with high accuracy is limited due to photograph
quality, resolution and even mouse click errors. A mouse click error of one pixel of
the image can represent a significant area in the real world. If the user measures
facades from different photographs the facades will often not connect to each other.
There will be gaps between each two neighboring facades. In order to avoid gaps in
the virtual model, it is preferable, to build (step 325) layer object 60 prior to cropping
facades (step 333) by preserving conmnmectivity between all the facades that are
connected in the building. In this way, systematic and/or random etrors in process 30
are averaged out or minimized as best as possible. |
Therefore, the foregoing is considered as illustrative only of the principles of the
invention. Further, since numerous modifications and changes will readily occur to
those skilled in the art, it is not desired to limit the invention to the exact construction
and operation shown and described, and accordingly, all suitable modifications and

equivalents may be resorted to, falling within the scope of the invention.
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As such, those skilled in the art will appreciate that the conception, upon

which this disclosure is based, may readily be utilized as a basis for the designing of
other structures, methods and systems for carrying out the several purposes of the
present invention. It is important, therefore, that the claims be regarded as including
such .equivalent constructions insofar as they do not depart from the spirit and scope
of the present invention.

While the invention has been described with respect to a limited number of
embodiments, it will be appreciated that many variations, modifications and other

applications of the invention may be made.
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WHAT IS CLAIMED IS:

1. A method for processing in a computer a plurality of digital images stored in the
computer, the digital images being derived from a plurality of respective photographs of a
geographic region, wherein the photographs were photographed from a plurality of
directions, the method comprising the steps of:

(a) displaying a first image of said digital images, said first image corresponding to
a first photograph of the photographs; wherein said first photograph was photographed at
an oblique angle; _

(b) simultaneously displaying at least one other of the digital images corresponding
to at least one other of the photographs; and

(c) upon selecting an image point in said first image, synchronizing a
corresponding image point in at least one other of the digital images, wherein said selected
image point in said first image and said corresponding synchronized image point in said at

least one other image have substantially identical world coordinates.

2, The method, according to claim 1, further comprising the step of, prior to said
selecting and said synchronizing, for at least one of the respective digital images:

(d) calculating camera coordinates of said at least one photograph based on at least
three control points in said at least one respective digital image, wherein geographic
coordinates of said at least three control points are previously known.

3. The method, according to claim 1, further comprising the step of:
(d) simultaneously calculating said world coordinates for said image point and said
corresponding image point.

4, The method, according to claim 1, further comprising the step of:
(d) creating an exportable object by selecting at least one other image point in at

least one of said displayed digital images.

5. The method, according to claim 1, wherein said selecting and said synchronizing

include the step of iteratively estimating geographic coordinates of said selected image
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point, wherein an estimated elevation value is received from a digital elevation model of
the region based on said estimated geographic coordinates, wherein said digital elevation
model is previously stored in memory of the computer, wherein respective camera
coordinates of said first photograph and said at least one other photograph are previously

determined.

6. The method, according to claim 1, further comprising the step of:
(d) storing a raster digital elevation model in memory of said computer, wherein
upon inputting any geographic coordinates to said raster digital elevation model, said raster

digital elevation model returns a corresponding elevation value.

7. The method, according to claim 6, further comprising the steps of, prior to said
selecting and said synchronizing, for at least one of the digital images and at Jeast one of
the respective photographs:

(e) selecting at least three control points in said at least one digital image, wherein
respective geographic coordinates of said at least three control points are previously
determined and respective elevation values are obtained from said raster digital elevation
model; and

(f) calculating camera coordinates of the camera which photographed said at least
one photograph based on said at least three control points.

8. The method, according to claim 1, further comprising the steps of:

(f) determining a photograph direction of at least one of the digital images, wherein
said photograph direction is substantially determined by a vector between a camera
position of said at least one digital image to said selected image point; and

(e) choosing from the plurality of digital images at least one of the digital images
wherein said choosing is based on comparing a geographic direction to said photograph
direction.

9. The method, according to claim 1, further comprising the step of:
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(d) performing a measurement in at least one of said displayed images between a
first image point and a second image point, wherein said performing includes the sub-steps
of:

(i) selecting an image ground point below said first image point;

(ii) calculating at least one world coordinate in a vertical line segment,
wherein said vertical line segment extends vertically from said image ground point; and

(iii) upon selecting said first image point on said vertical line segment,
calculating at least one world coordinate at said first image point based on said at least one

world coordinate in said vertical line segment.

10. The method, according to claim 9, wherein said measurement is 2 horizontal
distance measurement, said performing further includes the sub step of:
(iv) upon selecting said second image point, calculating geographic

coordinates of said second image point.

11. The method, according to claim 9, wherein said measurement is a vertical distance
measurement, said performing further includes the sub step of:
(iv) upon selecting said second image point, calculating an elevation of said

second image point.

12.  The method, according to claim 1, wherein said selected image point is on a three
dimensional entity at least partially visible in said first image, wherein said displaying and
said simultaneously displaying show a plurality of different views from different directions
of said three dimensional entity, the method further comprising the step of:

(d) selecting in at least one of said displayed images a plurality of other image
points on said three dimensional entity, thereby synchronizing said other image points in
said at least one displayed image, and displaying a three dimensional object over said three
dimensional entity.

13. A method for performing a measurement related to an image point in a digital

image using a computer which stores and displays the digital image, the digital image
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‘being derived from a photograph taken at an oblique angle, the method comprising the
steps of: '

(a) selecting an image ground point below said first image point;

(b) calculating at least one world coordinate in a vertical line segment, wherein said
vertical line segment extends vertically from said image ground point; and

(c) upon selecting said first image point on said vertical line segment, calculating at
least one world coordinate at said first image point based on said at least one world

coordinate in said vertical line segment.

14.  The method, according to claim 13, further comprising the step of:
(d) displaying said vertical line segment over said one displayed image.

15.  The method, according to claim 13, wherein said calculating includes iteratively
estimating geographic coordinates, wherein an estimated elevation value is received from a
digital elevation model based on said estimated geographic coordinates, wherein said
digital elevation model is previously stored in memory of the computer, wherein respective

camera coordinates of said photograph are previously determined.

16.  The method, according to claim 13, further comprising the step of
(d) upon selecting a second image point related to the measurement, calculating at

least one world coordinate of said second image point.

17. A method for building three dimensional models in a computer, wherein a plurality
of digital images are stored in the computer, the digital images being derived from a
plurality of respective photographs of a geographic region, wherein the photographs were
photographed from a plurality of directions, the method comprising the steps of:

(a) choosing from the plurality of stored digital images a plurality of displayed
digital images and simultaneously displaying said displayed digital images each including
at least a partial view from a different direction of a three dimensional entity;
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(b) selecting in at least one of said displayed digital images a plurality of image
points on said three dimensional entity, thereby synchronizing other image points in at
least one other said displayed digital image, and thereby displaying a three dimensional
object.

18.  The method, according to claim 17, wherein said image points include a plurality of
vertices of a plurality of facades of said three dimensional object, further comprising the
step of:

(c) building said three dimensional object while preserving connectivity of at least
two said facades displayed in at least two said displayed digital images.

19.  The method, according to claim 17, wherein said image points include a plurality of
vertices of a pluralify of facades of said three dimensional entity, further comprising the
step of:
_ (c) cropping said facades as respective polygons with said vertices, by calculating
at least one world coordinate respectively of said vertices;

(@ pasting at least one said facade onto said three dimensional object, thereby

incorporating said facade in said three dimensional object.

20.  The method, according to claim 17, further comprising the steps of:

(c) exporting said three dimensional object to selectably either a new display
window or another application of the computer.
[or another standard format. ]

21.  The method, according to claim 17, wherein for at least one said image point,
further comprising the steps of:

(c) selecting an image ground point below said at least one image point;

(d) calculating at least one world coordinate in a vertical line segment, wherein said
vertical line segment extends vertically from said image ground point; and

(e) upon selecting said at least one image point on said vertical line segment,
calculating at least one world coordinate at said at least one image point based on said at

least one world coordinate in said vertical line segment.
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22.  The method, according to claim 17, wherein for at least one said image point,
further comprising the step of:

(c) iteratively estimating geographic coordinates of said at least one image point,
wherein an estimated elevation value is received from a digital elevation model of the
region based on said estimated geographic coordinates, wherein said digital elevation
model is previously stored in memory of the computer, wherein respective camera

coordinates of said photographs are previously determined.

23. A program storage device readable by a machine, tangibly embodying a program of
instructions executable by the machine to perform a method for processing in a computer a
plurality of digital images stored in the computer, the digital images being derived from a
plurality of respective photographs of a geographic region, wherein the photographs were
photographed from a plurality of directions, the method comprising the steps of:

(a) displaying a first image of said digital images, said first image corresponding to
a first photograph of the photographs; wherein said first photograph was photographed at
an oblique angle;

(b) simultaneously displaying at least one other of the digital images corresponding
to at least one other of the photographs; and

() upon selecting an image point in said first image, synchronizing a
corresponding image point in at least one other of the digital images, wherein said selected
image point in said first image and said corresponding synchronized image point in said at

least one other image have substantially identical world coordinates.

24, A program storage device readable by a machine, tangibly embodying a program of
instructions ‘executable by the machine to perform a method, for performing a
measurement related to an image point in a digital image using a computer which stores
and displays the digital image, the digital image being derived from a photograph taken at
an oblique angle, the method comprising the steps of:

(a) selecting an image ground point below said first image point;

(b) calculating at least one world coordinate in a vertical line segment, wherein said

vertical line segment extends vertically from said image ground point; and
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(¢) upon selecting said first image point on said vertical line segment, calculating at
least one world coordinate at said first image point based on said at least one world

coordinate in said vertical line segment.

25. A program storage device readable by a machine, tangibly embodying a program of
instructions executable by the machine to perform a method for building three dimensional
models in a computer, wherein a plurality of digital images are stored in the computer, the
digital images being derived from a plurality of respective photographs of a geographic
region, wherein the photographs were photographed from a plurality of directions, the .
method comprising the steps of:

() choosing from the plurality of stored digital images a plurality of displayed
digital images and simultaneously displaying said displayed digital images each including
at least a partial view from a different direction of a three dimensional entity;

(b) selecting in at least one of said displayed digital images a plurality of image
pbints on said three dimensional entity, thereby synchronizing other image points in at
least one other said displayed digital image, and thereby displaying a three dimensional
object. '

0409



PCT/IL2005/001095

WO 2006/040775

1/8

LIV H01dd
| K

o1

PX

WO

S

0410



WO 2006/040775 PCT/1L2005/001095
2/8

FIG.2
PRIOR ART

0411



PCT/1L2005/001095

WO 2006/040775

3/8

€ “DIA

195[q0 19£E] OJUO SopBIY] 2)SeJ SEE

!

100[qo 1ake; Adopenropmodxg s

A

sapeogy do1) ge¢

i

KA ssmros sKssssydsydeBoyoyd saworsuly

0€

4

[4°

e

100} Wo07Z TZE _ JUSWAMSEIA 61 *

wolqo ke pmgsze | | toovsowmemeze | [ oo prezze |

A A

i

X I

_ Aedsip pue Iauao ojoud anbyqQ L€ q

X

|Il|'_

Smsooyd ojoqd anbyqQ ST _

i

ojoydorpro w Anuasmod afeun 10938 €1€

A

deyyojoyd reao8oquQ Aedsil TT

| '_ uonBusLIQ) [EUIIX GOE 4

_ [ eserpmgamaD 60 |

A

| uonewauq remeny gog

|

A

[ sojoqd enbqo 21038 1p¢

|

_Mma\o«oﬁ_m Teuo8oquQ S10IS L0E

0412



WO 2006/040775 PCT/1L2005/001095
4/8
o]
<
S
q .
0

0413

FIG. 4a



WO 2006/040775

PCT/1L.2005/001095

448

428 I

in 42N

40

401°

42W J]

E

0414

FIG. 4b



WO 2006/040775

P1

RO I IL 2 Y

6/8

P4

0415

PCT/1L2005/001095

FIG. 5



WO 2006/040775

7/8

PCT/11.2005/001095

FIG. 6

-4— ~ 42E

0416



PCT/1L2005/001095

WO 2006/040775

8/8

L*O1A

0417



6/040775 A3 IV 0000 0010 OO O

=

'(19) World Intellectual Property Organization f ;

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

International Bureau

(43). International Publication Date
20 April 2006 (20.04.2006)

O 0 DS O

'(10) International Publication Number

WO 2006/040775 A3

(51) International Patent Classification:
HO4N 7/18 (2006.01)

(21) International Application Number:
PCT/IL2005/001095
(22) International Filing Date: 16 October 2005 (16.10.2005)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:
60/618,578
60/659,084

15 October 2004 (15.10.2004)
8 March 2005 (08.03.2005)

Us
us

(71) Applicant (for all designated Siates except US): OFEK
AERIAL PHOTOGRAPHY LTD. [IL/L}; P.O.Box
8065, 42170 Netanya (IL).

(72) Inventors; and

(75) Inventors/Applicants (for US only): FRIEDLAN-
DER, Ilan [IL/IL]; P.O.Box 8065, 42170 Netanya (IL).
SHOHAM, Haim [IL/IL]; P.O.Box 8065, 42170 Netanya
(IL).

(74) Agent: FRIEDMAN, Mark; 7 Jabotinsky St., 52520 Ra-
mat Gan (IL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

AT, AU, AZ,BA, BB, BG, BR,BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EL, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, L.C, LK, LR, LS, LT, LU, LV, LY,
MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO,
NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK,
SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,
VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, Fl,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and 10 be republished in the event of receipt of
amendments

(88) Date of publication of the international search report:
10 August 2006

For two-letier codes and other abbreviations, refer 1o the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: COMPUTATIONAL SOLUTION OF AND BUILDING OF THREE DIMENSIONAL VIRTUAL MODELS FROM

AERIAL PHOTOGRAPHS

[a13 Sekect image poxt/entity in orttopivio 1

[ 3150k prow hoosiy,___ J—
[ 7317 Obiique photo cemer undt diphy
L -
. 7 -- }. -
319 Measwerment [BiZoomtol | [ 38ardmol | [ 383 Markericol | [ 325 Bubl byes objost |
_2ltordwmol | | SMemerwol | 325 Bubliyesobgest
. ' i
333 Crop ficades

/

2

3¢

(57) Abstract: A method for processing in a computer a plurality of digital images stored in the computer. The digital images
are from respective photographs (301) of a geographic region. The photographs were taken from different directions. The method
& includes displaying the images (311) and upon selecting an image point in an oblique image, synchronizing a corresponding image
& point in the digital images so that the selected image point in the first image and the corresponding synchronized image point in other
images have substantially identical world coordinates. The method is useful for performing a geographic measurement (319) on an
o oblique by selecting an image ground point below a first image point; calculating world coordinates in a vertical line segment which

extends vertically from the image ground, and upon selecting the first image point on the vertical line segment, calculating world
coordinates at the first image point based on the world coordinate in the vertical line segment.

0418



INTERNATIONAL SEARCH REPORT

International application No.

PCT/IL05/01095

A. CLASSIFICATION OF SUBJECT MATTER
IPC: HO4N 7/18( 2006.01)

UspPC: 348/144

According to International Patent Classification (IPC) or to both national classification and IPC

B.. FIELDS SEARCHED

U.S.:348/144

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Elcctronic data basc consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category *

Citation of document, with indication, where appropriate, of the relevant passages

Relcvant to claim No.

X US 6,694,064 B! (BENKELMAN) 17 February 2004, Figures 1, 3-6, columns 1-2, column 3,
lines 20-55, column 4, lines 8-12, lines 34-40, column 5, lines 10-18, column 6, line 35 to
column 7, line 50, column 12, line 48 to column (3, line 50, column 14, lines 18-42.

1-25

D Further documents are listed in the continuation of Box C.

See patent family annex.

. Special categories of cited documents:

“A"  docunment defining the general state of the art which is not considered to be of
particular relevance

“E"  earlier application or patent published on or afler the intemational filing date

“L"  document which may throw doubts on priority claim(s) or which is cited to
establish the publication date of another cilation or other special reason (as
specified)

“O"  document referring to an oral disclosure, use, exhibition or other means

“p*  document published prior to the intemational filing date but later than the
prionty date claimed

M latcr docurnent published after the international filing date or priority
date and not in conflict with the application but cited to understand the
principle or theory underlying the invention

X" document of particular relevance: the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is aken alone

nY" documcnt of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is combined
with one or more other such documents, such combination being
obvious to a person skilled in the an

&" document member of the same patent family

Date of the actual completion of the international search
21 April 2006 (21.04.2006)

Date of mailing of the intcrnational search report

Name and mailing address of the ISA/US
Mail Stop PCT, Aun: ISA/US

Commissioner for Patents

P.O. Box 1450
Alexandria, Virginia 22313-1450

Facsimile No. (571) 273-3201

Authorized of‘ﬂceu g/dU“'ZB Bﬁ .

Telephone No. 571-272-7333

Richard Lee

Form PCT/ISA/210 (second sheet) (April 2005)

0419




i

EM# EV 887976986 US
USAN: 12/467,244
Inventor: Chris Pershing_

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organizatio!
International Bureau

(43) International Publication Date
31 August 2006 (31.08.2006)

T EOE AR O G

(10) International Publication Number

WO 2006/090132 A2

(51) International Patent Classification: Not classified
(21) International Application Number:
PCT/GB2006/000598

(22) International Filing Date: 2 February 2006 (02.02.2006)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
0504077.9 28 February 2005 (28.02.2005) GB

(71) Applicant (for all designated States except US):
SPELTHORNE BOROUGH COUNCIL [GB/GB];
Knowle Green, Staines, Middlesex TW18 1XB (GB).

(72) Inventor; and

(75) Inventor/Applicant (for US only): ASKAR, Haithan, K.
[GB/GB]; Spelthorne Borough Council, Knowle Green,
Staines, Middlesex TW18 1XB (GB).

(74) Agents: CROSS, James et al.; R.G.C. Jenkins & Co., 26
Caxton Street, London SW1H ORJ (GB).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ,BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KN, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV,
LY, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, N1,
NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG,
SK, SL, SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US,
UZ, VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, NL, PL, PT,
RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

—  without international search report ard to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: METHOD OF ASSESSING ENERGY EFFICIENCY OF BUILDINGS

06/090132 A2 IF V0P AR T OO

Relationship

Estimated

energy
efficiency

ratings

1 2 3
Aerial thermal Ground ~based Survey
image of area thermal images of measurements of
sample buildings sample buildings
y o
4
Correlate

& (57) Abstract: A method of identifying, from an aerial thermal image (1) of a plurality of buildings within a predetermined area,
those buildings having relatively low thermal efficiency, comprises performing ground-based measurements (2, 3) indicative of the
thermal efficiency of a sample of the buildings; correlating (4) the ground-based measurements (2, 3) with the aerial thermal image
(1) and estimating (6), on the basis of the correlation (5), which ones of the buildings, other than those of the sample, have relatively

low thermal efficiency.
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Method of Assessing Energy Efficiency of Buildings

Field of the Invention
[0001] The present invention relates to a method of assessing the energy efficiency of

buildings, particularly but not exclusively for identifying buildings of low thermal efficiency.

Background of the Invention
[0002] As the cost of energy for heating rises, and awareness increases of the environmental
impact of wasted energy, it has become desirable to survey an area for buildings that are
poorly insulated or otherwise ﬁsing energy inefficiently.
[0003] Internationally, the Kyoto Protocol requires signatory states to implement policies to
enhance energy efficiency. Within the UK, the Home Energy Conservation Act 1995 imposes
a duty on local authorities to identify energy inefficient buildings and to take remedial steps.
A Housing Health and Safety Rating System (HHSRS) has been devised for the assessment of
buildings, including an assessment of their thermal performance. The recommended thermal
rating system is the Standard Assessment Procedure (SAP), which quantifies the energy
efficiency of a building on a scale of 1-100. Other ratings systems, such as the National Home
Energy Rating (NHER) system, may also be used.
[0004] To rate the thermal efficiency of a building using either SAP or NHER requires a
detailed survey of the building, including a floor plan, elevations, details of the construction
of walls, roof, doors and windows, and details of the heating system. It is not practicable for a
local authority, with responsibility for 10,000 — 100,000 buildings or more, to survey each
one. Instead, in a conventional method of attempting to identify thermally inefficient
buildings, a representative sample of buildings is surveyed, and the results extrapolated to
other buildings within the area of responsibility. Additional information on the unsurveyed
buildings may be gathered from mail shots or electoral registers, for example. However, this
additional information is often inconclusive and may be inaccurate.
[0005] As a general method of surveying thermal losses from buildings, it is known to obtain
an aerial thermal image of an area, which is inspected visually for signs of excessive heat loss.
The image may be compared with a map of the area, to identify the building from which the
heat loss emanates. For example, a paper entitled ‘Monitoring Building Heat Loss — Airborne
Thermal Infrared’, by Paul Gray, available on 22 February 2005 at
http://www.infoterra-global.com/pdfs/thermal_gg.pdf describes how an aerial thermal image

may be cross-referenced to other data sources such as geographical information or energy
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ratings, to identify buildings having the worst heat loss problems. This paper acknowledges
that anomalies may occur when interpreting aerial thermal images. For example, a building
that appears relatively cool in the image may be either well heated but well insulated, or
under-heated and badly insulated. The paper concludes that such anomalies are unavoidable,
but should not detract from the overall value of the aerial thermal image for heat-loss
detection. However, under-heated and badly insulated buildings are precisely those buildings
that the local authority is required to identify and remedy.

[0006] Thus, there remains a need to identify more reliably those buildings that have low

thermal insulation characteristics.

Statement of the Invention
[0007] According to one aspect of the present invention, there is provided a method of
identifying buildings having relatively low thermal efficiency, the method comprising:
obtaining aerial thermal images of a set of buildings; performing ground-based measurements
of a subset of the buildings; correlating the ground-based measurements of the subset with the
corresponding aerial images; and estimating, on the basis of the correlation, ones of the
buildings, other than those of the subset, have relatively low thermal efficiency.
[0008] Preferably, the correlating and/or estimating steps involve the use of a geostatistical
technique dependent on the spatial distribution and variation of the measured subéet. The
geostatistical technique may be a Kriging technique, such as Ordinary Kriging (OK) or
Indicator Kriging (IK).
[0009] The ground-based measurements may include a thermal efficiency rating and/or a
ground-based thermal image. The ground-based thermal image provides information on the
thermal performance of buildings, which is not apparent from aerial thermal images alone.
However, there is some overlap between the information obtained from aerial and ground-
based thermal imaging. This overlap may be used to correlate the ground-based measurements
with the aerial measurements. This correlation may be used to estimate the thermal properties
of those buildings that have not been surveyed from the ground.
[0010] The thermal efficiency rating of the subset of buildings may be derived using physical
measurements and/or historical data of the construction of those buildings. The thermal
efficiency may be quantified by an objective rating. The thermal efficiency of the unsurveyed

buildings may also be estimated using the same rating.
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[0011] The method may involve using a geographical database identifying the geographical
location of the buildings, so that the buildings estimated to have low thermal efficiency are
identified by location.

[0012] The method is preferably implemented by a computer system, which takes as its input
the aerial thermal images, the ground-based measurements and optionally, the geographical
database. The computer system correlates the aerial thermal images of the subset with their
ground-based measurements to derive a relationship, which is then appli'ed to the aerial
thermal images of the buildings not within the subset, so as to output a estimated thermal
rating of those buildings. The output may comprise a database of estimated thermal efficiency
ratings for specific ones of those buildings, or of groups of those buildings. The estimated
thermal efficiency ratings may be displayed on a map of the area, to assist a user in
identifying buildings estimated to have a low thermal efficiency rating. Embodiments of the
present invention include a computer program comprising program code arranged to
implement the above system and method, a computer system for executing the program code,

and a medium for carrying the computer program.

Brief Description of the Drawings
[0013] Specific embodiments of the present invention will now be illustrated with reference
to the accompanying drawings, in which:
[0014] Figure 1 is a schematic diagram of a method in an embodiment of the invention;
[0015] Figure 2 is a composite aerial thermal image of an area;
[0016] Figure 3 is an enlarged section of the aerial thermal image of Figure 3;
[0017] Figure 4 is a processed image showing temperature differences in the aerial thermal
image; and

[0018] Figure S is a ground-level thermal image of a building located within the area.

Detailed Description of the Embodiments

Aerial Thermal Image

[0019] A method according to an embodiment of the invention is illustrated in Figure 1.
According to this method, an aerial thermal image 1 is taken of an area containing buildings
for which the thermal efficiency is to be estimated. The aerial thermal image 1 is taken under
conditions selected so as to emphasize thermal effects caused by internal heating and heat loss
from buildings, and to minimize the effect of solar heating. Preferably, the aerial thermal

image is taken in cold weather conditions at a time when the interiors of the buildings are

0423



WO 2006/090132 PCT/GB2006/000598
4

likely to have been heated to their normal temperature by internal heating systems, but the
effect of solar heating is minimal; for example, 8 to 10 pm and/or the early hours in the
morning.

[0020] The aerial thermal image 1 is preferably taken using a digital infrared camera mounted
on an aircraft overflying the area at a substantially constant altitude. If the desired area cannot
be imaged by one pass of the aircraft, then images of sections (normally strips in the case of
fixed wing aircraft) of the area are taken, and spliced together using image processing
software.

[0021] An example of a composite aerial thermal image 1 is shown in Figure 2, which is an
image of the area of the Borough of Spelthome, composed of many small thermal images
taken over a two-day period and normalised for ambient temperature. Darker parts of the
image represent cooler parts of the area. Some parts were not imaged, as shown by the blank
strips in the image. Figure 3 shows an enlarged section of the image.

[0022) The aerial thermal image 1 may converted to a standardized form indicative of
temperature differences between the buildings or between the buildings and the mean outside
temperature. Standardized thermal images of this type are commonly generated as colourized
images, to highlight areas of high heat loss. Figure 4 shows a standardized version of the
image of Figure 3. Cooler roads can be distinguished from warmer buildings and cars in the
image. The large building highlighted with a dashed circle is a metal-framed warehouse

showing warm patches, and therefore high heat loss.

Ground-Based Thermal Images
[0023] Ground-based thermal images 2 are obtained from a sample of the buildings shown in
the aerial thermal image 1. The sample of buildings is preferably chosen so as to cover a wide
range of different types of building, at varying locations. The ground-based thermal images 2
may be taken using an infrared camera mounted on or near the ground (for example, on a
crane). From the ground-level thermal images 2, it is possible to distinguish between well-
heated, well-insulated buildings and poorly heated, poorly insulated buildings, which may
appear similar from the aerial thermal image 1. For example, thermal images of side
elevations will show the effect of the variation in thermal insulation between windows and
external walls, and therefore indicate the level of internal heating within the building. An

example of such a thermal image is shown in Figure 5, which is an infrared image of the East
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entrance to the Spelthorne Borough Council offices. The warmer windows are contrasted with
the cooler exterior walls, illustrating their different thermal insulation properties.
[0024] The ground-based thermal images 2 are processed to derive values for standardized

parameters, so that different thermal images 2 may be compared quantitatively.

Survey Measurements

[0025] Measurements 3 are obtained by surveying some or all of the sample of buildings
from which ground-based thermal images were taken. The measurements 3 are indicative of
the thermal efficiency of the buildings, including the surface area of elevations and roofs,
and/or historical data such as the type of construction of the buildings. For example, historical
records may show that a building is of British Iron and Steel Foundation (BISF) modular
type; this data could also be obtained by invasive measurement techniques.

[0026] Preferably, the survey measurements 3 are processed to derive an energy efficiency
rating for that building, representing an overall objective measurement of the thermal

efficiency of the building on a standard scale. The scale may be an SAP or NHER scale.

Geographical Information

[0027] The method may use geographical information identifying the known locations of
buildings within the area covered by the aerial thermal image. The geographical information
may identify the addresses and/or postal codes of buildings at specified geographical
locations. The geographical information may be used to correlate the ground-based

measurements with the corresponding areas of the aerial thermal image 1.

Correlation of Ground Survey Data and Aerial Thermal Properties

[0028] As described above, there is available for the sample of buildings an aerial thermal
image 1, ground-based thermal images 2, and survey measurements 3. The method correlates
4 these three sets of data for the sampled buildings so as to derive a general relationship 5
between properties of the aerial image 1, properties of the ground-based thermal images 2 and
the survey measurements 3 of the sampled buildings. The relationship 5 may be a statistical
model dependent on the locations of the sampled buildings.

[0029] In one example, the relationship 5 is a geostatistical model. A preferred geostatistical
model uses a linear unbiased estimator, such as a Kriging technique. Either Ordinary Kriging
(OK) or Indicator Kriging (IK) may be used. Kriging techniques are described for example in
‘An Introduction to Applied Geostatistics’, Isaaks E H and Srivastava R M, Oxford
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University Press 1989. Alternative techniques, such as fuzzy logic, may be used to construct

the relationship 5.

Estimation of Thermal Efficiencies of Unsampled Buildings

[0030] The properties of the aerial thermal image 1 for the unsampled buildings are then
converted to estimated thermal efficiency ratings 6 of the unsampled buildings, using the
relationship 5. For example, the aerial thermal image 1 may be input to the geostatistical
model together with the geographical information indicating the location of the unsampled
buildings. The model may generate as output the corresponding estimated thermal efficiency
ratings 6 of the unsampled buildings.

[0031) The estimated thermal efficiency ratings 6 may be output in the form of a digital map
representing the location and estimated efficiency ratings 6 of the buildings within the area.
The map helps the user to identify areas of estimated low thermal efficiency within the area.
{0032] Additionally or alternatively, the method may apply a threshold to the estimated
efficiency ratings 6, and output a list of buildings having estimated efficiency ratings below
the threshold. For example, the user may wish to identify all buildings estimated to have a
SAP rating below the national average of 44-46. The user inputs the desired threshold and the
method outputs a list of buildings with estimated SAP ratings below that threshold. The
buildings may be identified by address, location and/or postal code, derived from the
geographical information.

[0033] The method may provide good estimations of thermal efficiency of unsampled
buildings, and may therefore reduce the need to conduct full ground surveys of buildings
within the area. If these estimations are followed by remedial action to improve the thermal
efficiency of those buildings identified as having poor thermal efficiency, then heat loss from
buildings within the area may be significantly improved, resulting in lower consumption of

fuel for heating and a consequent saving in carbon dioxide emissions.

Updating the Relationship
[0034] The relationship 5 may be updated by providing additional ground-based thermal

images 2 and/or survey measurements 3 as input. For example, the buildings estimated as
having the lowest thermal efficiency may be surveyed to generate ground-based thermal
images 2 and measurement data 3, which are provided as input to update the relationship 5 to
fit the new data. The aerial images 1 of the unsampled buildings are then reprocessed using

the updated relationship 5 so as to obtain an improved estimate of their thermal efficiency. In
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other words, the relationship 5 is updated recursively so as to improve its estimations of

buildings with the lowest thermal efficiency.

Computer System, Program and Medium

[0035] The method is preferably implemented by a computer system executing a program to
perform the method shown in Figure 1. The computer system may comprise a computer
having access to the aerial thermal image 1 and the relationship 5, so as to estimate the energy
efficiency ratings 6. The aerial thermal image 1, the ground-based thermal images 2 and the
survey measurements 3 may be pre-processed by another computer or computers to derive the
relationship 5.

[0036] The computer program may be recorded on a program carrier or medium, such as a

removable or fixed disk or solid-state memory, or incorporated in a signal.

Alternative Embodiments
[0037] The embodiments described above are illustrative of rather than limiting to the present
invention. Alternative embodiments apparent on reading the above description may
nevertheless fall within the scope of the invention. For example, it is not necessary to estimate
the thermal efficiency of all buildings within the area, if it is desired only to identify those

buildings having a low estimated thermal efficiency.
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Claims
1. A computer-implemented method of estimating the thermal efficiency of a specified

building within a predetermined area, comprising the steps of:

a. accessing aerial measurements of thermal properties of buildings within the

area, including the specified building;

b. accessing data representing ground-based measurements of a subset of the

“buildings, excluding the specified building;

¢. deriving a relationship between the aerial measurements and the ground-based

measurements of the subset; and

d. applying the relationship to the aerial thermal measurement of the specified
building so as to estimate the thermal efficiency of the specified building.

. The method of claim 1, wherein the relationship is a geostatistical model dependent on the

spatial distribution of the subset of the buildings.
- The method of claim 2, wherein the geostatistical model uses a linear unbiased estimator.

. The method of any preceding claim, wherein the ground-based measurements of the

subset of the buildings include groundeased thermal measurements.

. The method of any preceding claim, wherein the ground-based measurements of the

subset of the buildings include measurements indicative of thermal efficiency.

- The method of any preceding claim, wherein the aerial measurements of the thermal

properties of the buildings are derived from an aerial thermal image.

- The method of any preceding claim, including determining whether the specified building

has an estimated thermal efficiency below a predetermined level.

- The method of claim 7, further including, if the specified building is estimated to have a
thermal efficiency below the predetermined level, updating the relationship so as to

include ground-based measurements of the specified building.

. A computer-implemented method of identifying, from a set of buildings within an area,

one or more buildings likely to have a low thermal efficiency, comprising the steps of:
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a. performing ground-based measurements indicative of the thermal efficiencies
of a subset of the buildings;

b. obtaining an aerial thermal image of the area;

c. correlating the ground-based measurements with the aerial thermal image to

derive a relationship therebetween; and

d. applying the relationship to the aerial thermal image to identify the one or
more buildings likely to have a low thermal efficiency.

10. A computer program including program code arranged to perform the method of any

preceding claim.
11. A computer system arranged to execute the computer program of claim 10.
12. A program carrier incorporating the computer program of claim 10.
13. A method substantially as hérein described with reference to the accompanying drawings.

14. A computer program substantially as herein described with reference to the accompanying

drawings.
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Fig. 4
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GEOMETRIC CORRECTION OF ROUGH WIREFRAME MODELS
DERIVED FROM PHOTOGRAPHS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit under 35 U.S.C. § 119(e) of
U.S. Provisional Patent Application No. 61/300,414, filed on February 1, 2010,
which is incorporated herein by reference in its entirety.

BACKGROUND

Technical Field

This invention is in the field of computer modeling of physical
objects and, in particular, the generation of a three-dimensional model using

one or more two-dimensional photographs as a starting data set.

Description of the Related Art

Several methods can be employed to generate a three-
dimensional computer model of a roof in the form of a wire-frame using one or
more overhead photographs. '

A first method is to trace the image in the photograph with or
without user input. Using this tracing method on a photograph that provides a
nearly top-down view of the structure of interest, a computer-aided design
(CAD) tool allows lines and polygons to be drawn over the background image.
The resulting wireframe model reflects the lines and contours of interest in the
locations they are observed in the photograph.

While this method has the advantage that it is fast and
compatible with many off-the-shelf CAD and drawing tools that do not require
much training, there are a number of disadvantages. One disadvantage is
that incorrect line lengths on sloped roof facets will result when the image is
not taken from directly overhead, resulting in a “lean” of the roof within the

image.
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Another disadvantage is that there is a poor ability to correctly
determine pitches on sloped roof facets.

Other problems are a poor determination of layered or
underhanging roof sections. This first method requires a user to have
previous knowledge of the roof facet pitches to obtain a wireframe without
errors.

A second method is for a user to select and align roof ‘primitives’
over a photograph. _

Like the previous method, an overhead photograph is selected
as a backdrop starting point for a CAD tool. However, rather than tracing
lines and polygons, the CAD tool allows the user to overlay, resize, and
connect common geometric roof forms stored as primitives. Gables and hips
are examples of commonly found primitive forms used in roof designs. The
photograph provides a visual reference for the selection and placement by the
user of these higher-level objects.

While this method has the advantage that a skilled operator can
produce geometrically correct models, it has the disadvéntage that it is harder
to create from an image and it becomes more time consuming with increasing
roof complexity.

In addition, complex user interface software is requiréd, which
requires greater training.

This second method also requires subjective technician
judgments by the user to compensate for lean artifacts due to lean and
shadows in images.

The user must also have previous knowledge of the roof facet
pitches to correctly size the roof.

A third method is for a user to obtain and work with one or more
photographs of the same roof taken from different angles in order to trace a
3D wire model of the roof.

This method starts with a set of photographs that are analyzed
to derive a virtual 3D volume that is geometrically consistent with all the

2
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supplied viewpoints of the target roof. The line segments comprising the
wireframe are then drawn in 3D-space and projected back onto the set of
photographs to assess the correct placement within the derived 3D volume.
The details of this method are described in prior U.S. Patent Applications
owned by the assignee, EagleView Technologies, and bearing U.S. Patent
Application Serial Numbers 12/148,439; 12/253,092; 12/590,131; 12/467,244;
and 12/467,250.

The advantage of this third method is that it does not require
previous knowledge of roof facet pitches, rather, pitches are derived from the
content of the photograph(s). It also produces geometrically correct models.
Unfortunately, the detailed 3D model made this way cannot be easily imported
to some widely used home construction CAD software programs.

The disadvantages of this third method are that greater training
is required as compared to the first method and it becomes harder and more
time consuming with increasing roof complexity without further processing or
touch-up of the model to meet import requirements of the 3rd party software.
To summarize, the first method provides a fast and simple means of
generating a wire frame model of a roof at the expense of decreased
accuracy and a dependence on having previous knowledge of the roof facet
pitches to complete the model.

The second method sacrifices some speed and ease of use in
exchange for a more consistent model and a dependency on having previous
knowledge of the roof facet pitches to complete the model.

The third method also sacrifices speed and requires more user
skill than the first method, but the resulting model is a very accurate reflection
of the correct geometric form of the house in the photograph and does not

depend on previous knowledge of the roof facet pitches.

SUMMARY OF THE INVENTION
The present invention provides a method of forming both a 2D

and a 3D wireframe model in computer software that are accurate and

3
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geometrically correct. Further, the technique does not require prior
knowledge of the roof facet pitches. The produced model can be easily
converted into formats compatible with import into 3rd party CAD software.

Five technology components have been developed as part of
the inventive solution:

1) Wireframe rectification, either 2D or 3D;

2) Derivation of metadata from the original wireframe;

3) In-plane normalization;

4) Extrusion into a “rough” 3D wireffame; and

5) Correction of a 3D wireframe.

While each of the five components contributes to the overall
solution, each can be used independently or in various combinations to yield

improvements in obtaining a 2D or 3D wire mode! as discussed below.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Figure 1A is a flow chart showing an example process of
geometric correction of rough wireframe models derived from photographs,
according to one embodiment of the present invention.

Figure 1B shows a top side 2D view of wireframe correction
according to one embodiment of the present invention.

Figure 2A illustrates a precursor step of deriving metadata from
a proposed wireframe according to principles of the present invention.

Figure 2B is a top side view illustrating the membership of
various roof facets within geometric primitives identified from the metadata for
the roof of Figure 2A.

Figure 3 illustrates the hierarchy operations in deriving the
primitives of Figure 2B.

Figure 4 illustrates the correction of a “rough” 3D wireframe from
a normalized 2D wireframe using rules from the metadata.

Figure 5 illustrates a 3D wireframe model of the roof of Figure

2A according to one embodiment.
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Figure 6 illustrates a plurality of geometrical objects representing
the state of the correction algorithm during the process of correcting the
spatial location of a point in the wireframe model of Figure 5.

Figure 7 shows a fully normalized and corrected 2D wireframe
model. '

Figures 8A and 8B illustrate the finalized 3D wireframe model
superimposed back onto the photograph of the original home.

Figure 9 is a schematic diagram of a computing environment in
which geometric correction of rough wireframe models derived from

photographs may be implemented or of which it may be a part.

DETAILED DESCRIPTION

Figure 1A is a flow chart showing an example process 100 of
geometric correction of rough wireframe models derived from photographs,
according to one embodiment. In particular, Figure 1A illustrates process 100
that may be performed or implemented by, for example, one or more software
modules or components or any combination of suitable hardware, firmware or
software components or devices including those that are a part of or configure
the computing environment of Figure 7.

Whiie each of the steps shown in Figure 1A contributes to the
overall solution, each can be used independently or in various combinations
to yield improvements in obtaining a 2D or 3D wire model as discussed below.
Below is an overview of eachAstep in the process, which will be followed by a
more detailed discussion of each step.

At 102, the process performs wireframe rectification. This is a
pre-cursor step that can optionally be used within or as a precursor to each of
the other four steps that follow. The algorithm can work with either a 2D or 3D
wireframe as an input. The wireframe comes into this step as a set of
connected points forming a set of closed polygons shown as roof 10 in Figure
1B. From this set of points, some basic geometric flaws are identified and

corrected.
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At 104, the process derives metadata from the original
wireframe. A series of analysis steps are made to derive contextual
information that becomes metadata for the wireframe. Each step of the
analysis yields an additional layer of metadata derived from the wireframe and
previous layers of derived metadata. This combined set of metadata provides
valuable context for later processing steps.

At 106, the process performs in-plane normalization which takes
as input a “rough” wireframe (2D or 3D) generated by a manual or automated
process and then performs an ‘in-plane’ normalization of the wireframe to
yield a new wireframe. Any elevation or ‘'z’ coordinate values of the input
wireframe are ignored during this normalization step. Therefore, while this
step is typically processes 2D wireframes, it remains compatible with a
wireframe input that already contains elevation data. |

At 108, extrusion into a “rough” 3D wireframe is performed by
transforming output of the in-plane normalization of step 106 to a “rough” 3D
wireframe suitable for import into a subsequent 3D wireframe correction
algorithm. Extrusion of a normalized 2D or 3D wireframe is performed to
produce a “rough” 3D form using a set of rules combined with metadata that
the algorithm derived from the original wireframe in step 104.

At 110, correction of a 3D wireframe is performed. For example
the correction step may take as an input the “rough” 3D wireframe generated
by the output of the step 108, or directly from prior art Method 3 or any similar
manual or automated method yielding a 3D wireframe. A new wireframe
model is generated by correcting the original wireframe to satisfy a set of
user-defined constraints and to remove geometric distortions/problems found
in the original wireframe that are inconsistent with the selected constraints.
This includes systematic processing of primitives, facet polygons, and line
segments, which may be continued throughout the wireframe until the
corrections converge to a final roof shape with no further changes.

Figure 1B shows a wireframe rectification of a 2D image of a

roof. In particular, Figure 1B illustrates a roof 10 shown as a 2D top plan

6
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view. This is the type of view that would be seen looking down on the top side
of a roof from an overhead image. This view can be obtained from an aircraft
that flies over the roof 10 and takes a picture using standard photographic
equipment.

A number of potential difficulties arise when a photograph is
taken from a top side view of a home of the type shown in Figure 1B. A first
difficulty is that the camera mounted on the aircraft, satellite, or other aerial
platform might not be directly over the roof 10 at the moment that the
photograph is taken. If the camera is directly overhead, then an exact top
plan view of the roof 10 is provided in the image which is created in the
photograph. However, if the camera is off to one side, for example several
degrees to the left or right of directly overhead, then the relative position of
objects of different elevations (height) within the image of the roof 10 will
appear to be shifted when Qompared to a truly top-down viewpoint. In some
cases, presence of this ‘lean’ in the image can be observed as the ability to
see the side of a vertical wall or chimney. It is difficult to correct for the
amount of lean unless it is exactly known. In addition, the presence of lean
may affect the perception of objects in the image differently depending on the
pitch of the various roof faces and the orientation of the roof 10 with respect to
the aircraft at the time the photograph was taken. A further problem is that
the original images typically undergo a series of processing steps such as
compression, resampling, and orthorectification before image is published into
an image library. This processing may degrade details and/or introduce
geometric distortions that were not present in the original image. Yet a third
problem of the top side photograph is the difficulty in determining the pitch of
the roof. The pitch is a measure of the slope of a roof facet. Typically, pitch is
defined as the ratio change in height (in inches) for every 12 inches of of
lateral movement in the direction of steepest descent. This may be reported
as a ratio of 6/12 or simple as 6 with an implied denominator of 12 inches. A
roof pitch of 0/12 represents a flat roof while a 9/12 pitch denotes a steeper

slope than a 6/12 roof pitch. From a single top-sidé-only photograph,

7
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determining the exact pitch is difficult and often not possible. Accordingly, the
image of the roof 10 is rectified according to principles of the present invention

as set forth herein.

Wireframe Rectification

Figure 1B shows wireframe rectification being performed. This
is a pre-cursor step that can optionally be used within or as a precursor to
each of the other four processing algorithms that follow. The-algorithm can
work with either a 2D or 3D wireframe as an input.

The wireframe comes into this algorithm as a set of connected

~ points forming a set of closed polygons shown as roof 10 in Figure 1B.

From this set of points, a series of processing steps are to
identify and correct some basic geometric flaws.
These steps may include:

a) Orientation / Rotation: Principal axes of the wireframe are

determined to gain an understanding of the orientation of the structure
represented by the wireframe. This orientation information can then be used
to rotate the coordinate system of the wireframe to any desired orientation.

b) De-skew: The wireframe is analyzed to determine if a
global ‘skew’ is present, namely, if the two principal a){es of the structure are
not orthogonal to each other. This type of distortion makes rectanguiar
objects look like parallelograms. If detected, the set of points are transformed
to move the lines to become orthogonal and thus remove the skew.

c) Rectify: Points in the wireframe are shifted in the plane
as needed to straighten lines, square off corners, and adjust lines to be either
parallel or perpendicular to other lines based on a set of rules using
information regarding their proximity to each other, the relation of each major
line, and their nearest neighbors. For example, according to one set of rules,
long extending edges of the roof 10 on opposite sides are made parallel to
each other while comers between connect lines that are very close to 90° are

made to be exactly 90° square.

0450



WO 2011/094760 PCT/US2011/023408

10

15

20

25

30

As can be seen in Figure 1B, the solid dark lines indicated by
line 12 is one example of the fully corrected final lines of the roof, while the
dashed lines 14 represent the position of the line in the original image. The
rectified, solid line wireframe has been overlaid on top of the original
photograph of wiréframe 14 to better illustrate the corrections which have
been made and the realignment to each of the lines. As can be seen, the line
12 did not require any changes from the photograph because it was properly
aligned, however one more lines 14 required a deskew in order to align the
principle axes of the structure with each other. In addition, some alignment
was required of the two sides 16 and 18 to ensure that they were parallel with
respect to each other. Other appropriate orientation and rotation was carried
out in order to properly represent the roof 10 to obtain the rectified solid line

pattern overlaid on the original dashed line pattern shown in Figure 1B.

Derivation of Metadata from the original wireframe

Figure 2 shows another pre-cursor step that can be made prior
to each of the processing algorithms that follow. The wireframe of the roof 10
is input to this algorithm as a set of connected points forming a set of closed
polygons. The algorithm is equally applicable to whether the original
wireframe is flat 2D representation of the roof or a 3D representation of the
roof.

From this set of connected points, a series of analysis stepé are
made to derive contextual information that becomes metadata for the
wireframe. Each step of the analysis yields an additional layer of metadata
derived from the wireframe and previous layers of derived metédata. This
combined set of metadata provides valuable context for later processing
steps.

Basic metadata includes a catalog of nearest neighbor points,
nearest neighbor segments, segment membership in polygons, etc.

This basic metadata is then used to determine more abstract

information such as whether segments are edges or ridges, groups of points

9
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and/or line segments that will likely reside at the same elevation (Z
coordinate) in the final model, and which points look like hipjuhctions, gable
junctions, or corners on the perimeter of the structure, for example.

Additional metadata layers are then derived to identify the
presence of common geometric forms, referred to herein as ‘primitives,’ that
are components of many roof architectures. Examples of such ‘primitives’
include hips and gables. The identification of the primitives facilitates an
association of individual roof facets with one or more primitive objects in
standard root geometry.

Finally, an ordered hiérarchy is established between these roof
primitives that provides context regarding the spatial relationships that exist
between the primitives. This hierarchy is used to establish an order of
operations in later processing steps.

Figure 2A shows a first layer of analysis and labeling. The
software has analyzed the wireframe and determined some base points and
layers of metadata. Shown in this diagram of Figure 2A are gable origination
points 20, large dark circles @®; hip origination points 22, open circlesO; edge
segments 30, dark solid line —; ridge segments 33, dash-dot ling «==; hip
segments 39, dash lines ----- ; junction and valley segments 36, dotted line
------- ; corner points 24, closed black circles o; and ‘complex’ intersection points
26, triangles A. Of course, the various lines and points can be shown on a
computer'screen in different colors rather than as different sizes and styles of
black to provide ease of use for an operator. For example, the gable
origination points can be red, the hip points green or blues and the corner

points yellow or black. Similarly, the various lines can be in solid colors, such

. as red lines for the ridge segments, green lines for the edge segments and

magenta or blue or purple for the junction and valley segments. The different
metadata are shown here with different black and white representation
patterns for the patent application, but in some embodiments, different colors

on the computer screen will be preferred.
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In Figure 2B, the wireframe and metadata from Figure 2A are
further processed to identify hip and gable primitives, as well as
uncategorized geometric primitives. Facet polygons labeled with a 2 are
members of the hip associated with the hip origination point 22 identified in
Figure 2A. Facets labeled with 1, 3, 4, 5 are members of the respective gable
primitives associated with the gable origination points 20 identified in Figure
2A. Facets labeled with 6 and 7 are identified as geometric primitives that are
not hips, gables, or any other common geometric form recognized by the
software. As seen in Figure 2B, the mapping of facet polygons to primitives is
a one-to-many relationship — e.g., a facet may be a member of more than one
identified primitive. For example, the facet 38 is both a gable primitive 2 and a
hip primitive 1, whereas facet 40 is only a gable primitive 5.

As shown in Figure 3, the metadata derived from the wireframe
in previous steps represented by Figures 2A and 2B is analyzed further to
determine hierarchy among the identified primitives. Information from this
hierarchy can then be used by other algorithms to establish a preferred order
of processing when progressing through the wireframe.

As seen in Figure 3, the algorithm determined the hierarchy of
the connected hip and gable primitives. Primitive 2, the gable on the main
ridge line of the entire home, was determined to be higher in the hierarchy
than the subordinate (or child) primitives 1, 3, and 4. Multiple parentage is
allowed during this process such that Primitive 3 is also identified as parent of
Primitive 4. Algorithms consuming this hierarchy may choose to prune
muitiple parent linkages such that each child only has a one parent.

The uncategorized primitives 5, 6, 7 are shown without parents
or children. For 5 and 7, this is due to the fact that the underlying polygons
are physically disconnected from the main portion of the wireframe cohtaining
1, 2, 3, 4. Primitive 6 is also shown as disconnected in the hierarchy even
through it shares a line segment with the wireframe containing 1, 2, 3, 4. In
this case, the software determined that pruning this primitive from the main

hierarchy would result in a better order of operations for down-stream
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processing. In other situations, the algorithm may have joined Primitive 6 to
the main hierarchy as a child of 2 and 3.

The algorithm for the selection of hierarchy is based on a set of
rules that evaluates the intersections between the identified primitives. These
rules normally produce a hierarchy predicting a top-down elevation ordering of
connected primitives. In this case, primitives 2 (éssociated with ridgeline 32)
is ranked above the primitives 1, 3, and 4. This ranking is consistent with
relative elevations of the ridglines observed in Figure 5 resulting from

additional downstream processing steps.

In-Plane Normalization

Figure 4 shows in-plane normalization in which the algorithm
takes as input a “rough” wireframe (2D or 3D) generated by the first technique
of Figure 1B or by a manual process similar to Method 1 of the prior art, or by
an automated process employing computer vision techniques, or by some
other free-hand method that may or may not employ a photograph as a
background image during the tracing process (e.g., a hand-drawn sketch fof
example).

The algorithm then performs an ‘in-plane’ normalization of the
wireframe to yield a new wireframe. As the name suggests, this algorithm
ignores any elevation or ‘z' coordinate values of the input wireframe during
this normalization step.

Therefore, while this algorithm is typically used to process 2D
wireframes, it remains compatible with a wireframe input that already contains
elevation data.

A top-down view of the normalized result 48 shows a wireframe
that has been corrected for lean effects and many other geometric distortions
and imperfections that may be present in an original wireframe. Although the
elevation values of the points within this wireframe may not have been
adjusted yet, the shapes of the polygons have been modified to yield a true

top-down viewpoint for each facet that is consistent with a set of initial pitch
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values assigned to the roof facets. In another embodiment, a precursor step
to the In-Plane Normalization may have hade adjustments/corrections to the
‘' coordinate values (elevation values) of the points.

One great value of the removal of the lean and other distortions
is realized when this normalized model is used as an input to the Extrusion
and 3D -correction algorithms discussed later in this document. The errors
associated with those lean artifacts and edge distortions would otherwise
become amplified during the subsequent extrusion and correction steps and
degrade the quality of the end result.

When the algorithms of the invention are used in this sequence,
the speed and ease of use of prior art Method 1 provides a precursor model
that can be further processed to yield a model that is equivalent in quality and
accuracy to the output of prior art Method 3.

This algorithm provides several competitive benefits:

a) Significant reduction of manual drawing time, which was
the primary benefit of prior art Method 1.

b) Minimal technician training time, another primary benefit
of prior art Method 1.

c) Maintains all the benefits of prior art Method 3 —
accuracy, consistent geomeiry, and no dependence on previous pitch
knowledge.

d) Maintains compatibility with existing construction
methods.

e) Supports and enhances models derived from automated
computer vision methods.

Following are the in-plane normalization algorithm details:

a) Precursor steps: Wireframe metadata has been

determined and the structure has been processed by the rectification
algorithm as set forth in Figures 1B-3. The use of either or both of these
techniques as a precursor step is preferred but not required.
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b) Seeding of Pitch Values: An initial set of pitch values and

orientations are assigned to each roof facet. The assignment could be via
user assignment, by an algorithm that assigns a pitch based on metadata

derived from the 2D or 3D wireframe, or by an algorithm that gleans pitch

information from the existing “rough” 3D wireframe provided as an input.

c) Adjustment of ridgelines: A systematic pass is made

through the wireframe to adjust the lateral position of the points associated
with line segments identified as ‘ridges’. The adjustments are made to
accommodate pitch values associated with the polygons that share the ridge
segment and/or the ridge segment’s endpoints.

d) Carrection of Junctions between Primitives: Line

segments that have been identified as junctions or seams between adjacent
primitives are likewise adjusted to accommodate the specified pitches and the
adjusted positions of the ridgelines. An iterative loop repeats steps (c) and (d)
until the repositioning of lines and points converges to a stable state. Inan -
alternative embédiment, the loop repeats steps (b), (c), and (d) allowing
flexibility in adapting the pitch of facets when converging to the final solution.

Figure 4 shows the result 48 of the In-Plane Normalization,
shown by the solid lines in Figure 4, that is overlaid on the rectified wireframe
of Figure 1B, which is shown by the dashed lines of Figure 4.

The shift of the line positions resulted from a repositioning of the
hip and gable origination points 20 and 22 and junction line segments 32 to
accommodate a set of pitch values that were assigned to each of the facets.
This adjusts for lean and rotation that may have been present in the first
image. In this example, the corrections have been made based on an
assigned pitch of 7/12 for all facets except for the facet associated with

primitive 6, which has been assigned a pitch of 9/12.

14

0456



WO 2011/094760 PCT/US2011/023408

10

15

20

25

30

Extrusion into a “rough” 3D wireframe

Figure 5 shows the results of an algorithm as a transition step
that transforms output of the in-plane normalization to a “rough” 3D wireframe
suitable for import into a subsequent 3D wireframe correction algorithm.

This algorithm performs an extrusion of a normalized 2D or 3D
wireframe to produce a “rough” 3D form using a set of rules combined with
metadata that the algorithm derived from the original wireframe in Figures 2A
and 2B and 4, for example.

The resulting “rough” 3D model may contain some geometric
inconsistencies that were not anticipated or corrected during the in-plane
normalization step or during the extrusion step.

| The “rough” 3D model is then used as an input into the
aforementioned 3D correction algorithm for further processing.

Extrusion algorithm details:

a) Precursor steps: Wireframe metadata has been

determined and pitch values have been assigned to each of the facets. The
structure has optionally been processed by the rectification algorithm and/or
optionally has undergone an in-plane normalization step.

b) Extrusion of the wireframe into 3D: A systematic pass is

made through the extruded wireframe to correct the locations of points in the
wireframe to accommodate the desired pitches and facet orientations.
Information from the primitive hierarchy provides context for the order of
primitive processing. Combined with other derived metadata, the primitive
hierarchy also provides contextual clues about the relative elevations between
groups connected by primitives. If the input wireframe is already in a “rough”
3D form, elevation information from this model may optionally be used by the
Extrusion algorithm to “seed” initial relative elevations of points, lines and/or
primitives with respect to other points, lines, and/or primitives present in the
mode. If the input wireframe is 2D, it does not contain elevation information.
In such a case, metadata containing hints about relative elevations between

objects in the model (such as a disconnected patio or bay window cover) can
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be used to provide context for placing some objects above or below others in
the extruded 3D output.
As shown in Figure 5, the in-plane optimized wireframe of Figure

3 has been extruded into a “rough” 3D wireframe.

Correction of 3D wireframes

Figure 6 shows algorithm that takes as an input the “rough” 3D
wireframe generated by the output of the ‘Extrusion’ algorithm of Figure 5, or
directly from prior art Method 3 or any similar manual or automated method
yielding a 3D wireframe.

The algorithm then generates a new wireframe model by
correcting the original wireframe to satisfy a set of user-defined constraints
and to remove geometric distortions/problems found in the original wireframe
that are inconsistent with the selected constraints. As can be seen in Figure
6, whole planes of the proper geometric shape are overlaid in an interest to
assist in correction of prior possible error.

For example, an original wireframe originating from Method 3
may contain some erroneously shaped roof polygons due to errors made by
an inexperienced technician or even by a highly experienced technician that
can quickly create a “rough” model that may contain a series of small
correctible defects. In another example, an automated computer vision
process produces a wireframe that contains correctable defects resulting from
the small statistical uncertainties in its ability to determine the exact location of
poorly resolved boundaries. In a third example, the output from the
‘Extrusion’ algorithm of Figure 5 may contain defects resulting from complex
intersection from several planes which require further normalization to
correctly resolve.

In these situations, the correction algorithms process the “rough”
input wireframe to yield a wireframe that is consistent with a set of selected

constraints. Examples of such constraint may include:
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_ . Preserving the footprint (e.g., perimeter) of the original
wireframe '
o Correcting angles of intersection between line segments
. Straightening line segments
. Specifying a particular pitch for one or more facets
. Allowing the pitch of one or more facets to conform with

other constraints

o Enforcing relationships between line segments and facets
to satisfy symmetry requirements. |

L Correcting of ‘lean’ artifacts that are identified in the
original model

Additional constraints that have proved to be useful may include:

e Constraining groups of points and/or line segments to
reside at the same elevation (elevation groups). For example, such line
segments include the line segments (and points they contain) that are parallel
and equidistant from a ridge line as measured by the perpendicular distance
between the ridge and the line segments. See the two line segments 58 and
60, which meet these criteria for the ridge 20 in Figure 2A.

e Constraining two or more elevation groups to maintain a
particular difference in elevation. For example, Group 1 is the ridge 20 in
Figure 2A. Group 2 are the line segments identified in the above example of
an elevation group.

o Enforcing symmetry between nearly symmetric objects in
the model, such as between the left and right planes 5 in Figure 2B.

The constraints above are additional examples of the use of
metadata derived from the input model and/or collected interactively from the
user. Also, the constraints above may be followed according to an assigned
priority. For example, if one constraint cannot be adhered to without violating
another constraint, the constraint to adhere to may be decided based upon
which constraint has a higher priority. The priorities may be assigned by a

user to be followed automatically during the processes described herein or
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created dynamically during the process of 3D wireframe generation. The
metadata used in the exémples above derived from the input model and/or
collected interactively from the user may also or instead be used in the
process for extrusion into a “rough” 3D wireframe described above.

This algorithm provides several competitive benefits:

a) It automates small corrections that would otherwise
require manual correction by quality control staff that review the work of other
technicians.

b) It decrease the time spent drawing a 3D wireframe using
manual processes. Technicians can be less precise when “roughing” out a
3D model. This time savings increases with the complexity of the roof model.

c) It reduces some skill and training time required for new
technicians

d) It prbcesses constraints specified to produce models that
satisfy a set of conditions required by third party CAD applications that desire
to import the model for further editing.

e) It provides mechanisms to “clean up” or adjust models
generated from other processes or programs.

Some software used by insurance claim adjustments has a set
of constraints for their CAD software that renders roof images. Some
software tools have a specific set of requirements that must be satisfied in
order to import a roof diagram into their CAD software tool. The ability to
modify a model derived from a photograph image to conform to the software
requirements of specific CAD software tools is provided by the features of this
invention. This yields the advantage of compatibility across the industry, one
of the benefits of the inventive techniques described herein.

3D correction algorithm details:

a) Precursor steps: Wireframe metadata has been

determined and pitch values been assigned to facets. The pitch value
assignment could be via user assignment, by an algorithm that automatically

assigns a pitch based on metadata derived from the 2D or 3D wireframe, or
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by an algorithm that derives or assesses pitch information from the existing
‘rough” 3D wireframe provided as an input. The structure has optionally been
processed by the rectification algorithm and/or optionally has undergone an
in-plane normalization step and/or has optionally undergone an extrusion
step.

b) Assembly: The “rough” wireframe input and the
associated metadata provide a prototype from which a new wireframe is
assembled while enforcing a set of constraints on the wireframe. These
constraints may include such things as: i) A requirement that the set of points
in each identified roof facet are coplanar to within a specified tolerance. ii)
The area footprint in the XY plane of the wireframe’s perimeter remains within
a specified tolerance of the original “rough” wireframe’s footprint area. iii)
ridgelines and eavelines remain parallel to the XY plane.

Figure 6 is a “rough” wireframe of the 3D frame shown in Figure
4 overlayed with several known geometric objects. This figure illustrates a
snapshot of the processing being performed to correct the spatial location of
one point within the “rough” 3D form of the wireframe. The large plane 52
highlights the facet polygon 39 from Figure 2B currently being corrected.

The plane 54 highlights the adjoining planar facet sharing the currently
processed line segment with the main plane 52. The line segment in this
example originates from the ridgeline of Primitive 2 and terminates at the
ridgeline of Primitive 4. The darker plane 56 is a plane orthogonal to the XY
plane that intersects the ridgeline of Primitive 4. The coordinates of the
terminal endpoint of his line segment are then calculated as the intersection of
the plane 56 with the line segment computed from the intersection of the
planes 54 and 52, respectively. In Figure 5, the various planes and geometric
shapes are shown in different shades of gray; of course, on a computer
screen, each of the geometric shapes or planes may be a different color to
brovide highlight for a user. For example, the plane 52 may be green, the
plane 54 red, the polygon 39 blue and the darker plane 56 a brown or orange.

This diagram serves to illustrate one of many similar internal processing steps
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that are not typically displayed to the end user because they typically do not
require user input. The systematic processing of primitives, facet polygons,
and line segments is continued throughout the wireframe until the corrections
converge to a final roof shape with no further changes. If convergence does
not occur, the software may exit or produce a corresponding message or alert

due to a non-convergence condition.

Typical Usage Scenarios: |

In the .“background” section of this document, three prior art
methods were identified and discussed as the motivation for inventing new
methods that leverage best efficiency and accuracy attributes of the present
methods.

Various new technology components, such as, for example,
those listed below as items 1-5 resulted from this effort:

1) Wireframe rectification

2) Derivation of metadata from the original wireframe

3) In-plane normalization

4) Extrusion into a “rough” 3D wireframe

5) Correction of a 3D wireframe

Although the above technology components can be used
independently, there are a number of usage embodiments envisioned
involving these various technology components in various scenarios. The
following labels for each step in each scenario below are for ease of
identification and recollection of common steps within the various scenarios

for the sake of brevity and do not limit the content or activities in each step.

Scenario 1

In scenario 1 below, the output is a corrected 3D wireframe.
a) “Wireframe”: A 2D or 3D wireframe is used as input along

with (optional) registration information that enables the system to overiay,
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project, and/or map the points of the inpUt 2D or 3D wire frame onto one or
more photographs containing an image of the structure of interest.

b) “Rectify”: Wireframe Rectification is optionally applied to
the input 2D or 3D wire frame.

C) “Metadata”: Metadata is derived from the input 2D or 3D
wire frame and/or the output of (b).

d) “AssignPitch”: Pitches are either assigned by algorithms
that analyze neighboring polygons to infer relative pitch values or the pitches
are assigned by the user.

e) “Normalize”: The in-plane normalization algorithm is
applied to the wireframe.

f) “Extrude”: The Extrusion algorithm is applied.

g) “Correct 3D”: The 3D correction algorithm is applied.

h) "Verify”:

The following are example steps takes during the “Verify”
process:

1. Validation: As assessment of the resulting
wireframe is made to determine if the wireframe conforms to the above
mentioned pitches and constraints to within a desired tolerance. If the model
does not conform, the algorithm to returns to (d) or (e) until the wireframe is
successfully validated or the algorithm determines that insufficient progress is
being made toward converging to a valid model.

The following steps h(2) and h(3) may be optional since
they depend on the result of the image registration process and could be
omitted if the registration information is not provided as part of the input.

2. Projection: The validated wireframe is transformed
and projected onto each of the photographs registered into the coordinate
system determined provided in (a), as described in U.S. Patent Applications
Serial Numbers 12/467,244 and 12/467,250.

3. Quality of Fit evaluation (shown in Figures 8A and

8B): The projected wireframes are evaluated for a quality of fit. This may be a

21

0463



WO 2011/094760 PCT/US2011/023408

10

15

20

25

combination of an automated quality of fit determination as well as a
subjective visual assessment by a quality control technician. If quality of fit is
not acceptable, the algorithm returns to step (b) following adjustments-to the
facet pitch values and/or edits to the wireframe. _

Figure 7 shows the noncorrected 3D wireframe dark lines,
overlaid onto the rectified wireframe of Figure 1B, shown by the dashed lines
of Figure 7. Note that the top-down view of this final 3D wireframe in Figure 7
is not distinguishable from the output of the (2D) in-plane optimized wireframe
in Figure 4. This is a desirable result for this simple roof example since it
ilustrates how the in-plane normalization produced a wireframe that correctly
represented a top-down projection of what became the final 3D form. In
situations of greater wireframe complexity, the correction in 3D may result in a
repositioning of lines in the top-down projection that could not be predicted by

the in-plane calculations.

Scenario 2

In scenario 2, the output is a corrected 2D wire frame instead of
a 3D wire frame as in scenario 1 above. The sequence of steps is:
“Wireframe”, “Rectify”, “Metadata”, “AssignPitch”, and “Normalize”. The steps

of scenario 2 correspond to those steps of scenario 1 having the same labels.

Scenario 3

In scenario 3, the output is a corrected 3D wire frame. Scenario
3 uses a “rough” 3D model input needing minor corrections, such as a model
that was already extruded by using the new registration algorithm mentioned
in this document above. The sequence of steps is: “Wireframe”, “Rectify”,
“Metadata”, “AssignPitch”, “Normalize”, “Extrude”, “Correct3D”, and “Verify".
The steps of scenario 3 correspond to those steps of scenario 1 having the
same labels. Howeyer, in the “AssignPitch” step of scenario 3, pitches are

typically assigned by algorithms that generate a “rough” 3D wireframe. Also,
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the “Extrude” step of scenario 3 leverages existing elevation information to

“seed” elevation placements of model points and/or lines, etc.

Scenario 4

Scenario 4 uses a “rough” 3D model input needing major
corrections, such as a major pitch correction or after adding, removing, and/or
changing major parts of the model. The sequence of steps is: “Wireframe”,
“Rectify”, “Metadata”, “AssignPitch”, “Normalize”, “Extrude”, “Correct3D”, and
“Verify”. The steps of scenario 4 correspond to those steps of scenario 1
having the same labels. However, in the “AssignPitch” step of scenario 4,
pitches are typically assigned by algorithms that that generate a “rough” 3D
wireframe and/or are overridden by a user. Also, the “Extrude” step of
scenario 4 may ignore existing elevation “seed” information where needed to

complete a successful extrusion.

Figures 8A and 8B shows the 3D wireframe of Figure 7
transformed and then projected back on the original source images. Note that
the transformation process slightly distorts the appearance of overlayed
wireframe to account for the ‘lean’ and other artifacts that were calculated to
be in the original source photographs during the registration process. These
distortions are most obvious at the gables of Primitive 1 and 3.

By mapping the distortions back into the wireframe, a quality of
fit (QOF) metric can be applied to judge the alignment of the wireframe
against the object(s) it represents in the original source image.

In one embodiment a wireframe is generated via prior art
Method 2 or 3, then correction is done in 3D as shown in Figures 5-7.

This is an extension of Methods 2 and 3 whereby a “rough” 3D
model resulting from a manual or automated wireframe generating process is

optimized to a desired set of pitch and orientation constraints.
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In yet another embodiment, the system will generate a metadata
and a rectified 2D model, then normalizé in-plane to achieve a final 2D or 3D
wireframe.

In some situations, the content of the photograph(s) are
insufficient to complete a 3D model without previous knowledge of the pitches
of some or all of the roof facets. Furthermore, it may be preferable in some
situations to defer the final application of pitch values to selection by an
operator at a later time. In such situations, only steps 1, 2, and 3 as set forth
under the heading of “Typical Usage Scenarios” above are carried out or,
alternatively, step 3 is carried out on the in-plane normalized wireframe traced
via prior art Method 1.

Figure 9 is a schematic diagram of computing environment in
which geometric correction of rough wireframe models derived from
photographs may be implemented or of which it may be a part. For example,
process 100 described above in conjunction with Figure 1A may be performed
or implemented by, for example, one or more software modules or
components or any combination of suitable hardware, firmware or software
components or devices including those that are a part of, stored in, or
configure the computing environment of Figure 9.

The computing environment 900 will at times be referred to in
the singular herein, but this is not intended to limit the embodiments to a
single device since in typical embodiments there may be more than one
computer system or device involved. Unless described otherwise, the
construction and operation of the various blocks shown in Figure 9 are of
conventional design. As a result, such blocks need not be described in further
detail herein, as they will be understood by those skilled in the relevant art.

The computing environment 900 may include one or more
processing units 912a, 912b (collectively 912), a system memory 914 and a
system bus 916 that couples various system components including the
system memory 914 to the processing units 912. The processing units 912

may be any logic processing unit, such as one or more central processing
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units (CPUs) 912a, digital signal processors (DSPs) 912b, digital video br_

.audio processing units such as coder-decoders (codecs) or compression-

decompression units, application-specific integrated circuits (ASICs), field
programmable gate arrays (FPGAs), etc. The system bus 916 can employ
any known bus structures or architectures, including a membry bus with
memory controller, a peripheral bus, and a local bus. The system memory
914 includes read-only memory (“ROM”) 918 and random access memory
(“RAM”) 920. A basic input/output system (“BIOS”) 922, which can form part
of the ROM 918, contains basic routines that help transfer information
between elements within the computing environment 900, such as during
start-up.

The computing environment 800 may include a hard disk drive
924 for reading from and writing to a hard disk 926 (including a solid state
memory device), an optical disk drive 928 for reading from and writing to
removable optical disks 932, and/or a magnetic disk drive 930 for reading
from and writing to magnetic disks 934. The optical disk 832 can be a CD-
ROM, while the magnetic disk 934 can be a magnetic floppy disk or diskette.
The hard disk drive 924, optical disk drive 928 and magnetic disk drive 930
may communicate with the processing unit 912 via the system bus 916. The
hard disk drive 924, optical disk drive 928 and magnetic disk drive 930 may
include interfaces or controllers (not shown) coupled between such drives and
the system bus 916, as is known by those skilled in the relevant art. The
drives 924, 928 and 930, and their associated computer-readable storage
media 926, 932, 934, may provide nonvolatile and non-transitory storage of
computer readable instructions, data structures, program modules and other
data for the computing environment 900. Although the depicted computing
environment 900 is illustrated employing a hard disk 924, optical disk 928 and
magnetic disk 930, those skilled in the relevant art will appreciate that other
types of computer-readable storage media that can store data accessible by a
computer may be employed, such as magnetic cassettes, flash memory,
digital video disks (“DVD”), Bernoulli cartridges, RAMs, ROMs, smart cards,
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étc. For example, cdmputer-readable storage media may include, but is not
limited to, random access memory (RAM), read-only memory (ROM),
electrically erasable programmable read-only memory (EEPROM), flash
memory, compact disc ROM (CD-ROM), digital versatile disks (DVD) or other
optical disk storage, magnetic cassettes, magnetic tape, magnetic disk
storage or other magnetic storage devices, solid state memory or any other
medium which can be used to store the desired information and which may be
accessed by processing unit 912a.

Program modules can be stored in the system memory 914,
such as an operating system 936, one or more application programs 938,
other programs or modules 940 and program data 942. Application programs
938 may include instructions that cause the processor(s) 912 to perform
directional geometric correction of rough wireframe models derived from
photographs, and store and display input images or images generated by
geometric correction of rough wireframe models. Other program modules 940
may include instructions for handling security such as password or other
access protection and communications encryption. The system memory 914
may also include communications programs, for example, a Web client or
browser 944 for permitting the computing environment 900 to access and
exchange data including digital images of structures with sources such as
Web sites of the Internet, corporate intranets, extranets, or other networks
and devices, as well as other server applications on server computing
systems. The browser 944 in the depicted embodiment is markup Ianguag.e
based, such as Hypertext Markup Language (HTML), Extensible Markup
Language (XML) or Wireless Markup Language (WML), and operates with
markup languages that use syntactically delimited characters added to the
data of a document to represent the structure of the document. A number of
Web clients or browsers are commercially available such as those from
Mozilla, Google, and Microsoft of Redmond, Washington.

While shown in Figure 9 as being stored in the system memory
914, the operating system 936, application programs 938, other

26

0468



WO 2011/094760 PCT/US2011/023408

10

15

20

25

30

programs/modules 940, program data 942 and browser 944 can be stored on
the hard disk 926 of the hard disk drive 924, the optical disk 932 of the optical
disk drive 928 and/or the magnetic disk 934 of the magnetic disk drive 930.

An operator can enter commands and information into the
computing environment 900 through input devices such as a touch screen or
keyboard 946 and/or a pointing device such as a mouse 948, and/or via a
graphical user interface in order to receive, process, store and send data on
which geometric correction of rough wireframe models derived from
photographs has been or will be performed as described herein. Other input
devices can include a microphone, joystick, game pad, tablet, scanner, etc.
These and other input devices are connected to one or more of the
processing units 912 through an interface 950 such as a serial port interface
that couples to the system bus 916, although other interfaces such as a
parallel port, a game port or a wireless interface or a universal serial bus
(*USB”) can be used. A monitor 952 or other display device is coupled to the
system bus 916 via a video interface 954, such as a video adapter which may
be configured to display images used by or generated by geometric correction
of rough wireframe models derived from photographs. The computing
environment 900 can include other output devices, such as speakers, printers,
etc.

The computing environment 900 can operate in a networked
environment using logical connections to one or more remote computers
and/or devices. For example, the computing environment 900 can operate in
a networked environment using logical connections to one or more other
computing systems, mobile devices and other service providers or information
servers that provide the digital images in various format or by other electronic
delivery methods. Communications may be via a wired and/or wireless
network architecture, for instance wired and wireless enterprise-wide
computer networks, intranets, extranets, telecommunications networks,

cellular networks, paging networks, and other maobile networks.
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The various embodiments described above can be combined to
provide further embodiments. All of the U.S. patents, U.S. patent application
publications, U.S. patent applications, foreign patents, foreign patent
applications and non-patent publications referred to in this specification and/or

5 listed in the Application Data Sheet are incorporated herein by reference, in
their entirety. Aspects of the embodiments can be modified, if necessary to
employ concepts of the various patents, applications and publications to
provide yet further embodiments.

These and other changes can be made to the embodiments in

10 light of the above-detailed description. In general, in the following claims, the
terms used should not be construed to limit the claims to the specific
embodiments disclosed in the specification and the claims, but should be
construed to include all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly, the claims are not

15 limited by the disclosure.
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CLAIMS

1. A method comprising:

assigning an initial set of pitch values to a plurality of facéts ofa
roof;

automatically adjusting lateral positions of points associated 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 facets that share the one or more ridge segments or share
endpoints of the one or more roof segments; and

automatically adjusting lateral positions of points associated with
one or more second line segments of the roof identified as a junction or seam
between adjacent facets of the roof to accommodate pitch values of the initial

set of pitch values associated with the adjacent facets.

2. The method according to claim 1 further comprising
repeating the automatically adjusting lateral positions of points associated
with the one or more first line segments until the adjusting of lateral positions

of points converges to a stable state.

3. The method according to claim 2 further comprising
automatically repeating the automatically adjusting lateral positions of points
associated with the one or more second line segments until the adjusting of

lateral positions of points converges to a stable state.

4. The method according to claim 3 further comprising
repeating the assigning an initial set of pitch values before repeating the
automatically adjusting lateral 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.
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5. The method according to claim 1, further comprising

assigning an initial set of orientations to the plurality of roof facets.

6. The method according to claim 1, further comprising
automatically generating a first 3D wireframe of the roof based on the
adjusted lateral positions of points associated with the one or more first line
segments and the adjusted lateral positions of points associated with the one

or more second line segments.

7. The method according to claim 6 wherein the
automatically generating the first 3D wireframe is further based on and initial

set of input roof elevation values.

8. The method according to claim 7 further comprising
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.

9. The method according to claim 8 wherein the changing
geometric characteristics of the first 3D wireframe that are inconsistent with
the constraints includes one or more of the following: preserving a footprint of
the first 3D wireframe; correcting angles of intersection between line
segments of the first 3D wireframe; straightening line segments of the first 3D
wireframe; specifying a particular pitch for one or more facets of the roof;
allowing a pitch of one or more facets of the roof to conform with other
constraints; enforcing relationships between line segments and facets of the
first 3D wireframe to satisfy symmetry requirements; constraining groups of
points or line segments of the first 3D wireframe to reside at a same elevation;
constraining two or more different groups of points or line segments of the first
3D wireframe to maintain a particular difference in elevation; enforcing

symmetry between nearly symmetric objects in the first 3D wireframe.
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10. The method of claim 8 wherein the 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 includes using metadata regarding

relationships between roof line segments and points.

11.  The method according to claim 1, further comprising
deriving metadata from an initial wireframe of the roof, the metadata including
information regarding one or more of the following: nearest neighbor points of
the points associated with the one or more first line segments, nearest
neighbor line segments of the one or more first line segments, nearest
neighbor points of the points associated with the one or more second line
segments, nearest neighbor line segments of the one or more second line
segments, roof line segment membership in polygons, whether line segments
of the roof are edges or ridges, which points resemble roof hip junctions of the
roof, which points resemble roof gable junctions of the roof, which points
resemble roof corners on a perimeter of the roof, or identification of roof
geometric shape primitives;

wherein 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 points

associated with one or more second line segments.

12.  The method according to claim 11 wherein the initial

wireframe is a 2D wireframe.

13.  The method according to claim 11 wherein the initial

wireframe is a 3D wireframe.

14.  The method according to claim 1 wherein the assigning

an initial set of pitch values to a plurality of facets of a roof comprises
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automatically analyzing neighboring polygons of the roof to infer relative pitch

values.

15.  The method according to claim 1 wherein the initial set of
pitch values are automatically assigned based on received input pitch values
from a user.

16. A method comprising:

generating metadata from a wireframe model of a roof;

moving a location of roof junction points from the wireframe
model to a normalized roof outline based on the generated metadata;

modifying a shape of the roof facéts of the wireframe model; and

outputting a revised wireframe model based on the moved
junction points and modified shapes to more closely approximate the actual

shape of the roof.

17. The method according to claim 16 wherein the modifying
the shape of the roof facets of the wireframe model includes:

comparing the roof facets of the wireframe model to a database
of roof geometric shape primitives; 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.

18. The method according to claim 17 where in one of the

primitives is a hip or gable.

19.  The method according to claim 16 wherein the modifying
the shape of the roof facets of the wireframe model is based on the generated

metadata.
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20. The method according to claim 16 wherein the wireframe

model is a 2D top view of the roof.

21.  The method according to claim 20 further including:
generating a 3D wireframe of the roof based on the revised

wireframe model.

22. A non-transitory computer readable medium having
computer executable instructions thereon that, when executed, cause a
computer processor to perform the following:

automatically adjusting lateral positions of points associated with
one or more first line segments of a roof idenfiﬁed as one or more ridge
segments to accommodate pitch values of an initial set of pitch values
associated with facets that share the one or more ridge segments or share
endpoints of the one or more roof segments; and

automatically adjusting lateral positions of points associated with
one or more second line segments of the roof identified as a junction or seam
between adjacent facets of the roof to accommodate pitch values of the initial

set of pitch values associated with the adjacent facets.

23. The method according to claim 22 wherein the computer
executable instructions thereon, when executed, further cause the computer
processor to perform automatically generating a first 3D wireframe of the roof
based on the adjusted lateral positions of points associated with the one or
more first line segments and the adjusted lateral positions of points

associated with the one or more second line segments.

24.  The method according to claim 23 wherein the generating
the first 3D wireframe is further based on and initial set of input roof elevation

values.
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25. The method according to claim 23 wherein the computer
executable instructions thereon, when executed, 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.

26. A non-transitory computer readable medium having
computer executable instructions thereon that, when executed, cause a
computer processor to perform the following:

generating metadata from a wireframe model of a roof, the
wireframe model having roof junction points and roof facets;

moving a location of roof junction points from the wireframe
model to a normalized roof outline based on the generated metadata;

modifying a shape of the roof facets of the wireframe model; and

outputting a revised wireframe mode! based on the moved
junction points and modified shapes to more closely approximate the actual

shape of the roof.

27. The non-transitory computer readable medium of claim
26 wherein the modifying the shape of the roof facets of the wireframe model
includes:

comparing the roof facets of the wireframe model to a database
of roof geometric shape primitives; 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.

28. The non-transitory computer readable medium of claim
26, wherein the computer executable instructions thereon, when executed,
further cause the computer processor to perform generating a 3D wireframe

of the roof based on the revised wireframe model.
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Examiner's first report on patent épplication no. 2010201839
by Eagle View Technologies, Inc.

- Last proposed amendment no. 1
* Dear Madam/Sir,

Tam replying to the request for normal ¢xarhination. I have examined the application and I believe

that there are lawful grounds of objection'to .thg’;gépplication.' These grounds of objection are:

L]

1. There is no Notice of Ehtitlér'f'ient.::nv_l file.,You will need to file one because an application
without a Notice of Entitlement caiiot be accepted. :

2. Claims 1-20 éx_’e not novel when compared with the following published specification:

D1: AU 2008230031 A1 (EAGLE VIEW TECHNOLOGIES, INC.) 05 November 2009

This document discloses the invention defined in the present claims. Although it was
published later than the priority date of the present claims its information has an earlier
priority date than the present claims. ‘ ' '

Regarding independent claims 1 & 6, D1 discloses a computer-implemented’ method for
generating a roof estimate report (see title and abstract), the method comprising:

displaying an aerial image of a building having a roof comprising a plurality of

planar roof sections that each have a corresponding pitch (paragraph [0008], “he physical

. address or location informdtion of a building is provided:to the program, which then preserits

‘aerial images of roof sections on the building at the specific address-location. An image

analysis and calibration is then performed either manually and/or via a software program

that determines the geometry, the slopes, the pitch angles, and the outside dimensions of the
roof sections”); : A :

displaying a pitch détcrminativh marker.operable to indicate pitch of a planar roof -
section; receiving, via th&disf)fayé@ pitch determination marker, an indication of the pitch of
one of the plurality of planar roof szrions of the roof of the building (paragraph [0008]); and = -
modifying a model of the roof based on the received indication of the pitch of the one
planar roof section (paragraph [0086], “the routine modifies the preliminary model based on
additional information about the roof received from a user. For example, the preliminary
model may be presented to a user (e.g., a customer, an operator, etc.), by displaying a
representation of the model, such as a line drawing. In response, the user provides the
routine with pitch information and/or feature identification (e.g., of ridges and/or valleys),

APAustralia - Patents « Trade Marks - Designs - Plant Breeder’s Rights

ABN 38 113 072 755
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etc. Such user-supplied information ls then mcorporated into the preliminary - roaf model 10
obtain a modified (refined) roof model *. Also see page 31, claim 23).

Regardmg independent claims -1 1.& 17, D1 discloses a computer-lmplemented method for
generating a roof estimate report tsec n&(e and abstract), the method comprising:

displaying a first and rsecond “aerial image of a bunldmg having a roof, each of the
aerial images provrdmg a dxffex:ent yrew,of the roof of the building (paragraph [0055], “a fi  first
~and a second image view of fheg«“pof (e.g. a north and east view) are simultaneously
presented to the operator 620, such that when the operator 620 indicates a feature in the first ‘
tmage wew, a pro;ecuon of that feature is automatically presented in the second image
view"

" receiving an indication of a feature of the building shown in thc first aenal 1mage
(paragraph [0055]);

modifying a three-dimensional model of the roof based on the received indication of
- the feature of the building (paragraph [0055] “Generating a 3D model of the roof of a
building further includes the automatic or semi-automatic identification of features of the
roof of the building. In one embodiment, one or more user interface controls may be
provided, such that the operator 620 may indicate (e.g., draw, paint, etc.) various features of
the roof, such as valleys, ridges, hips, vertexes, planes, -edges, etc. As these features are
indicated by the operator 620, a corresponding 3D model may be updated accordingly to
include those features™); and

displaying -a projection of the feature from the modified three-dimensional model
onto the first: and second aena] images, the displaying occurring concurrently with the
recelvmg of the indication of the feggure of the building (paragraph [0055], “By presenting a
view of the 3D model, s1multane37usj), p‘rOJected into multiple image views, the operator 620
is provided with useful wsqal cues;as to’ the correctness of the 3D model and/or the
correspondence between the acnal {mages’ ”)

i »J, g :

Also, the features added by the dependent claims 2-5, 7-10, 12-16 and 18-20 are either
explicitly or 1mphcrt1y disclosed in D1 (see paragraphs [0008], [0027]; [0037] and [0054]-
[0057D).

NOTE: There is a current postponement of acceptance in place. If you overcome all other objections
before the expiration of that postponement, the Commissioner will only accept the application at that
time if you have filed a clear. and unambiguous statement requesting the withdrawal of that
postponement. Otherwise, a further adverse report will be issued.

You have 21 months from the date of this report to overcome all my objectlon(s) otherwise your
apphcatxon will lapse.

You will need to pay a monthly fee for any respense you file after 12 months from the .date of the first
report. You will also need to pay any annual continuation fees that apply. “These will normally be first
due five years from the filing date. Please note however that earlier commencement dates apply for

divisional applications. Information about,fees may be obtamed by phomng 1300 651 010.
Y '

Yours faithfully,

A
- Vo Wy aog
S LRI

DEBASISH DASGUPTA ..
Patent Examination. B

C4 - Electronics

Phone: (02) 6283 2587
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Features

Use Autodesk® ImageModeler® software to create photorealistic 3D objects from photographs, including accurate 3D measurements. Its
features include:

Key features include

. New calibration engine—Makes it easy to generate a 3D model or scene using calibration points based on one or more panoramas or
photos.

. 3D measurement—Using the imageModeler 2009 ruler toolset, calculate real-world distances and angles between points, eliminating the
need for complex laser measurements on site.

. High-performance photo texturing—Get high-quality texture extraction with texture mapping that is a one-click, automatic process with
built-in photorealism.

. Friendly user interface—View source images as thumbnails.
Improved interoperability with Autodesk software—Works better with Autodesk® Maya®, Autodesk® 3ds Max®, Autodesk®
MotionBuilder®, and the AutoCAD® software family of products.

Additional features include

Calibration
. Automatic calculation of camera parameters (such as position and focal length)
Ability to supply a reference coordinate system and a reference distance (standard) to impose a global scale

Modeling

. Interactive and intuitive modeling

. Interactive editing of Pivot point
Constraint modeling (working planes, axis constraints)
Editable properties for each tool

. Interactive help for a better understanding of the tools

. Polygonal modeling

. 3D measurement tools (coordinates, distances, angles)

Texturing
. Capture textures from original images and retouch them directly in Autodesk ImageModeler if necessary
. Automatic unfolding of the 3D surface elements with minimization of distortion
Automatic split of the 3D scene into developing elements
Quality control of the generated textures

Input Formats Supported
. TGA (.tga)
. Silicon Graphics®(.sgi)
. PNG (.png)
JPEG (.jpg. -jpeg)
PICT (.pict)
Portable Grey Map (.pgm)
. Portable Pixmap (.ppm)
CINEON™ format(.cin)

Exports To Latest Formats

Autodesk® 3ds Max® software (.max)

. OBJ

. DWG

. Autodesk® Maya® software
STL (PC only)
VRML

. Export to COLLADA™ format (supported by Google Earth™ 1.4 mapping service)
QuickTime® VR

. Other 3D Formats

© Copyright 2008 Autodesk, Inc. All rights reserved.

http://usa.autodesk.com/adsk/serviet/index?siteID=123112&id=115639... 1ofl
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Automatic House Reconstruction

For more information we refer to the publications

Introduction

The 3-D reconstruction of houses and other man-made objects is currently a very active research area
and an issue of high importance to many users of Geographic Information Systems (GIS), including
urban planners, architects, and telecommunication and environmental engineers. These users of 3-D city
models require better and faster methods for the acquisition of detailed 3-D data -- primarily buildings
and roads. A nice overview of the needs for and requirements put upon photogrammetric reconstruction
of buildings for 3-D city models is presented in (Mason and Streilein 1996).

Manual 3-D processing of aerial images is time consuming and requires the expertise of highly qualified
personnel and expensive instruments. Therefore, the necessity to interpret, classify and quantitatively
process aerial images in an automated mode and to integrate the results in spatial information systems is
more urgent then ever. It is generally acknowledged that good data is the most valuable, and the most
needed component of geographic information systems (prior to computer hardware, software and user
interface). The current state of automation in the extraction of buildings on digital photogrammetric
workstations is still surprisingly low and major improvements from the manufacturers side can hardly be
expected within the next years. Methods for computer supported interpretation of aerial imagery have
progressed in the wake of Computer Vision and Digital Photogrammetry. The proceedings of the
Ascona'95 workshop at Monte Verita, Switzerland give a good account of the current state-of-the-art
(Gruen et al 1995). The most recent developments in the field can be found in the proceedings of the
18th ISPRS Congress in Vienna, Austria 1996.

In the project Automation of Digital Terrain Model Generation and Man-Made Object Extraction from
Aerial Images

(AMOBE), we develop methods and algorithms to detect and reconstruct man-made objects, such as
buildings and roads, and to generate Digital Surface Models (DSMs) from high resolution aerial images.
The objective of the AMOBE project is to develop procedures for extracting qualitative and quantitative
3-D information of sparsely built-up regions even under difficult terrain conditions. The applications to
Swiss scenery are immediate. Primary attention in AMOBE focuses on high quality reconstruction of
buildings as one of the more frequently occurring 3-D man-made structures in high resolution aerial

imagery.

The research presented here is a joint effort of Dr. Olof Henricsson and Frank Bignone to automated

- reconstruction of residential houses from aerial images. In particular, our goal is to develop a coherent
strategy and a working framework for reconstructing roofs of houses consisting of non-rectilinear,
planar parts such as those in the figure below. This undertaking is considerably more difficult than most
currently available automatic schemes are even considering.

http://www vision.ee.ethz.ch/projects’/Amobe_I/recons.html 1of6
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Strategy

Although the research topics in the AMOBE project span a large spectrum from Computer Vision to
Photogrammetry, attention is focussed on 3-D reconstruction of buildings, and in particular on
residential houses. Buildings are the most frequently occurring 3-D man-made objects in high resolution
aerial images, and their reconstruction requires many components, such as camera models, image
processing, matching, texture and color modeling, geometric processing and reasoning, as well as object
modeling. The employed imagery is assumed to be digitized photogrammetric color photography. With
this aerial imagery primarily roofs of buildings, and not walls, can be reconstructed.

The main features of our strategy for 3-D house reconstruction are illustrated in the figure below and
includes:

separation of house detection and reconstruction
early transition to 3-D data (DSM, 3-D edges)
combination of 2-D and 3-D processing

use multiple, overlapping, color images

modeling directly in 3-D

incorporate the human operator whenever necessary

-—.-[D SM gmnﬁoq—o-lfe ahre matchiné—pIS—D hypotheses gamran‘m:]
'

3D reconstructi

2-D feature

r
[color analysis|——| extraction |2—D hypotteses ;mrnﬁml

The most important feature is the mutual interaction of 2-D and 3-D procedures at all levels of
processing. This interaction is important since neither 2-D nor 3-D procedures alone are sufficient to
solve the problems. Three-dimensional information, such as DSMs and 3-D edges, should therefore be
derived as early as possible. Because 3-D information is available, object modeling can be done in 3-D,
right from the beginning. Whenever 3-D features are incomplete or entirely missing, 2-D information
should be used to infer the missing information.

Roofs of residential houses can neither be assumed to be flat nor to have simple rectangular shapes. In
fact, their contours may not even form ninety degrees angles in object space. However, they tend to lie
on planes. This specific problem is a typical example of the general Image Understanding task of
extracting instances of generic object classes that are too complex to be handled by purely image-based
approaches and for which no specific template exists.

Because low-level methods typically fail to extract all relevant features and often find spurious ones,
existing approaches use models to constrain the problem (Suetens et al 1992). Traditional approaches
rely almost exclusively on the use of edge-based features and their 2-D or 3-D geometry. Although 3-D
information alleviates the problem, instantiating the models is combinatorially explosive. This difficulty
is typically handled by using very constrained models, such as flat rectilinear roofs or a parameterized
building model. These models may be appropriate for industrial buildings with flat roofs and
perpendicular walls but not for the complicated suburban houses that can be found in scenes such as the

http://www.vision.ee.ethz.ch/projects/Amobe_L/recons.html 20f6
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one below.

To reconstruct roofs of a general class of houses, we propose a procedure that relies on hierarchical
hypothesis generation in both 2-D and 3-D. The houses in the residential scene below require more
flexible models than the standard ones. The general assumption is that the complete roof consists of a set
of planar patches that mutually adjoin along their boundary. Based on this assumption, generic 3-D
primitives (denoted 3-D patches in the sequel) are extracted. A 3-D patch is roughly planar and encloses
a compact polygonal enclosure with similar photometric and chromatic attributes. Modeling complex
objects with planar patches has proven useful also for other applications. The definition of our roof
primitive suggests an approach that combines 2-D and 3-D edge geometry with region attributes. By
modeling not only the geometry of the roof, but also the spectral properties along its boundary we can
handle complex roof shapes. This is not easy to implement because the complexity of the approach
increases rapidly with the number of information sources. Furthermore, these sources of information
should be as robust as possible but none of them can be expected to be error-free and this must be taken
into account by the data-fusion mechanism.

Notice that there are no semantic rules incorporated into the framework, which means that any imaged
3-D structure that fulfills the postulated criteria can be reconstructed.

The scene to be reconstructed

Results

The presented framework is designed to reconstruct roofs of houses in suburban scenes. The process is
initialized by selecting a rectangular window enclosing the same house in all four images. After this
initialization, the roof is automatically reconstructed.

FIGURE 1

http://www.vision.ee.ethz.ch/projects/Amobe_I/recons.html 3of6
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Figures 1D and 1E shows the reconstructed house in Fig. 1A. The artificial vertical walls are added and
projected down to the ground. The ground height is estimated through the DTM. Notice that only two
planes are retained for the final reconstruction. The two selected enclosures are shown in Fig. 1B. The
manually acquired CAD model of the same house is displayed in Fig. 1C. In Fig. 1F the manually
measured CAD model is superimposed onto ours to show the quality of the reconstruction.

FIGURE 2

The roof depicted in Fig. 2A is complex because it consists of several adjoining planar, non-rectangular
shapes. The feature extraction generates straight 2-D contours, see Fig. 2B. The segment stereo
matching produces 3-D segments, and the coplanar grouping extracts infinite planes of which are
mutually adjoining and non-vertical. Given these non-vertical planes, the algorithm extracts valid 2-D

http://www.vision.ee.ethz.ch/projects/Amobe_I/recons.html 40f 6
0494



Automatic House Reconstruction 9/29/2008 3:37 PM

enclosures (resp. 3-D patches). The five consistent 3-D patches in Figs. 2D and 2E are finally selected.
The result is a 3-D CAD model with 3-D segments, 3-D planes and their topology. The manually
extracted CAD model is shown in Fig. 2F and in Fig. 2G, it is superimposed onto our results.
Preliminary investigations on the accuracy of stereo matching resulted in an accuracyapproximately
10-15 cm horizontally and 20-25 cm vertically. Remember that on pixel corresponds to about 7.5
centimeters in object space. The selected 2-D enclosures are shown in Fig. 2C. 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. 2A.

FIGURE 3

B ®
A third example is the house in Fig. 3. This house is difficult for two reasons. First of all, the contrast

between the roof and the background is low or null on the right part of the roof. Secondly, the front roof
part is not perfectly planar. Nevertheless, the reconstruction is successful and of high quality.

THE ENTIRE SCENE

http://www.vision.ee.ethz.ch/projects/Amobe_I/recons.html 50f6
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The figure above presents the results on the entire residential scene. Eleven of the thirteen roofs have
been reconstructed, ten of them with a high degree of accuracy and completeness. The marked house
below is not complete, since the algorithm fails to extract the two triangular shaped planes, however, the
corresponding 2-D enclosures were correctly extracted (not shown). The algorithm fails to reconstruct
the two upper houses. The leftmost of the two is under construction and should not be included in the
performance analysis. The right house is complicated because a group of trees cast large shadows on the
lower roof part. Because of these shadows the algorithm fails to extract the corresponding plane,
however, the left roof part is correctly reconstructed (not shown). To summarize, the presented
framework for house reconstruction is well suited for reconstructing the major parts of the roof - the
detailed structures may be extracted in a second step. The method can handle complex roofs which
consists of roughly planar parts. In particular, no restrictions are imposed on the shape of the parts.

]

http://www .vision.ee.ethz.ch/projects/Amobe_L/recons.html 6of6
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Automatic reconstruction of piecewise planar models
from multiple views

C. Baillard and A. Zisserman
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Abstract

A new method is described for automatically recon-
structing 3D planar faces from multiple images of a scene.
The novelty of the approach lies in the use of inter-image ho-
mographies to validate and best estimate the plane, and in
the minimal initialization requirements — only a single 3D
line with a textured neighbourhood is required to generate
a plane hypothesis. The planar facets enable line grouping
and also the construction of parts of the wireframe which
were missed due to the inevitable shortcomings of feature
detection and matching.

The method allows a piecewise planar model of a scene
to be built completely automatically, with no user interven-
tion at any stage, given only the images and camera pro-

_jection matrices as input. The robustness and reliability of
the method are illustrated on several examples, from both
aerial and interior views.

1. Introduction

The automatic reconstruction of 3D planar faces from
multiple views has a wide range of applications, from exte-
rior views of urban scenes to indoor environment analysis
to piecewise planar objects. The target application of this
paper is the 3D reconstruction of roofs from aerial images
of urban areas, but the method is not restricted to this case.

Reconstruction of buildings from aerial images has re-
ceived continual attention in the photogrammetry and com-
puter vision literature. One approach is to compute a dense
digital elevation model from multiple images using corre-
lation based stereo. However, the resulting dense depth
map is generally insufficiently accurate or complete to en-
able the precise shape of buildings to be recovered [1, 2, 5].
Thus most approaches have focused on reconstruction of
specific building models: rectilinear shapes [4, 8, 10, 11],
flat roofs [2], or parametric models [6, 13]. Recently, more

generic reconstruction approaches involving multiple high-
resolution images have been proposed [3, 9]. The diffi-
culty of reconstruction in urban environments comes from
the complexity of the scene: the buildings are dense and
varied, and the resulting image boundaries often have poor
contrast. Consequently, feature detectors fragment or miss
boundary lines, and only an incomplete 3D wireframe can
be obtained.

The key idea here is to determine 3D planar facets by
using both features (lines) and their image neighbourhoods
over multiple views. These surface facets then enable both
line grouping and, by plane intersection, the creation of
lines which were missed during feature detection. The
particular novelty of the approach is in the use of inter-
image homographies (plane projective transformations) to
robustly estimate the planar facets. The approach requires
minimal image information since a plane is generated from
only a line correspondence and its image neighbourhood.
In particular two lines are not required to instantiate a
plane. These minimal requirements and avoidance of spe-
cific building models facilitate the automatic reconstruction
of objects with quite subtle geometry located within a com-
plex environment.

The problems caused by missing features in piecewise
planar reconstruction are illustrated by the images of fig-
ure 1 and the detail in figure 6a. The correct roof model
in this case is a four plane “hip” roof [13]. However, the
oblique roof ridges are almost invisible in any view, and
certainly are not reliably detected by an edge or bar detec-
tor with only local neighbourhood support. Consequently,
‘classical’ plane reconstruction algorithms which proceed
from a grouping of two or more coplanar 3D lines [3, 9],
will produce a flat roof, or at best a two plane “gable” roof
if the central horizontal ridge edge is detected — however
the two smaller faces will be missed.
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Figure 1. Three overlapping aerial views. The
images are 600 x 600 pixels, one pixel corresponding to
a ground length of 8.5cm. The camera moves in a line at
a height of 1300m, with about 300m between successive
views.

1.1. Overview of the method

Input data. The method will be illustrated on the quasi-
nadir images shown in figure 1 (3 of the 6 images are
shown). From these images only roof planes of buildings
can be extracted since vertical walls are generally not visi-
ble. The camera projection matrix is known for each view.
In this case the projection matrices are metric calibrated.
However, the method requires only projective information.,

Line matching. The 2D image lines are obtained by ap-
plying a local implementation of the Canny edge detector
(with subpixel accuracy), detecting tangent discontinuities
in the edgel chains, and finally straight line estimation by
orthogonal regression.

Then lines in 3D are generated by using an implemen-
tation of the line matching algorithm for 3 views described
in [12]. Matches are disambiguated by a geometric con-
straint over 3 views (using epipolar geometry and trifocal
geometry), together with a photometric constraint based on
line intensity neighbourhoods. Here the line matching is
extended to six views. Figure 2 shows the result of the line
matching on the data set of figure 1. Note that some of the
scene lines are missing, and some of the recovered lines are
fragmented.

Producing piecewise planar models. There are three main
stages, which will be illustrated on the building of figure 6a:

1. Computing reliable half-planes defined by one 3D line
and similarity scores computed over all the views (sec-
tion 2). This is the most important and novel stage of
the algorithm.

2. Line grouping and completion based on the computed
half-planes (section 3). This involves grouping neigh-
bouring 3D lines belonging to the same half-plane, and
also creating new lines by plane intersection.

3. Plane delineation and verification where the lines of
the previous stage are used to delineate the plane
boundaries (section 4).

(@) o)

Figure 2. Line matching. (a) 137 lines are matched
automatically over 6 views. Their 3D position (shown)
is determined by minimizing reprojection error over each
view in which the line appears. (b) The lines projected onto
the first image of figure 1.

Figure 3. The one-parameter family of half-
planes containing the 3D line L. The family
induces a one-parameter family of homographies between
any pair of images.

2. Computing half-planes

Principles and objectives. Given a 3D line, there is a one-
parameter family of planes w(#) containing the line (see
figure 3). As each plane defines a (planar) homography be-
tween two images, the family also defines a one-parameter
family of homographies H(#) between any pair of images.
Each side of the line can be associated with a different half-
plane.

Our objective is therefore to determine for each line side
whether there is an attached half-plane or not, and if there is
we want to compute a best estimate of §. We wish to employ
only the minimal information of a single 3D line and its im-
age neighbourhood. Essentially we are hypothesising a pla-
nar facet attached to the line, and verifying or refuting this
model hypothesis using image support over multiple views.

Method. The existence of an attached half-plane and a
best estimate of its angle is determined by measuring image
similarity over multiple views. The geometry is illustrated
in figure 4. Given 6, the plane 7 (6) defines a point to point
map between the images. If the plane is correct then the
intensities at corresponding pixels will be highly correlated.
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Figure 4. Geometric correspondence be-
tween views. Given 6, the homography H'() deter-
mines the geometric map between a point in the first image
and its corresponding point in image 2.

In more detail, the plane () attached to a 3D line L
is assessed by a similarity score computed over the 6 im-
ages according to the homographies defined by 8. Given the
plane (6) there is a homography represented by 3 X 3 ma-
trix Ht(6) between the first and ith view, so that correspond-
ing points are mapped as x* = H'x, where x and x* are
image points represented by homogeneous 3-vectors. The
homography matrix is obtained from the 3 x 4 camera pro-
jection matrices for each view. For example, if the projec-
tion matrices for the the first and ith views are P = [I | 0]
and P* = [A* | a’] respectively, and 3D points X on the
plane satisfy ' X = 0, where the plane is represented as a
homogeneous 4-vector in the world frame, then [7]

L 1
H = A +a'vT wherev = —— (my,m,m3) |
T4

provided m4 # 0. Note, v is independent of the view 1.

The similarity score function has been designed to be
selective, and also robust to occluded portions and irrelevant
points. It is defined as:

Sim(8) =
view ¢ valid

/ w(x)Cor?(x,H* (8)x)
POI

and ranges between (0, 1). Figure 5 shows two typical ex-
amples of score functions. In the following, the various
terms and parameters are described and motivated.

First, it is necessary to determine a texture point set in
order to produce a selective and discriminating similarity
function of 8. Consider the case that the intensity of the im-
age is locally homogeneous, then correlation between im-
ages is similar for any ¢ and provides no discrimination.

; iR
LS. /z/ ,,,,, P
o /
80 60 - 50 80

0
angle (deg)

Figure 5. Example of similarity score func-
tions Sim(6). The black curve corresponds to a valid
plane, whereas the grey one is rejected. The following
validity criteria are used: maximum value of the function
Sim(8™**) > 0.4, absolute value of the estimated second
derivative around the maximum |Sim'' (6™**)| > 4.0, and
global amplitude Sim (0™°%) — Sim(6™™) > 0.2.

Figure 6. Points of interest. (a) Detail of figure 2
with projected 3D lines (white). This building is used to il-
lustrate the reconstruction method. The correct reconstruc-
tion is a four plane hip roof. (b) Detected edges (black)
after applying an edge detector with a very low threshold
on gradient. These edges provide the points of interest.

However, at locally textured regions this problem will not
arise. Correlation is thus computed only in the neighbour-
hood of textured Points Of Interest (POI). These points are
selected by applying an edge detector to the first image,
with a very low threshold on gradient (an example is given
in figure 6). The edges are then linked and regularly sam-
pled. The choice of the first view is arbitrary and can be
automated by selecting the most textured image.

The correlation term Cor(x,x*) is the centred nor-
malised cross-correlation between x in the first view and x*
in the ith view, evaluated over the points of interest. Cross-
correlation is used because empirically it is highly selec-
tive on 8 over textured intensity regions. The correlation
is squared in order to give more weight to high scores, and
therefore to be less sensitive to low scores which can locally
occur in some views (in occluded areas for instance).

The weighting factor w(x) is inversely proportional to
the distance of the point x from the line L projected onto the
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Figure 7. Effect of the base line on 2-view sim-
ilarity scores. The black curve corresponds to a short
bascline between views, the grey curve to a wide one (same
half-plane). A short baseline leads to high maxima (low dis-
torsion between the images), but often located with a poor
accuracy (wide peak); in contrast, a wide baseline is more
likely to produce accurate maxima, but with a lower score.
However, the maxima generally differ by less than 5°.

first view. This weighting provides some robustness, since
it gives more weight to points which are closer to the line,
and consequently are less likely to belong to other planes.
Finally, additional robustness is provided by only including
valid views in the summation. Valid views are those which
have at least a threshold number of high correlation scores at
points of interest, thereby rejecting views where the plane
might be occluded. Averaging the scores over views ex-
ploits the complementarity of the short and wide baseline
separations (see figure 7).

The optimal angle € is computed by searching for the
maximum of the function Sim () over arange —F < 8 <
Z. The algorithm used is recursive sub-division with a ter-
mination criterion of A8 < 1°. The half-plane hypothesis
is accepted or rejected as valid according to the character-
istics of Sim(#) as shown in figure 5. The line side is then
classified as supporting or not supporting a half-plane. For
example, an occluding edge would not have a half-plane at-
tached on the occluded side.

Results of half-plane detection. Figure 8 shows all the
half-planes which are hypothesised on the example build-
ing. All parts of the roof of the main building are detected,
whereas no valid planes are detected for the walls within the
considered angle interval (we are not aiming to reconstruct
vertical walls). Occasionally erroneous half-planes arise at
shadows, but these are removed in the subsequent stages.

3. Grouping and completion of 3D lines based
on half-planes

The computed half-planes are now used to support line
grouping and the creation of new lines.

Figure 8. Detected half-planes over the inter-
val [-75%; +75°].

Collinear grouping (figure 9). Two collinear lines which
have attached coplanar half-planes are merged together.
The result of the collinear grouping of half-planes of figure
8 is shown in figure 11a.

Coplanar line and half-plane grouping (figure 10). Any
line which is neighbouring and coplanar with the current
plane is associated with it (see the example of figure 11b).

Creating new lines by plane intersections (figure 12).
New lines are created when two neighbouring planes in-
tersect in a consistent way. This is very important as it
provides a mechanism for generating additional lines which
may have been missed during image feature detection (see
the example of figure 13).

Figure 9. Collinear grouping. The optimal plane
angle is recomputed for the merged line, again using
Sim(0) as described in section 2. This is more accurate
than, for instance, averaging angles.

Figure 10. Coplanar line and half-plane group-

ing. In the top case, L belongs to the half-plane w(Lo),

and a new plane is computed by orthogonal regression to a

regular point sampling of Lo and L. In the bottom case, L

has an attached but consistent half-plane, therefore the two
plane hypotheses are merged into a new unique plane, also

computed by orthogonal regression.
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Figure 11. Line grouping. (a) Collinear grouping re-
duces the 9 planes prior to grouping to only 6. (b) Coplanar
grouping and plane merging reduces the number of planes
further so that only 4 remain. These are the correct four
planes which define the roof, but at this stage the plane
boundaries are not delineated.

AZ- new line

\ new line

Figure 12. Creation of new lines when two
planes intersect.

4. Plane delineation and verification

In order to produce a piecewise planar model of the scene
a closed delineation is required for each plane. For this pur-
pose, it is necessary to determine its border (or bounding)
lines. The initial support line of a plane is a natural border
line. Additional border lines are created as shown in figure
14. A closed delineation is then computed by using heuris-
tic grouping rules [9, 10, 13] to associate border lines. If
only one border line has been detected, then the plane is re-
jected, and this provides a very efficient culling mechanism
for removing erroneous half-planes. Figure 15 shows both
the 2D delineation and a 3D view of the roof produced for
the building of figure 6.

Each delineated 3D face so produced is then verified by
assessing intensity similarity over the complete image set,
at corresponding points within the projected delineation.
This verification step removes fallacious planes, for exam-
ple those which erroneously bridge two buildings.

Finally, occlusion reasoning is used to signal conflicts
between possibly inconsistent plane hypotheses. A conflict
occurs between two hypotheses when their projections onto
an image significantly overlap, i.e. when one of them is oc-
cluded by the other. Where conflicts arise, they are resolved
based on a confidence score determined from the ratio of
the length of detected 3D lines to hypothesised lines in the
delineation.

Figure 13. Example of new lines. The black lines
are created by plane intersection.

‘border dnes (20)

Figure 14. Plane delineation: border line com-
putation. (a) The line L lies in the plane = (Lo) but has
an attached plane which is not consistent with it, therefore
it is stored as a border line; (b) The line L does not belongs
to the plane r(Lo) but it is stored as a border line.

5. Results

Figure 16 shows the 3D reconstruction of the full scene
of figure 1. Figure 17 shows results on a much larger exam-
ple. Note that complicated and unusual roofs (for example
the factory in the upper part of the figure) have been com-
pletely recovered. This also demonstrates how little radio-
metric texture is required by the method, since roofs with
virtually homogeneous intensity are retrieved. Only two
roofs are missed in the entire scene.

The versatility of the method is demonstrated on figure
18 where the images are of an indoor scene, at a different
scale and under differing photometric conditions to those of
the aerial images. The main planes of the scene are correctly
retrieved.

Performance. The quality of the reconstruction is governed
by the accuracy of the input line set. If lines are missing in
the input set, then a proportion of these will be generated by
plane intersection. If there are erroneous lines in the input
set, then many of these will be culled, with their associated
half-planes, in the final verification stages. Consequently,
the method is robust to a number of missing and erroneous
lines. However, in general superior performance is achieved
if too many, rather than too few, lines are supplied. This
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Figure 15. Example of reconstructed roof. (a)
Delineation of the validated roofs projected onto the first
image; (b) 3D view with texture mapping.

is because a line is the only mechanism for instantiating a
plane hypothesis, and if lines are missing then entire planes
may be missed.

Of the three stages of the method, the half-plane detec-
tion stage is the most robust and is also the most expen-
sive. This stage requires very few parameters to be spec-
ified. When a face is well textured (as in the case of the
example building roof of figure 6), the angle of the initial
half-plane is estimated to an accuracy of better than 2°.
When there is little texture, the accuracy can decrease to
5°, but a higher accuracy is determined during the copla-
nar grouping stage. The computation time can be reduced
by using a sub-sampling of the points of interest, as well
as an improved optimization process (based for example on
Newton’s method rather than recursive subdivision).

In grouping operations, thresholds on distances are
avoided by defining a topological neighbourhood between
projected lines, which also enables quick access to neigh-
bours. The plane delineation stage is the least robust to
changes in scene type because it involves heuristic group-
ing rules.

6. Future work and extensions

The results demonstrate that it is possible to automati-
cally reconstruct piecewise planar scenes from multiple im-
ages using quite minimal information. We are currently in-
vestigating the following areas:

First, the similarity score, although successful, is empir-
ically based. An alternative approach would be to develop
a probabilistic framework and compute a posterior estimate
for the plane angle and the likelihood that a plane is there.

Second, the approach of this paper is complementary to
roof generation systems based on the grouping of at least
two neighbouring coplanar lines {3, 9]. However it is not
an alternative to such systems, and an efficient and robust
approach would use both. This requires an architecture for

a cooperating strategy to be developed.

Third, parametrized models (for example a hip roof)
should be instantiated from the reconstructed roofs when-
ever possible. The advantage is that such models can be
optimally fitted to the images by (robustly) minimizing re-
projection error over all views. This should improve the
accuracy of the plane delineation.
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Figure 16. Results on the full example scene. (a) 49 detected half-planes from 137 3Dlines (b) Delineation of the
final roofs projected onto the first image; (¢) 3D model of the scene, with texture mapping (12 roof planes). The vertical walls are
produced by extruding the roof’s borders to the ground plane.

Figure 17. Results on a large aerial scene.(a) One of the 6 images (size 1200 x 1200 pixels) and the 739 projected 3D
lines. (b) Detected half-planes (267). (c) 3D model of the scene, with texture mapping (180 roof planes).

Figure 18. Results on an indoor scene.(a) One of the 6 images (size 512 x 512 pixels) and the 87 projected 3D lines.
(b) Detected half-planes (30). (c) 3D model of the scene, with texture mapping (5 planes).
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Abstract. We present a technique to extract complex suburban roofs
from sets of aerial images. Because we combine 2-D edge information,
photometric and chromatic attributes and 3-D information, we can deal
with complex houses. Neither do we assume the roofs to be flat or recti-
linear nor do we require parameterized building models. From only one
image, 2-D edges and their corresponding attributes and relations are
extracted. Using a segment stereo matching based on all available im-
ages, the 3-D location of these edges are computed. The 3-D segments
are then grouped into planes and 2-D enclosures are extracted, thereby
allowing to infer adjoining 3-D patches describing roofs of houses. To
achieve this, we have developed a hierarchical procedure that effectively
pools the information while keeping the combinatorics under control. Of
particular importaace is the tight coupling of 2-D and 3-D analysis.

1 Introduction

The extraction of instances of 3-D models of buildings and other man-made
objects is currently a very active research area and an issue of high importance to
many users of geo-information systems, including urban planners, geographers,
and architects.

Here, we present an approach to extract complex suburban roofs from sets
of aerial images. Such roofs can neither be assumed to be flat nor to have sim-
ple rectangular shapes. In fact, their edges may not even form ninety degrees
angles. They do tend, however, to lie on planes. This specific problem is a typi-
cal example of the general Image Understanding task of extracting instances of
generic object classes that are too complex to be handled by purely image-based
approaches and for which no specific template exists.

Because low-level methods typically fail to extract all relevant features and
often find spurious ones, existing approaches use models to constrain the problem
[15]. Traditional approaches rely almost exclusively on the use of edge-based
features and their 2-D or 3-D geometry. Although 3-D information alleviates the
problem, instantiating the models is combinatorially explosive. This difficulty

* We acknowledge the support given to this research by ETH under project 13-1993-4.
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is typically handled by using very constrained models, such as flat rectilinear
roofs or a parameterized building model, to reduce the size of the search space.
These models may be appropriate for industrial buildings with flat roofs and
perpendicular walls but not for the complicated suburban houses that can be
found in scenes such as the one of Fig. 1.

It has been shown, however, that combining photometric and chromatic re-
gion attributes with edges leads to vastly improved results over the use of either
alone [6, 11]. The houses of Fig. 1 require more flexible models than the stan-
dard ones. We define a very generic roof primitive: we take it to be a 3-D patch
that is roughly planar and encloses a compact polygonal area with consistent
chromatic and luminance attributes. We therefore propose an approach that
combines 2-D and 3-D edge geometry with region attributes. This is not easy to
implement because the complexity of the approach is likely to increase rapidly
with the number of information sources. Furthermore, these sources of informa-
tion should be as robust as possible but none of them can be expected to be
error-free and this must be taken into account by the data-fusion mechanism.

Figure 1 Two of the four registered 1800 x 1800 images that are part of our residential
dataset (Courtesy of Institute of Photogrammetry and Geodesy at ETH Ziirich).

To solve this problem, we have developed a procedure that relies on hierarchi-
cal hypothesis generation, see Fig. 2. The procedure starts with a multi-image
coverage of a site, extracts 2-D edges from a source image, computes corre-
sponding photometric and chromatic attributes, and their similarity relation-
ships. Using both geometry and photometry, it then computes the 3-D location
of these edges and groups them to infinite planes. In addition, 2-D enclosures
are extracted and combined with the 3-D planes to instances of our roof prim-
itive, that is 3-D patches. All extracted hypotheses of 3-D patches are ranked
according to their geometric quality. Finally, the best set of 3-D patches that
are mutually consistent are retained, thus defining a scene parse. This procedure
has proven powerful enough so that, in contrast to other approaches to generic
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roof extraction (e.g. [14, 6, 4, 13, 7, 12]), we need not assume the roofs to be flat
or rectilinear or use a parameterized building model.

Note that, even though geometric regularity is the key to the recognition of
man-made structures, imposing constraints that are too tight, such as requiring
that edges on a roof form ninety degrees angles, would prevent the detection of
many structures that do not satisfy them perfectly. Conversely, constraints that
are too loose will lead to combinatorial explosion. Here we avoid both problems
by working in 2-D and 3-D, grouping only edges that satisfy loose coplanarity
constraints, weak 2-D geometric and similarity constraints on their photometric
and chromatic attributes. None of these constraints is very tight but, because
we pool a lot of information from multiple images, we are able to retain only
valid object candidates.

2-D Framework 3-D Framework
n

st

Edgel Aggregation /

i 4
Attributes 2D )———————=>(_Segment Matching
Cont:
e Coplanar Grouping

C
]

I
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Enclosures in 2D > ®_> 3D CAD Model

Figure 2 Our hierarchical framework, a feed-forward scheme, where several compo-
nents in the 2-D scheme mutually exchange data and aggregates with the 3-D modules.

We view the contribution of our approach as the ability to robustly com-
bine information derived from edges, photometric and chromatic area properties,
geometry and stereo, to generate well organized 3-D data structures describing
complex objects while keeping the combinatorics under control. Of particular
importance is the tight coupling of 2-D and 3-D analysis.

For our experiments, we use a state-of-the-art dataset produced by the Insti-
tute of Geodesy and Photogrammetry at ETH Zirich. It consists of a residential
and an industrial scene with the following characteristics: 1:5,000 image scale
vertical aerial photography, four-way image overlap, color imagery, geometrically
accurate film scanning with 15 microns pixel size, precise sensor orientation, and
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accurate ground truth including DTM and manually measured building CAD-
models. The latter are important to quantitatively evaluate our results.

Our hierarchical parsing procedure is depicted in Fig. 2. Below we describe
each of its components: 2-D edge extraction, computation of photometric and
chromatic attributes, definition of similarity relationships among 2-D contours,
3-D edge matching and coplanar grouping, extraction of 2-D enclosures, and
finally, generation and selection of candidate 3-D object models. Last, we present
and discuss our results.

2 Attributed Contours and their Relations
2.1 Edge Detection and Edgel Aggregation

Our approach is based on grouping contour segments. The presented work does
not require a particular edge detector, however, we believe it is wise to use the
best operator available to obtain the best possible results. For this reason we
use the SE energy operator (suppression and enhancement) recently presented
in [8]. The operator produces a more accurate representation of edges and lines
in images of outdoor scenes than traditional edge detectors due to its superior
handling of interferences between edges and lines, for example at sharp corners.

The edge and line pixels are then aggregated to coherent contour segments
by using the algorithm described in [10]. The result is a graph representation of
contours and vertices, as shown in Fig. 3B. Each contour has geometric attributes
such as its coarse shape, that is straight, curved or closed.

Figure 3 (A) a cut-out 350 x 350 from the dataset in Fig.1, (B) The resulting
attributed graph with all its contours and vertices, (C) the flanking regions with
their corresponding median luminance attributes. The background is black.

2.2 Photometric and Chromatic Contour Attributes

The contour graph contains only basic infermation about geometry and connec-
tivity. To increase its usefulness, image attributes are assigned to each contour
and vertex. The attributes reflect either properties along the actual contour
(e.g. integrated gradient magnitude) or region properties on either side, such as
chromatic or photometric homogeneity.

Since we are dealing with fairly straight contours the construction of the
flanking regions is particularly simple. The flanking region is constructed by a
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translation of the original contour in the direction of its normal. We define a
flanking region on each side of the contour. When neighboring contours interfere
with the constructed region, a truncation mechanism is applied. In Fig. 3C we
display all flanking regions. For more details we refer to [9].

To establish robust photometric and chromatic properties of the flanking re-
gions, we need a color model that accurately represents colors under a variety
of illumination conditions. We chose to work with HVC color spaces since they
separate the luminant and chromatic components of color. The photometric at-
tributes are computed by analyzing the value component, whereas the chromatic
attributes are derived from the hue and chroma components. As underlying color
space we use the CIE(L*a*b*) color space because of its well based psychophysical
foundation; it was created to measure perceptual color differences [16}.

Since each flanking region is assumed to be fairly homogeneous (due to the
way it is constructed), the data points contained in each region tend to concen-
trate in a small region of the color space. As we deal with images of aerial scenes
where disturbances like chimneys, bushes, shadows, or regular roof texture are
likely to be within the defined regions, the computation of region properties must
take outliers into account. Following the approach in [11] we represent photo-
metric attributes with the median luminance and the interquartile range (IQR),
see Fig. 3C. The chromatic region properties are computed analogously from the
CIE(a*b*) components and are represented by the center of the chromatic cluster
and the corresponding spreads.

2.3 Contour Similarity Relations

Although geometric regularity is a major component in the recognition of man-
made structures, neglecting other sources of information that corroborate the
relatedness among straight contours imposes unnecessary restrictions on the ap-
proach. We propose to form a measure that relates contours based on similarity
in position, orientation, and photometric and chromatic properties.

For each straight contour segment we define two directional contours pointing
in opposite directions. Two such directional contours form a contour relation
with a defined logical interior. For each contour relation we compute four scores
based on similarity in luminance, chromaticity, prozimity, and orientation and
combine them to a single similarity score by summation.

Three consecutive selection procedures are applied, retaining only the best
non-conflicting interpretations. The first selection involves only two contours
(resp. four directional contours) and aims at reducing the eight possible inter-
pretations to less or equal to four. The second selection procedure removes short-
cuts among three directed contours. The final selection is highly data-driven and
aims at reducing the number of contour relations from each directed contour to
only include the locally best ones. All three selection procedures are based on
analysis of the contour similarity scores. Due to lack of space we refer to [11] for
more details.
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