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FIELD AND BACKGROUND OF THE INVENTION

[0001] The present invention relates to a system and a method enabling a
cost-effective, high-fidelity, three-dimensional modeling of a large-scale urban

environment.

[0002] With the proliferation of the Internet, online views of the real world
became available to everybody. From static, graphic, two-dimensional maps to live
video from web cams, a user can receive many kinds of information on practically
any place in the world. Obviously, urban environments are of a great interest to a

large number of users.

[0003] However, visualization of urban environments is complex and
challenging. There exist three-dimensional models of urban environment that are also
available online. These models enable a user to navigate through an urban
environment and determine the preferred viewing angle. Such three-dimensional
urban models are rather sketchy and therefore cannot provide the user the experience

of roving through "true" urban places.

[0004] The terms “virtual city”, “cybertown” or “digital city” frequently
appearing on the Web and in ‘other computer applications, are being employed for a
variety of information contents and interfaces. An important distinction has to be
made in the type of various virtual cities. The following description helps to elucidate

this distinction.

[0005] “Flat” virtual cities use “flat” image maps of buildings and streets as a
static interface. In many cases stylized town maps of familiar landmarks and buildings

are used as graphical icons to further online information.

[0006] Three-dimensional virtual cities use visual simulation, and/or virtual
reality technologies, to model the urban built to varying degrees of accuracy and
realism. Such virtual cities are usually navigable in the sense that the user can walk
around and fly through the scene. The recently launched Google Earth service
features very crude 3D representations (“box-models™) of over 30 major US cities. In

more intricate 3D-city models, buildings are represented as 3D polygons with textures
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to add realism. Virtual Reality Modeling Language (VRML) is often used to create
such sites, although they are seldom compiled using accurate base map data as

geodetic foundation and generally cover only a small part of the city.

[0007] Precise “cyber-copies” of actual cities that give their users genuine
sense and perception of “real” urban places do not exist yet in commercial

applications.

[0008] Most of the existing activities aimed at creating “true” virtual cities
with photo-realistic built, richness and fullness of geo-referenced information content,
crucial to support professional applications and social interaction between the users in

a most meaningful and intuitive way, are still at their early research stages.

[0009] Currently practiced methodologies to produce precise and complete
3D-city models are extremely laborious and time-consuming. They lead to excessive
production cost and schedule, and do not represent a commercially acceptable

solution for constructing full-size city models anywhere in the world.

[0010] A major productivity improvement in data collection and 3D modeling
is needed for transforming the existing high-fidelity urban modeling tools into an

industrially viable solution.

[0011] There is thus a widely recognized need for, and it would be highly
advantageous to have, a system and method for creating a high-fidelity 3D-model of

large-scale urban environments, devoid of the above limitations.
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SUMMARY OF THE INVENTION

[0012] According to one aspect of the present invention there is provided a

method for three-dimensional (3D) modeling of an urban environment, the method

including:
[0013] a) acquiring imagery of the urban environment including:
[0014] 1) aerial imagery including at least one stereo-pair of vertical

aerial images, and oblique aerial images taken in four main directions; and

[0015] 2) street-level imagery including a plurality of terrestrial
photographs, and a plurality of terrestrial laser scans;

[0016] b) acquiring metadata including information pertaining to:
performance, spatial location and orientation of imaging sensors providing the aerial
imagery and street-level imagery;

[0017] ¢) identifying pixels representing ground control-points and tie-points
in every instance of the imagery, in which the ground control points and tie-points
have been captured;

[0018] d) co-registering the instances of the imagery using the ground
control-points, the tie-points and the metadata, and

[0019] e) referencing the co-registered imagery to a common, standard
coordinate system;

[0020] wherein the referenced and co-registered imagery enables extraction of
ground coordinates for each pixel located in overlapping segments of the imagery,

representing a 3D-point within the urban environment.

[0021] According to another aspect of the present invention there is provided
the three-dimensional modeling method additionally including:

[0022] f) determining ground coordinates for a collection of selected pixels
of the imagery;

[0023] g) forming a three dimensional box-model of selected modeling units
spanned over the ground coordinates of the collection of selected pixels; and

[0024] h) incorporating geometric details and textural details into the

modeling units forming a high-fidelity 3D-model of the urban environment.
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[0025] According to yet another aspect of the present invention there is
provided the three-dimensional modeling method, wherein the step of incorporating
geometric details and textural details into the modeling units forming a high-fidelity

3D-model of the urban environment, includes:

[0026] 1) dividing the 3D-model into data-layers including:

[0027] i) a building-models data-layer including at least one 3D
building model;

[0028] ii) a terrain-skin data-layer including a 3D terrain skin model;
and

[0029] iii) a street-level-culture data-layer including at least one 3D
street-level-culture model;

[0030] 2) developing the 3D building models, the 3D terrain skin models,
and the 3D street-level-culture models;

[0031] 3) creating several levels-of-detail for the data layers: and

[0032] 4) merging corresponding instances of at least one 3D building

model, terrain skin model, and street-level-culture models, forming a high-fidelity

3D-model of the urban environment.

[0033] According to still another aspect of the present invention there is
provided the three-dimensional modeling method additionally including:

[0034] i) storing the 3D-model in a database.

[0035] Further according to another aspect of the present invention there is
provided the three-dimensional modeling method additionally including:

[0036] j) dividing the urban environment into city-block segments;

[0037] k) applying the steps f to h to each city-block segment to form a 3D
model of the city-block segment, independently of other city-block segments; and
[0038] 1) integrating the 3D models of the city-block segments to form an

integrated 3D model of the urban environment.

[0039] Further according to yet another aspect of the present invention there is
provided the three-dimensional modeling method wherein the vertical aerial imagery

includes a plurality of stereo-pairs of vertical images providing a continuous coverage
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of the urban environment and -a plurality of oblique aerial images providing a

continuous coverage of the urban environment in four main directions.

[0040] Further according to still another aspect of the present invention there '
is provided the three-dimensional modeling method, wherein the step of developing
the 3D building models, the 3D terrain skin model, and the 3D street-level-culture
models, includes at least one of:

[0041] 1) automatically importing selected segments of the imagery and
associated metadata that are pertinent to modeling a specific city-block segment;
[0042] 2) automatically identifying best image quality photographic textures
of the selected segments;

[0043] 3) automatically pasting the best image quality photographic textures
onto corresponding 3D-geometry;

[0044] 4) interactively determining spatial location of repetitive

3D-geometric elements;

[0045] 5) automatically inserting the repetitive 3D-geometric elements into
the 3D-model;
[0046] 6) interactively determining at least one of precise spatial location,

physical size, and cross-sections of specific details extracted from the 3D street-level

imagery;

[0047] 7) automatically inserting the specific details into the 3D model of
the urban environment;

[0048] 8) interactively creating templates of building details;

[0049] 9) selectively implanting the templates into at least one of the 3D

building models, terrain skin model and street-level-culture models; and
[0050] 10) automatically generating a 3D-mesh representing the terrain skin
surface, using a predetermined set of 3D-points and 3D-lines ("polylines") belonging

to the 3D terrain skin model, without affecting existing 3D-details.

[0051] Still further according to another aspect of the present invention there
is provided a computer program product, stored on one or more computer-readable
media, including instructions operative to cause a programmable processor to:

[0052] a) acquire imagery of the urban environment including:
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[0053] 1) aerial imagery including at least one of stereo-pair of vertical
aerial images, and oblique aerial images taken in four main directions; and

[0054] 2) street-level imagery including a plurality of terrestrial
photographs, and a plurality of terrestrial laser scans;

[0055] b) acquire metadata including information pertaining to:
performance, spatial location and orientation of imaging sensors providing the aerial
imagery and street-level imagery;

[0056] c¢) identify pixels representing ground control-points and tie-points in
every instance of the imagery, in which the ground control-points and tie-points have
been captured;

[0057] d) co-register the instances of the imagery using the ground control
points, the tie-points and the metadata; and

[0058] ¢) reference the co-registered imagery to a common, standard
coordinate system, enabling thereby extraction of ground coordinates for each pixel
located in overlapping segments of the imagery, representing a 3D-point within the

urban environment.

" [0059] Even further according to another aspect of the present invention there
is provided the computer program product including additional instructions operative

to cause the programmable processor to:

[0060] f) determine ground coordinates for a collection of selected pixels in
of the imagery;
[0061] g) form a three dimensional box-model of selected modeling units

spanned over the ground coordinates of the collection of selected pixels; and
[0062] h) incorporate geometric details and textural details into the modeling

units forming a high-fidelity 3D-model of the urban environment.

[0063] Additionally according to another aspect of the present invention there
is provided the computer program product including additional instructions operative

to cause the programmable processor to:

[0064] 1) divide the 3D-model into data layers including:
[0065] i) a building-models data-layer including at least one 3D
building model;

[0066] ii) aterrain-skin data-layer including 3D terrain-skin model; and
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[0067] iii) a street-level-culture data-layer including at least one 3D
street-level-culture model; and
[0068] 2) developing the 3D building models, the 3D terrain skin models,
and the 3D street-level-culture models;
[0069] 3) creating several levels-of-detail for the data layers: and
[0070] 4) merging corresponding instances of at least one the 3D building

model, terrain skin model, and street-level-culture models, forming a high-fidelity

3D-model of the urban environment.

[0071] Additionally according to yet another aspect of the present invention
there is provided the computer program product including additional instructions
operative to cause the programmable processor to:

[0072] i) storing the 3D-model in a database.

[0073] Additionally according to still another aspect of the present invention
there is provided the computer program product including additional instructions
operative to cause the programmable processor to:

[0074] j) divide the urban environment into city-block segments;

[0075] k) apply the steps f to h to each city-block segment to form a 3D
model of the city-block segment, independently of other city-block segments; and
[0076] 1) integrate the 3D models of the city-block segments to form an

integrated 3D model of the urban environment.

[0077] Also according to another aspect of the present invention there is
provided the computer program product including additional instructions operative to

cause the programmable processor to perform at least one function of*

[0078] 1) import selected segments of the imagery and associated metadata
that are pertinent to modeling a specific city-block segment;

[0079], 2) identify best image quality photographic textures of the selected
segments;

[0080] 3) paste the best image quality photographic textures onto

corresponding 3D-geometry;
[0081] 4) enable a user to interactively determine spatial location of

repetitive 3D-geometric elements;
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[0082] 5) insert the repetitive 3D-geometric element into the 3D-model;
[0083] 6) enable a user to interactively determine at least one of precise

spatial location, physical size, and cross-sections of specific details extracted from the

3D street-level imagery;

[0084] 7) automatically insert the specific details into the 3D model of the
urban environment;

[0085] 8) enable a user to interactively create templates of building details,
[0086] 9) selectively implant the templates into at least one of the 3D

building models, terrain skin model and street-level-culture models; and
[0087] 10) automatically generate a 3D-mesh representing the terrain skin
surfaces, using a predetermined set of 3D-points and 3D-lines ("polylines") belonging

to the 3D terrain skin model, without affecting existing 3D-details.

[0088] Also according to yet another aspect of the present invention there is
provided a method for managing development of a three-dimensional (3D) model of

an urban environment, the method including:

[0089] a) assigning the task of modeling a city-block segment of the urban
environment to a 3D modeler;

[0090] b) importing imaging data associated with the city-block segment to a
workstation operated by the 3D modeler;

[0091] ¢) monitoring progress of the 3D modeling process of the city-block
segment by a production manager; and

[0092] d) progressively collecting and storing products of the 3D modeling
work process.

[0093] Also according to still another aspect of the present invention there is

provided the method for managing development of a three-dimensional (3D) model of
an urban environment additionally including:
[0094] e) initiating quality control reviews of the 3D modeling processes

according to progress.

[0095] According to another aspect of the present invention there is provided
the method for managing development of a three-dimensional (3D) model of an urban

environment additionally including:
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[0096] e) providing statistical reports of the 3D modeling processes.
[0097] Further according to another aspect of the present invention there is

provided a computer program product for managing the development of a
three-dimensional (3D) model of an urban environment, the program including

instructions operative to cause a programmable processor to:

[0098] a) assign the task of modeling a city-block segment of the urban
environment to a 3D modeler;

[0099] b) import imaging data associated with the city-block segment to a
workstation operated by the 3D modeler;

[0100] ¢) monitor progress of the 3D modeling process of the city-block
segment by a production manager; and

[0101] d) progressively collect and store products of the 3D modeling
process.

[0102] Further according to yet another aspect of the present invention there is

provided the computer program for managing the development of a three-dimensional
(3D) model of an urban environment, the program including additional instructions
operative to cause the programmable processor to:

[0103] ) initiate quality control réviews of the 3D modeling processes

according to work progress.

[0104] Further according to still another aspect of the present invention there
is provided the computer program product for managing the development of a
three-dimensional (3D) model of an urban environment, the program including
additional instructions operative to cause the programmable processor to:

[0105] f) provide statistical reports of the 3D modeling processes.

[0106] Still further according to another aspect of the present invention there
is provided a mobile terrestrial device operative to acquire street-level imagery for
three-dimensional (3D) modeling of an urban environment, the mobile terrestrial
device including:

[0107] a) at least one photographic imaging device;

[0108] b) at least one laser scanner; and
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[0109] ¢) at least one location/orientation measuring device operative to

provide ground positioning information of the mobile terrestrial device.

[0110] Even further according to another aspect of the present invention there
is provided the mobile terrestrial device wherein the photographic imaging device

("camera") including at least one of:

[0111] 1) ahorizontal ("azimuth") rotation manipulator;
[0112] 2) an elevation manipulator; and
[0113] 3) at least one camera capable of being pointed to different azimuth

and elevation angles.

[0114] Additionally according to another aspect of the present invention there
is provided the mobile terrestrial device wherein the location/orientation measuring

device including at least one of:

[0115] 1) a GPS receiver;

[0116] 2) an attitude sensor;

[0117] 3) at least one fast frame-rate, body-fixed digital camera; and

[0118] 4) a rotary encoder coupled to a wheel of the mobile terrestrial
device.

{0119] Additionally according to yet another aspect of the present invention

there is provided a computer program product for a mobile terrestrial device, stored
on one or more computer-readable media, including instructions operative to cause a

programmable processor to collect:

[0120] a) street-level imagery including;
- [0121] 1) aplurality of terrestrial photographs; and
[0122] 2) aplurality of terrestrial laser scans; and
[0123] b) acquiring metadata including information pertaining to:

performance, spatial location and orientation of imaging sensors providing the

street-level imagery.

[0124] Unless otherwise defined, all technical and scientific terms used herein
have the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. The materials, methods, and examples provided herein

are illustrative only and not intended to be limiting. Except to the extent necessary or
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inherent in the processes themselves, no particular order to steps or stages of methods
and processes described in this disclosure, including the figures, is intended or
jmplied. In many cases, the order of process steps may vary without changing the

purpose or effect of the methods described.

[0125] Implementation of the method and system of the present invention
involves performing or completing certain selected tasks or steps manually,
automatically, or any combination thereof. Moreover, according to actual
instrumentation and equipment of preferred embodiments of the method and system
of the present invention, several selected steps could be implemented by hardware or
by software on any operating system of any firmware or any combination thereof. For
example, as hardware, selected steps of the invention could be implemented as a chip
or a circuit. As software, selected steps of the invention could be implemented as a
plurality of software instructions being executed by a computer using any suitable
operating system. In any case, selected steps of the method and system of the
invention could be described as being performed by a data processor, such as a

computing platform for executing a plurality of instructions.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0126] The invention is herein described, by way of example only, with
reference to the accompanying drawings. With specific reference now to the drawings
in detail, it is stressed that the particulars shown are by way of example and for
purposes of illustrative discussion of the preferred embodiments of the present
invention only, and are presented in order to provide what is believed to be the most
useful and readily understood description of the principles and conceptual aspects of
the invention. In this regard, no attempt is made to show structural details of the
invention in more detail than is necessary for a fundamental understanding of the
invention, the description taken with the drawings making apparent to those skilled in

the art how the several forms of the invention may be embodied in practice.
[0127] In the drawings:

[0128] Fig. 1 is a simplified illustration of a three dimensional modeling
system for creating high-fidelity, three-dimensional, models of large-scale urban

environments, according to a preferred embodiment of the present invention;

[0129] Fig. 2 is a simplified flow diagram of a 3D modeling method for
creating the high-fidelity 3D-model of the large-scale urban environment, according

to a preferred embodiment of the present invention;

[0130] Fig. 3 is a simplified illustration of segmentation of the urban
environment, which is pertinent to the step of aerial data preprocessing of the 3D
modeling method of Fig. 2, according to a preferred embodiment of the present

invention;

[0131] Fig. 4 is a simplified illustration of a three-dimensional city box-model
as seen in a perspective view, which is also pertinent to the step of aerial data

preprocessing according to a preferred embodiment of the present invention;

[0132] Fig. 5 is a simplified block diagram of a street-level data collector
(SLDC), which is a part of the 3D modeling system of Fig. 1 and is pertinent to the
step of street-level data-acquisition of the 3D modeling method of Fig. 2, according to

a preferred embodiment of the present invention;
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[0133] Fig. 6 is a simplified illustration of the street-level data collector

(SLDC), according to a preferred embodiment of the present invention;

[0134] Figs. 7A, 7B and 7C are, respectively, a horizontal photograph, an
oblique photograph, and a laser scan point cloud, of a building taken by the SLDC,

according to a preferred embodiment of the present invention;

[0135] Fig. 8 is a simplified illustration of a unified panoramic street-level
image, pertinent to the step of aerial and street-level data-fusion of the 3D modeling

method of Fig, 2, according to a preférred embodiment of the present invention;

[0136] Figs. 9A and 9B, which are simplified illustrations of a box-model
wire-frame, projected onto a corresponding street-level photograph, which is also
pertinent to the step of aerial and street-level data-fusion of the 3D modeling method

of Fig. 2, according to a preferred embodiment of the present invention;

[0137] Fig. 10 is a simplified block diagram of the 3D modeling step of the 3D
modeling method of Fig. 2, according to a preferred embodiment of the present
invention;

[0138] Fig. 11 is a simplified block diagram of a 3D modeling software

package for a modeling station of the 3D modeling system, used by a 3D modeler to

perform the 3D modeling step, according to a preferred embodiment of the present

invention;
[0139] Fig. 12 is a simplified block diagram of 3D-modeling procedures,
performed for a single city-block, according to a preferred embodiment of the present
invention;
[0140] Fig. 13 is simplified viewport of a solid-wall model of a building,

which is a part of the city-block of Fig. 12;

[0141] Figs. 14A, 14B, and 14C are viewports presenting aerial and
street-level photographs of the building of Fig. 13;
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[0142] Fig. 15 is a simplified illustration of an image undergoing interactive
geometry splitting, which is a step in the 3D-modeling procedure performed for a

single building, according to a preferred embodiment of the present invention;

[0143] Fig. 16 is a simplified illustration of a screen display of an interactive
detail builder tool, which is a part of the 3D modeling software package of Fig. 11,

according to a preferred embodiment of the present invention;

[0144] Figs. 17A, 17B and 17C are simplified illustrations of three
levels-of-detail of a 3D-modeling unit, which is the product of the step of 3D
modeling performed for a single city-block, according to a preferred embodiment of

the present invention;

[0145] Fig. 18 is a simplified block diagram of a process of managing the
steps of data pre-processing and 3D-modeling, according to a preferred embodiment

of the present invention; and

[0146] Figs. 19A and 19B are rendered images of 3D city models, produced in
accordance with the 3D modeling system and method of the present invention,
depicting the Piazza La Scala in Milan, Italy, and the City Hall square in Philadelphia,
USA.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0147] The present embodiments comprise systems and methods for creating
high-fidelity, three-dimensional models of large-scale urbVan' environments. The
principles and operation of a 3D modeling system and method, according to the
present invention, may be better understood with reference to the drawings and

accompanying description.

[0148] Before explaining at least one embodiment of the invention in detail, it
is to be understood that the invention is not limited in its application to the details of
construction 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 ouf 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.

[0149] In this document, an element of a drawing that is not described within
the scope of the drawing and is labeled with a numeral that has been described in a
previous drawing has the same use and description as in the previous drawings.
Similarly, an element that is identified in the text by a numeral that does not appear in
the drawing described by the text has the same use and description as in the previous

drawings where it was described.

[0150] Reference is now made to Fig. 1, which is a simplified illustration of a
three dimensional modeling system 10 for creating high-fidelity, three-dimensional,
models of large-scale urban environments, according to a preferred embodiment of

the present invention.

[0151] As shown in Fig. 1, the three dimensional modeling system (3DMS) 10
preferably includes a server 11, and at least one modeling workstation 12 preferably
connected to the server 11 via a communication network 13. The 3DMS 10 enables
3D modelers 14, using the modeling workstations 12, to create an integrated
high-fidelity 3-dimensional (3D) model 15 of a large-scale urban area 16. Preferably,

the 3D modelers 14 are managed by a production manager 17.
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[0152] Preferably, three sources, or types of information are acquired into the
server 11, and are made available to the modeling workstation 12 for developing the

3D model 15. The three types are:

[0153] aerial imagery 18 preferably provided by aerial photography from an
airplane 19;

[0154] street level imagery 20 preferably provided using mobile street-level
data collector (SDLC) 21, and

[0155] auxiliary three dimensional data 22, typically acquired from a plurality

of external information sources.

[0156] Implementation of the 3D-Modeling System 10

[0157] It is appreciated that most of hardware components of the 3D-modeling
system 10 are commercially available off-the-shelf items. Preferably, 3D-modeling
computing hardware is based on standard PCs in the following three preferred

configurations:

[0158] a) An industrial PC, preferably equipped with special-purpose /O
cards, preferably supporting the SLDC 21 data collection and storage.

[0159] b) The desktop workstations 12, typically used by 3D-modelers and
technical support personnel to perform data preprocessing, data fusion and
3D-modeling, preferably employing an operating system such as Windows 2000/XP
or later, available form Microsoft Corporation, One Microsoft Way, Redmond, WA
98052-6399, USA.

[0160] ¢) The servers 11, preferably supporting data storage, archiving and
client-server communications within the city model production facility, preferably

employing an operating system such as Windows 2000/XP or later.
[0161] Software components preferably combine:

[0162] commercial off-the-shelf products such as: Microsoft Windows,
Autodesk 3D Studio, and Erdas Stereo Analyst. Autodesk 3D Studio is available from
Autodesk, Inc., 111 McInnis Parkway, San Rafaei, CA 94903, USA. Erdas Stereo
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Analyst is available from Leica Geosystems, GIS & Mapping Division, 2801 Buford
Highway, Atlanta, Georgia 30329 USA; and
[0163] special-purpose  applications, preferably —developed under

Microsoft Visual Studio/C++ or later Microsoft software development environment.

[0164] All components are preferably integrated into one unified client-server
environment.
[0165] It is therefore appreciated that, since the 3D-modeling system 10

discussed above is preferably based on the integration of standard building-blocks, the
implementation and deployment is highly scalable, as further explained below. It is
appreciated that this scalability is key for effective production of large-scale,

high-fidelity 3D-city models.

[0166] Reference is now made to Fig. 2, which is a simplified flow diagram of
a 3D modeling method 23, for creating the high-fidelity 3D-model 15, of the
large-scale urban environment 16, according to a preferred embodiment of the present

invention.

[0167] Fig. 2 presents overall functionality, and general flow of city model
production activities, according to the modeling method 23. The modeling method 23
depicted in Fig. 2 preferably employs the three sources of information: the aerial
imagery 18, the street level data 20, and the auxiliary 3D data 22. The aerial imagery
18 preferably contains vertical photographs 24, typically taken at an angle of 90° to
the ground; and oblique photographs 25, preferably taken at an angel of 45° to the
ground. Street-level information 20 preferably contains street-level photographs 26

and street-level laser-scan data 27.

[0168] The modeling method 23 preferably contains seven main steps, or
processes:

[0169] a) Aerial data acquisition 28,

[0170] b) Aerial data pre-processing 29, which preferably involves the

acquisition and use of auxiliary 3D data, and preferably produces a box-model 30 of
the urban environment 16,

[0171] c) Street-level data acquisition 31,
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[0172] d) Street-level data pre-processing 32,
[0173] e) Data fusion 33 of the aerial imagery 18, auxiliary 3D data 22 and the
street level data 20, .
[0174] f) Three-dimensional modeling 34 using the aerial imagery 18,
auxiliary 3D data 22 and the street level data 20, and
[0175] g) Archiving 35 of the three-dimensional model.
[0176] Aerial Data Acquisition 28
[0177] Aerial data acquisition 28 involves collection and import of vertical

aerial photographs 24 taken at a vertical angle, and oblique aerial photographs 25
taken at an oblique angle. Such images are standard aerial photography products,

typically based on 150mm and 300mm focal-length mapping cameras.

[0178] To provide adequate coverage of modeled parts of a city, the
photography missions are preferably flown along precisely pre-planned flight paths:

[0179] 1) Vertical photographs 24 are preferably taken by the 150mm
camera at approximately 3000ft above the terrain, along a set of parallel,
straight-and-level flight lines, providing 60% overlap in both longitudinal and lateral

directions.

[0180] 2) Oblique photographs 25 are preferably taken by a 300mm
camera, preferably mounted on a special-purpose mechanical fixture, preferably at a
side-looking angle, typically at a 45°%depression angle, at approximately 2000ft above
the terrain, preferably along 4 sets of parallel, straight-and-level flight lines, providing
continuous coverage of the modeled part of a city in 4 major directions (i.e. four

headings at + 90° angles).

[0181] Hard-copy 230x230mm negatives (typically black & white for vertical
photos and color for oblique ones) produced by the above cameras are preferably
scanned with precise photogrammetic scanners in order to convert them to
corresponding digital files. With further progress of digital mapping cameras,

hard-copy negatives will be replaced by real-time imaging sensors.
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[0182] To enable automated storage and retrieval, appropriate headers are
preferably assigned to the scanned aerial images and metadata describing performance
characteristics of the cameras being used and their approximate location and

orientation at the image taking instances are also added.

[0183] Reference is now made to Fig. 3, which is a simplified illustration of
segmentation 36 of the urban environment 16, according to a preferred embodiment

of the present invention.

[0184] As shown in Fig. 3, the segmentation 36 contains borderlines 37, which
preferably divides the urban environment 16 presented by vertical aerial photograph

38 into city-blocks 39.

[0185] Reference is now made to Fig. 4, Which is a simplified illustration of

the three-dimensional city box-model 30 as seen in a perspective view.

[0186] As shown in Fig. 4 the city box-model 30 preferably contains several
city-block box-models 40. Preferably, each city-block box-model 40 corresponds to a
city-bloc 39.

[0187] Aerial Data Preprocessing 29

[0188] Referring back to Fig. 2 and 3, the aerial data preprocessing 29
preferably applies the following three main preprocessing functions to the acquired

aerial imagery:

[0189] 1) Image solving, ortho-mosaicing and orthomosaic-based
segmentation of the modeled partrof the urban environment 16 into the
city-blocks 39, precisely defined by the segmentation 36, as shown in Fig. 3.
The city-blocks 39 are delineated in Fig. 3 by the yellow borderlines 37.

[0190]2) Stereo-extraction of 3D-lines (so-called 3D-polylines or
photogrammetry data) outlining all buildings within each of the city-blocks
39, and the borderlines 37 of the city-blocks 39. Thus, a box-modeling-unit 41
is created for each of the buildings of the city block 39.
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[0191] 3) Proper alignment, rectification and binding of the aforementioned
3D polylines into corrected box-modeling-units 41, representing individual buildings

within a city-block 39, as shown in Fig. 4.

[0192] It is appreciated that the collection of all box-modeling-unit 741
constitutes the aforementioned city-block box-model 40, and the collection of all
city-block box-models 40 constitutes the aforementioned city box-model 30 of the

urban environment 16.

[0193] Image solving, i.e. finding of 6 degrees of freedom (DOF) parameters
representing location and orientation of airborne cameras at the image taking
instances, and orthomosaicing functions, are preferably based either on precise
Ground Control Points (GCP's) or on precise in-flight INS and/or GPS sensors, and
other types of auxiliary 3D data 22.

[0194] It is appreciated that, due to high-resolution airborne imagery (5-7cm
per pixel), and high precision GCP's (2-3cm), the resulting box-models 30 have

spatial accuracy of 15-20cm (location and elevation-wise).

[0195] Preferably, the box-model 30 serves as a very precise geodetic

foundation for the rest of the 3D-modeling process.

[0196] Reference is now made to Fig. 5, which is a simplified block diagram
of a street-level data collector (SLDC) 21, according to a preferred embodiment of the

present invention.

[0197] Street-Level Data Acquisition 31

[0198] The street-level data acquisition 31 of Fig. 2 preferably involves
collection and import of street-level photographs, laser scans and associated metadata

needed for reconstruction of details indiscernible from aerial photographs.

[0199] Street-level data acquisition 31 is based on the street-level data
collector (SLIDC) 21, which is preferably mounted on a customized cart or a towed
trailer. As shown in Fig, 5 the street-level data collector 31 contains an integrated set

of sensors and electronic gear, which preferably include:
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[0200] a) A camera system 42, preferably containing two digital cameras:
[0201] 1) a horizontal camera 43 with its optical axis pointed at
horizontally, and '
[0202] 2) an oblique camera 44 with its optical axis pointed at 45°
elevation angle.
[0203] Alternatively, the camera system contains one digital camera with
remotely controlled elevation.
[0204] Preferably, the camera system can be rotated horizontally and set

at different azimuth angles (headings) by a horizontal rotator 45.

[0205] b) A two-axis laser scanner 46, preferably providing fast, dense and
precise range measurements (point clouds). Alternatively, a number of one-axis laser

scanners.

[0206] (c) An attitude and navigation subsystem 47, preferably containing at
least one differential GPS receiver 48, attitude sensors 49, fast frame-rate, body-fixed
digital cameras 50, and a rotary encoder 51 coupled to a wheel of a vehicle carrying

the Street-Level Data Collector (SLDC) 21.

[0207] (d) A PC 52, (or a number of PC’s) serving as a system controller,
communication driver and intermediate storage media, and equipped with special

interface cards 53 if needed.

[0208] (€) A laptop 54, preferably networked with the trailer’s PC (typically

located in a towing car cabin) serving as a remote terminal to the system.

[0209] Reference is now made to Fig. 6, which is a simplified illustration of a
street-level data collector (SLDC) 21 mounted on a cart or a trailer 55, according to a

preferred embodiment of the present invention.

[0210] The Street-Level Data Collector (SLDC) 21, preferably collects the
street-level data moving and stopping along pre-planned driving routes. Such routes

preferably pass along all the streets of the modeled part of a city.
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[0211] Depending on street layouts and possible shooting distances, the SLDC
21 preferably applies different scanning patterns. For each stop point, the SLDC 21
preferably collects data of one side. Alternatively and preferably, the SLDC 21
preferably collects data of two sides of the street. Alternatively and preferably, the
SLDC 21 preferably collects data of takes a full 360° scan.

[0212] As shown in Fig. 6, the SLDC 21 preferably includes the horizontal
view camera 43, the oblique view camera 44 and the laser scanner 46, all mounted on
the horizontal rotator 45, mounted on a tripéd 56. The GPS antenna 48 is mounted on
a mast 57. The PC 52 (personal computer, or any other type of computing equipment)
and the interface cards 53 are placed in a compartment 58. The rotary encoder
mounted on the trailer 55 and connected to the wheel 59. Two batteries 60 provide

electric power.

[0213] Reference is now made to Figs. 7A, 7B and 7C, which are simplified
illustrations of a horizontal photograph (7A), an oblique photograph (7B) and a laser
scan point cloud (7C) of a building, according to a preferred embodiment of the

present invention.

[0214] Figs. 7A, 7B and 7C are visual representations of street-level data 20,
which includes:

[0215] street-level photographs 26, including:

[0216] horizontal photograph 61 taken by the horizontal camera 43;
[0217] oblique photograph 62 taken by the oblique camera 44; and
[0218] laser scan 27 point-cloud data, taken by the laser scanner 46.
[0219] The recorded photographs, laser scans, and attitude and navigation

data, are preferably time-stamped to enable creation of metadata needed for

automated data storage, retrieval and pre-processing.

[0220] Street-Level Data Preprocessing 32

[0221] The following main preprocessing functions are preferably applied to
by the street-level data pre-processing 32 of Fig. 2 to the street-level data acquired by

the street-level data acquisition 31 of Fig. 2:



WO 2007/027847 PCT/US2006/033966

24
[0222] 1. Sensor alignment and calibration
[0223] Geometric distortions of digital cameras are preferably corrected, and

for each camera 43 and 44, the interior and exterior parameters are preferably
computed. This computation establishes precise location and orientation of digital
camera, or cameras, with respect to the laser scanner, or scanners, 46, and with the
SLDC axes (preferably by means of data provided by the attitude and navigation
subsystem 47). Preferably, the attitude sensors 49, and the wheel rotary encoder 51,

are calibrated as well.
[0224] 2. Initial registration

[0225] Navigational and attitude data recorded by attitude and navigation

subsystem 47 are recursively filtered, and preferably augmented with:

a) SLDC-to-wall distance extracted from relative location of the

laser point-clouds provided by the laser scanner, or scanners, 46, and

b) solid walls of the corresponding city-block 39, of the
city-block box-model 40.

[0226] It is appreciated that in this way the 6DOF parameters representing
location and orientation of the SLDC 21, at the image and/or scan taking instances

(i.e. at stop points) are preferably established.

[0227] Given very high resolution of street-level imagery, preferably lem per
pixel, the above filtering process preferably provides precise enough registration only
if DGPS (Differential Global Positioning System) receivers are able to perform a
so-called integer-cycle phase ambiguity resolution, which preferably results in a
measurement accuracy of a few centimeters. Otherwise, this initial registration

preferably needs further refinement as explained below.

[0228] 3. Assignment of street-level data 20 to city-blocks 39
[0229] Preferably, all driving paths along which the SLDC 21 has collected

street-level data 20, are divided into segments corresponding to previously established
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city-blocks 39. It is appreciated that in this way the acquired street-level data 20 is
properly assigned to corresponding city-blocks 39.

[0230] Reference is now made to Fig. 8, which is a simplified illustration of a
unified panoramic street-level image 63, according to a preferred embodiment of the

present invention.

[0231] Fig. 8 shows a combination of digital images, taken by the two digital
still cameras 43 and 44 of Fig. 5. The cameras 43 and 44 are rotated by the camera
actuator 45 of the camera system 42, and are set at a number of different azimuth
angles at one stop point, to produce the required set of images. These images are then
combined by a so-called mosaicing process into the unified panoramic street-level

image 63.

[0232] 7 It is appreciated that this unified panoramic street-level image 63,
which enlarges the instantaneous field-of-view of digital cameras, greatly facilitates
recognition and matching of details involved in derivation of the precise collective

solution and 3D-modeling in general.

[0233] Aerial and Street-Level Data Fusion 33

[0234] To efficiently use both aerial and street-level data in the ensuing
3D-modeling process, these two data sets have to precisely merge into one unified

data set. Such data fusion is preferably carried out in a two-step process:
[0235] a) Precise relative solution

[0236] This solution is preferably applied to a street-level data subset collected
along a driving path segment, which corresponds to one city-block 39. If needed, the
initial registration results are re-processed to obtain more precise relative location and
orientation of SLDC at the stop points by means of filtering and correlation of

overlapping street-level photographs and laser point clouds.
[0237] b) Precise collective solution

[0238] This solution is preferably obtained by adjusting the precise relative

solution mentioned above as to achieve the best fit between street-level data
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belonging to consecutive stop points and to corresponding box-model 30 and/or aerial

photos. This is done through three possible matching mechanisms:

[0239] 1. Preferably by matching selected 3D-points in the laser point

clouds with corresponding features of the box-model 30.

[0240] 2. Preferably by matching selected pixels in the sequential
street-level photographs 26.

[0241] 3. Preferably by matching selected pixels in the street-level
photographs 26 with corresponding pixels of aerial imagery 138 projected onto

street-level photographs 26.

[0242] Reference is now made to Figs. 9A and 9B, which are simplified
illustrations of a box-model wire-frame 64, projected onto a corresponding
street-level photograph 65, according to a preferred embodiment of the present

invention.

[0243] Fig. 9A and 9B visualize a preferred result of the data fusion process,
preferably performed by the data fusion process 33 of Fig. 2. Figs. 9A and 9B show a
box-model wire-frame 64, displayed in white lines, projected onto a corresponding

street-level photograph 65.

[0244] In Fig. 9A the projection is preferably made according to 6DOF
parameters resulting from the step of initial registration, preferably performed by the
street-level data pre-processing process 32, described above in accordance with Fig. 2.
The registration of the box-model wire-frame 64 and the corresponding street-level

photograph 65 is clearly not accurate enough.

[0245] Fig. 9B shows the same projection preferably based on more accurate

6DOF parameters resulting from the precise collective solution described above.

0246] It is appreciated that the main purpose of deriving the precise collective
solution is to make sure that aerial and street-level data become fully co-aligned, so
that one can be freely mix between these data sets anywhere along the 3D-modeling

process.
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0247] Reference is now made to Fig. 10, which is a simplified block diagram
66 of the 3D modeling step 34 of Fig. 2, according to a preferred embodiment of the

present invention.

[0248] As shown in Fig. 10, the urban environment 16 is preferably divided
into the city-blocks 39 (as discussed with accordance to Figs 3 and.4), which are

preferably further divided into single building units 67.

[0249] Accordingly, the city box-model 30 is preferably created for the urban
environment 16, and preferably further divided into the city-block box-models 40, and
the box-modeling-unit 41, corresponding to the appropriate city-blocks 39 and
buildings 67.

[0250] Then, each of the box-modeling-unit 41 is developed into a detailed
3D-modeling-unit 68. The detailed 3D-modeling-units 68 of a city block 39 are
integrated into a 3D city-block model 69, and thereafter are further developed and
augmented with final details. The 3D city-block models 69 are then integrated to form
the high-fidelity 3D model 15 of the large-scale urban area 16.

[0251] Sidewalks and Roads as an Infrastructure for Integrated 3D City Model

[0252] As further described below, 3D modeling is preferably executed
independently on each city-block 39. There are two preferred prerequisites for
achieving seamless integration and precise stitching of all the detailed
3D-modeling-units 68 into 3D city-block models 69, and of all neighboring 3D

city-block models 69 among themselves:

[0253] a) 3D-modeling is preferably executed using a common (global),

GPS-compatible coordinate system.

[0254] b) the preferred geometric accuracy of each 3D city-block model 69

with respect to this global coordinate system is within 15-20 cm.

[0255] To establish a common frame-of-reference for precise integration of

adjacent 3D-city-block models 69, a global geometry of city sidewalks and roads is
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preferably built first. This geometry defines a preferred baseline for 3D modeling of

each city-block 39 that is preferably executed later in the process.

[0256] Building the geometry of sidewalks and roads preferably starts by the
processes described below in accordance with the aerial data pre-processing process
29 and street-level data pre-processing process 32 of Fig. 2. The process of building

the geometry of sidewalks and roads preferably use any two possible means:

[0257] a) Stereo-extraction of 3D polylines of sidewalks border-lines and 3D
points, which preferably define the topographic heights along the city roads.

[0258] b) Conversion of DGPS measurements, for which the integer-cycle phase
ambiguity can be resolved into a set of 3D points, which preferably define the

. topographic heights along the city roads.

[0259] Preferably. the same set of 3D points defining the topographic heights
along the roads is also used during the process performed by the aerial and street-level
data fusion 33, to serve as preferred reference heights of the road during the collective

street level data solution.

[0260] Based on the aforementioned 3D-points, a rough geometry of the roads
is built, preferably using Non-Uniform Rational Bi-Spline (NURBS) geometry. The
sidewalk border-lines are preferably projected on this geometry, preferably
establishing both the roads geometry and the precise heights of the border line which

are hard to establish otherwise.

[0261] It is appreciated that this process results in a first approximation of the
city roads and sidewalk border-lines model and the terrain surface model in general,
which are consistent with the street level data solution. It is appreciated that this
consistency and precision assures that 3D city-block model 69, which are created
separately for each city-block 39, can be seamlessly integrated into a complete city
model. Later in the process, fine details and textures are added to such a 3D-model of

city roads and sidewalk border lines.
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[0262] Reference is now made to Fig, 11, which is a simplified block diagram
of a 3D modeling software package 70 augmented with a collection of software

modules 71, according to a preferred embodiment of the present invention.

[0263] The 3D modeling software package 70 is preferably an off-the-shelf
3D modeling solution. The 3D modeling software package 70 is augmented with the

following special-purpose software modules 71:

[0264] 1) Automated selection and import of raw data 72,

[0265]. 2) Automated pasting of the aerial photographs 73,

[0266] 3) Interactive geometry splitter 74,

[0267] 4) 3D Helpers 75,

[0268] 5) Interactive detail builder 76,

[0269] 6) Terrain-surface mesh generator 77,

[0270] 7) Texture Modifier 78.

[6271] The 3D modeling software package 70 and the software modules 71,

are preferably used by the 3D modelers 14 to develop the high-fidelity,
three-dimensional, model 15 of the large-scale urban environment 16, using as a

"raw" data the aerial imagery 18, the street level data 20, and the auxiliary 3D data 22

[0272] Reference is now made to Fig. 12, which is a simplified block diagram
of 3D-modeling procedures 79, performed for a single city-block 39, according to a

preferred embodiment of the present invention.

[0273] Preferably, the 3D modeling procedures 79 are used by the 3D modeler
14 to convert the aerial imagery 18, the street level data 20, and the auxiliary 3D data
22 into the high-fidelity 3D-model 15, of the large-scale urban environment 16. The
3D modeler 14 performing the 3D modeling procedures 79 preferably using the 3D
modeling software package 70 augmented with the special-purpose software modules
71. Typically, the 3D modeling procedures 79 and the augmented 3D modeling
software package 70 are preferably executed on the modeling workstation 12. The 3D
modeling procedures 79 preferably includes the following four steps:

[0274] 1) Building Model Development 80,

[0275] 2) Terrain Skin Model Development 81,

[0276] 3) Street-Level Culture Model Development 82,
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[0277] 4) Levels of Detail Development 83.
[0278] In the 3D Modeling step 34 of Fig. 2, each 3D modeler 14 of Fig. 1,

preferably working on his or her workstation 12, follows the 3D modeling procedures
79, using the 3D modeling software package 70, to convert aerial imagery 18,
street-level data 20 and associated metadata which correspond to the assigned

city-block 39, into a 3D city-block model 69.

[0279] 3D-Modeling 34
[0280] It is appreciated that 3D-modeling is the most crucial and

time-consuming activity in the entire city model production process. Given the current
state-of-the-art, it is appreciated that precise high-fidelity 3D-modeling of urban
environments still has to rely on visual perception and manual skills of human
operators also known as 3D-modelers. To achieve a significant productivity
improvement as compared to the existing, off-the-shelf 3D-modeling solutions, 3D
modelers have to be provided with an enhanced 3D-modeling environment, as further

described below.

[0281] Preferably, the 3D modeling software package 70 uses the Autodesk
3D Studio VIZ, available from Autodesk, Inc., 111 Mclnnis Parkway, San Rafael, CA
94903, USA. The Autodesk 3D Studio VIZ is augmented with a number of
seamlessly integrated proprietary plug-ins. Preferably applied in conjunction with
standard 3D Sfudio tools and procedures, the following plug-ins have the most

dramatic impact on improved efficiency of the 3D-modeling method 23:

[0282] a) The automated selection and import of raw data 72

[0283] For a selected modeling unit 41, this function performs the
following tasks:

[0284] 1. Identification of aerial photographs 18, street-level

photographs 26, and laser scans 27, in which the selected modeling unit 41 can be

scen.



WO 2007/027847 PCT/US2006/033966
31

[0285] 2. Extraction of small segments from the aerial photographs 18
identified to contain the selected modeling unit 41. It is appreciated that full-frame air

photos are too big to be manipulated by the 3D Studio.

[0286] 3. Importing all the raw data that is pertinent to the selected
modeling unit 41, including the extracted small segments of the aerial photographs 18
and the corresponding street-level photographs 26, and laser scans 27, and including
the relevant metadata (such as 6DOF parameters), into the 3D Studio to create a

virtual camera effect.

[0287] Based on the above function, 3D-modelers can open viewports, in
which the 3D-geometry being developed is overlaid as a wire-frame, or as a solid-wall
representation onto properly located and/or oriented photographic backgrounds. It is

appreciated that this plug-ins greatly facilitates the ensuing modeling works.

[0288] Reference is now made to Fig. 13, which is simplified viewport of a
solid-wall model 84 of a building 85, and to Figs. 14A, 14B, and 14C, which are
viewports presenting aerial and street-level photographs of the building 85.

[0289] As shown in Figs. 13, 14A, 14B, and 14C, the building 85, which in
this case corresponds to the selected modeling units 41 and its wire-frame model 86.
The wire-frame model 86 is projected and overlaid onto photographic backgrounds
87, 88 and 89, corresponding to three different views of the same building 85,

according to a preferred embodiment of the present invention.
[0290] b) The automated pasting of the aerial photographs 73

[0291] The automated pasting of the aerial photographs 73 enables automated
pasting of the aerial photographs 18 and/or the street-level photographs 26, onto 3D
geometry for a selected modeling unit 41, this function preferably performs the

following tasks:

[0292] 1. Per each face of the box-modeling unit 41, identification of
preferably the best the aerial photographs 18 and/or the street-level photographs 26, in

which the faces of the box-modeling unit 41 can be seen.
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[0293] 2. For such identified best photos, application of 3D-transforms

representing a 3D-warp onto the selected faces of box-modeling unit 41.

[0294] 3. Texture mapping of such transformed photos, onto
corresponding faces of the box-modeling unit 41, including radiometric correction of

seam-lines between textures coming from different photographs.

[0295] . It is appreciated that based on the above function, 3D-modelers
can review texture-mapped box-models 30, getting better understanding of further
modeling work, and in particular of micro-geometry that needs to be added to the
crude box-model geometry. It is further appreciated that this function may be also
applied to texture-map photos or parts thereof onto more complex geometry models

during later 3D-modeling stages.

[0296] Reference is now made to Fig. 15, which is a simplified illustration of a
building model 90 undergoing interactive geometry splitting, according to a preferred

embodiment of the present invention.
[0297] ¢) The interactive geometry splitter 74

[0298] The interactive geometry splitter 74 performs the following tasks

for a selected modeling unit 41:

[0299] 1. Preferably support of initial placement of predetermined
number of vertical split-lines 91, and horizontal split-lines 92, for a selected face 93 of
the box-modeling unit, which is typically overlaid with at least one of the
corresponding (and properly-projected) photographic backgrounds 87, 88, and 89.
Thus forming a split-line element 94, which is a two-dimensional area contained

between adjacent split-lines.

[0300] 2. Preferably, support of interactive control of the split-lines, so
that their final placement coincides with repetitive geometric elements, such as
geometric element 95, belonging to the selected face. Thus, the split-line element
coincides with the area of the respective repetitive geometric element. Repetitive
geometric elements are, for example: windows, extruded columns, protruded niches,

etc.
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[0301] 3. DPreferably automatic generation of micro-geometry elements,
which are defined by these split-lines (i.e. cuts, extrudes and protrudes), and
preferably automatic insertion of these micro-geometry elements into the selected
box-modeling unit, preferably based on the final placement of the split-lines onto the

respective split-line elements.

[0302] It is appreciated that based on the above function, multiple geometric

elements with repetitive occurrence can be modeled in a very precise and expedite

manner.
[0303] d) 3D-helpers 75
[0304] The 3D-helpers module 75 performs the following preferred tasks for a

selected modeling unit 41:

[0305] 1) manual delineation of polygons and vectors of interest

(“helpers™) of a selected street-level photo or panoramic image,

[0306] 2) automatic extraction of shapes and/or edges of interest of a

selected face pasted with an image,

[0307] 3) automated calculation of spatial location and/or orientation of

the delineated, and/or extracted, polygons and vectors, based on laser scan data,

[0308] 4) automated generation and insertion of the micro-geometry

picked up by means of 3D-helpers into the 3D Studio modeling space.

[0309] It is appreciated that, based on the above function, 3D-modelers can
quickly determine precise spatial location of fine street-level details, inserting them

automatically into the 3D-model being developed.

{0310] Reference is now made to Fig. 16, which is a simplified illustration of a
screen display 96 of the interactive detail builder tool 76, according to a preferred

embodiment of the present invention.
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[0311] e) The interactive detail builder 76
[0312] The interactive detail builder 76 enables efficient handling of a

predetermined set of building details (such as doors, windows, columns, architectural
ornaments, etc.) enabling easy insertion of such building details as well as interactive
modification of their properties and parameters such as types, states and dimensions.
Such building details are automatically generated by the interactive detail builder in a

form of geometric elements mapped with corresponding textures ("templates").

[0313] The 3D modeler 14 using the preferred screen display 96 shown in Fig.
16 preferably performs insertion of a template 97 in the form of a window, into a tile

98, which is a split-line element of a facade 99, of a 3D building model 100.

[0314] It is appreciated that the templates 97 are the 3D Studio VIZ/MAX
objects, which can be easily manipulated using standard VIZ tools and procedures.
Each template is automatically attached to the tile 98, which can be then merged with
a selected wall and/or facade of a 3D-model, simply by connecting the 4 corner

vertices of the template to the wall and/or facade.

[0315] It is appreciated that the internal integrity of the geometric template
(and the tile it is attached to) is automatically assured by the interactive detail builder.
All building details can be saved as a preset for later, easy reuse. A pool of preset
building details is preferably prepared for most common components. Preferably,
these building details become a library. Building details from this library can be used
as is, or as a basis for further manipulation. Such manipulations preferably adapt the
proportions and the dimensions of the selected building detail to the requirements of
the selected modeling unit 41. Further manipulations of details are also possible if

needed to accurately represent their actual appearance.
[0316] f) Terrain-surface mesh generator 77

[0317] The terrain-surface mesh generator function preferably performs

the following tasks for a selected city-block 39:

[0318] 1) Definition of an analytic surface, in which 3D polylines and/or
3D-points extracted from Digital Elevation Model (DEM — which is another data
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layer in the Auxiliary 3D Data 22) serve as given constraints, for an initial set of 3D
polylines and DEM points, which are pertinent to a terrain surface of the selected

city-block 39.

[0319] 2) Generation of optimal mesh representing the initial terrain

surface geometry, based on the analytic surface.

[0320] 3) Re-definition of the initial analytic surface, and re-generation
of the optimal mesh, representing an updated terrain surface geometry. This function
is preferably executed after insertion of corresponding additional terrain surface

polylines created during the 3D-modeling process.

[0321] It is appreciated that during later 3D-modeling stages further
constraints and features can be added, such as precise borderlines between buildings
and adjacent terrain surface. It is appreciated that the terrain-surface mesh generator’s
function enables this addition to be properly reflected in the terrain surface geometry

without spoiling other, already-existing details.
[0322] g) Texture modifier 78

[0323] The texture modifier module 78 preferably enables the creation of
richer and more diversified textures, without increasing the file size of the texture
maps used for city modeling (the texture library). Since many building details share
common baseline patterns, such as plaster walls, brick walls, window frames, etc., but
differ in their shades and colors, such variations can be represented by blending

proper shades and colors onto the same, baseline texture map.

[0324] It is appreciated that such blending is done within the 3D Studio
modeling environment as an enhancement to the standard material and/or texture
tools. Using the texture modifier 78, 3D-modelers are able to interactively preview the
blended textures ‘pasting them onto the 3D model. The texture modifier tool
accelerates therefore the modeling process by saving the time needed to create many
new textures. The texture modifier tool also improves real-time image rendering.
Preferably, the graphic engine implementing the modeling method 23 is optimized to
support the blended textures with no performance penalty.
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[0325] The texture modifier is used in conjunction with a texture browser

tool. The texture browser preferably enables efficient access to the texture library of

the city model, by:

[0326] 1. dividing accumulated texture maps into categories,

[0327] 2. querying their properties,

[0328] 3. importing selected textures into the modeling environment

(using a shopping cart tool), and

[0329] 4. adding new textures to the texture library.
[0330] h) Integration
[0331] All the aforementioned plug-ins are preferably designed and

dedicated to taking a full advantage of:

[0332] 1) Extensive and comprehensive data collected from the air and

from the street-level.

[0333] 2) Precise integration of all different data sources into one
coherent database (data fusion step 33 of Fig. 2), containing vertical aerial
photographs 24, oblique aerials photos 25, street-level photographs 26, and laser scans
27.

[0334] Preferably, using the tools and procedures described above, the entire
3D modeling cycle is divided and executed on a city-block by city-block basis. The
modeling tasks are divided between several 3D-modelers. Typically, each

3D-modeler 14 is assigned with a task of producing a complete 3D city-block model

69.

[0335] As shown in Fig. 12, the step of city-block modeling 34 of Fig. 2 is
preferably carried out in four main consecutive phases:

[0336] 1) the development of building models 80,

[0337] 2) the development of terrain surface model 81,

[0338] 3) the development of street-level culture model 82.

[0339] 4) The creation of levels-of-detail 83.
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[0340] - The Development of Building Models (BM) 80
[0341] The BM is a digital outdoor representation of houses and other

man-built structures (buildings) located within city-block 39 boundaries, by means of
a two-part data structure: side-wall and/or roof-top geometry and side wall and/or roof

top texture (typically using RGB colors).

[0342] Side-wall and roof-top geometry is preferably represented by a specific
polygonal mesh. 3D-coordinates of mesh vertices are geo-referenced and have
absolute location accuracy of 15-20 cm. In this respect, the term absolute location
refers to the location with respect to a geographic datum and/or projection system
being used as an underlying 3D-coordinate system. Side-wall/roof-top textures are
preferably mapped from the texture library, which is extracted from the aerial and
street-level photographs and accumulated during the course of 3D-modeling work.
The side-wall and roof-top textures typically provide a reasonably realistic
representation of the actual textures. Such mapped textures have resolution better than

2.5 cm per pixel.

[0343] The BM is preferably developed throughout four consecutive stages:
[0344] 1) Preliminary (top-down) design 101,

[0345] 2) Bottom-side corrections 102,

[0346] 3) BMside-wall and roof-top geometry 103,

[0347] 4) BM texture mapping 104.

[0348] Quality Assurance (QA) 105 preferably follows each of the

four steps above.

[0349] 1) Preliminary (top-down) design 101

[0350] In the preliminary design stage the 3D-modeler 14 preferably
examines all available raw materials pertinent to the specific building that has to be
modeled and to it's immediate surrounding. The 3D-modeler develops a general
understanding of the geometry and textures of the building. Particularly, the
3D-modeler 14 establishes possible instancing, which are repetitive occurrences of
certain geometric and/or textural elements of the building as illustrated in Fig. 15 that

may significantly simplify the modeling job, and decrease its file size.
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[0351] 2) Bottom-side correction 102
[0352] In this stage, the 3D-modeler 14 preferably corrects the

bottom-side of the building box-model. The correction is done by inserting the precise
footprint, which is the borderline between the building and its adjacent terrain that has

been extracted from street-level data.

[0353] 3) BM side-wall and roof-top geometry 103
[0354] In this stage, the 3D-modeler 14 preferably develops BM
side-wall and roof-top geometry, preferably going into a higher level-of-detail at the

ground floor, and a slightly lesser level-of-detail for higher elevation.
[0355] 4) BM texture mapping 104

0356] In this stage the 3D-modeler 14 preferably develops BM
texture mapping. The 3D-modeler 14 preferably applies around 90% of required
texture maps from the existing texture library, and preferably adds up to 10% of new
(building-specific) texture maps. It is appreciated that with this method the file size of

the texture library is kept at a manageable level.

[0357] Preferably, after the completion of each of the above stages, a

comprehensive quality assurance 105 is performed by the 3D-modeler's team leader.

[0358] Preferably, the above procedure is repeated for each building that
belongs to a city-block 39 being modeled.

[0359] Development of Terrain Surface Model (TSM) 81

[0360] The TSM preferably represents paved and unpaved surfaces of the
terrain surface located within city-block 39 boundaries, by means of a two-part data

structure: surface geometry and surface textures (preferably using RGB colors).

[0361] The terrain surface geometry is preferably represented by a specific
polygonal mesh. 3D-coordinates of mesh vertices are geo-referenced and have
absolute location accuracy of 15-20 cm. Terrain skin surface texture is preferably
mapped from the texture library, as to represent in a reasonably realistic manner the

actual textures. Mapped textures have resolution better than 2.5 cm per pixel.
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[0362] The TSM is preferably developed throughout three consecutive stages:
[0363] 1) Preliminary design 106,
[0364] 2) Development of TSM geometry 107,
[0365] 3) Development of TSM texture mapping 108,
[0366] Quality Assurance 105 is preferably performed after each of the
above three steps.
[0367] 1) Preliminary design 106
[0368] In the preliminary design stage, the 3D-modeler 14 preferably

examines the initial terrain surface model together with all available raw materials
pertinent to the terrain surface of a city-block 39 being modeled. The 3D-modeler 14
preferably develops understanding of the geometry and textures of the terrain surface.
Particularly, the 3D-modeler 14 identifies special terrain skin features that might not
be fully represented by the initial terrain surface model, such as steep slopes, stairs,

multi-level piazzas, narrow alleys, etc.
[0369] 2) Development of TSM geometry 107

[0370] In this stage, the 3D-modeler 14 preferably extracts special terrain

skin features from photogrammetry or laser data.
[0371] 3) Development of TSM texture mapping 108

[0372] In this stage the 3D-modeler 14 preferably applies texture maps
from the existing texture library, adds new terrain surface-specific texture maps.
Typically, 90% of required texture maps are available from the existing texture

library, while the remaining 10% require special modeling.

[0373] Preferably, after the completion of each of the above stages, a

comprehensive quality assurance 105 is performed by the 3D-modeler's team leader.

[0374] Development of Street-Level Culture Model (SCM) 82

[0375] The SCM represents “standard” urban landscape elements located
within city-block 39 boundaries. The SCM preferably includes elements such as

illumination poles, traffic lights, traffic signs, trash cans, bus stops, benches, trees and
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vegetation, etc. The typical SCM element contains a two part data structure: object

surface geometry and object surface textures (preferably using RGB colors).

[0376] The object surface geometry and textures of street-level culture model
are preferably mapped from the “street-level culture library”, to represent in a
reasonably realistic manner the actual street-level culture. The street level library
objects are “implanted” into the Terrain Surface Model (TSM) preferably within

15-20 cm absolute location accuracy (as compared to location of actual street-level

culture).

[0377] The SCM is preferably developed throughout three consecutive stages:
[0378] 1) Preliminary design 109,

[0379] 2) Implanting SCM details 110,

[0380] 3) Development of SCM 3D models 111,

[0381] Quality Assurance 105 is preferably performed after each of the

above three steps.
[0382] 1) Preliminary design 109

[0383] In the preliminary design stage, the 3D-modeler 14 preferably initially
examines all available raw materials pertinent to the street-level culture of a
city-blopk 39 being modeled. Then the 3D-modeler 14 preferably develops a general
understanding of the content of the street-level culture of a city-block 39 being
modeled. Particularly, the 3D-modeler 14 identifies the types of street-level culture

elements that do not exist in the current version of the street-level culture library.
[0384] 2) Implanting SCM details 110

[0385] In the implanting stage of SCM details, the 3D-modeler preferably
implants street-level culture elements existing in the current version of street-level
culture library, within the 3D city-block model 69, at proper location, orientation and

scale.
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[0386] 3) Development of SCM 3D models 111
[0387] In the development stage the 3D-modeler 14 preferably develops both

the geometry and the texture of all new street-level culture elements, adds them to the
existing library, and implants them within the 3D city-block model 69, at proper

location, orientation and scale.

[0388] Preferably, after the completion of each of the above stages, a

comprehensive quality assurance is performed by the 3D-modeler's team leader.

[0389] Reference is now made to Figs. 17A, 17B and 17C, which are
simplified illustrations of three levels-of-detail ("LODs") of a 3D-modeling unit 68,
according to a preferred embodiment of the present invention. The illustrations of
LOD 0, LOD 1 and LOD2 of the 3D-modeling unit 68 are respectively identified by
numerals 112, 113, and 114.

[0390] Creation of LODs 83

[0391] To enable fast rendering and fast communication of 3D content
representing the large-scale urban environment 16, the 3D content is preferably
divided into spatial quanta, and into levels of detail. Spatial quanta are preferably
represented by 3D city-block models 69. Preferably, only the 3D city-block models 69
that appear in the rendered scene are communicated to the rendering processor for
rendering. Each city-block 39 is preferably modeled in LODs 83. Only the levels-of
detail that are needed for the rendered scene are communicated to the rendering
processor for rendering. For example, the detailed LOD 112 is used for close up views

while the coarse LOD 113 is used for a broad scenery view.

[0392] Hence it is appreciated that in addition to partitioning of the entire city
model into city-blocks models 69 (for so-called data paging), efficient real-time image
rendering of large-scale city-models also requires that all three data layers in the city
model, namely: BM, TSM and SCM, possess a special data structure referred to as
LOD:s. Preferably, all 3D-objects composing the 3D-city model have several LOD
data layers, typically of the following 3 pre-built representations:
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[0393] The LOD 0, identified by numeral 112, is the most detailed
representation, preferably developed according to the BM, SCM and TCM procedures
described above. The LOD 0 112 is typically used for rendering images at close-up

viewing ranges.

[0394] The LOD 1, identified by numeral 113, represents simplified
geometry and smaller-size (lesser resolution) texture maps, as compared to the LOD 0

112. The LOD 1 113 is typically used for rendering images at mid-viewing ranges.

[0395] The LOD 2 114 represents the LOD 1 113 geometry and further
dilution of texture méps, as compared to the LOD 1 113. The LOD 2 114 is typically

used for rendering images at long viewing ranges.

[0396] Typically, the LOD 1 113 is represented by a file-size 5-10 times
smaller than corresponding the LOD 0 113 and the LOD 2 114 is represented by a
file-size 5-10 smaller than corresponding the LOD 1 113.

[0397] The LOD module 83 designed to create the above levels-of-detail

operates in the following manner:

[0398] For the BM, the LOD 1 112 is preferably created by manual geometry
editing (simplification) and semi-automated dilution of textures. The LOD 2 114

textures are created semi-automatically as well.

[0399] For the TSM and SCM, the LOD 1 113 and the LOD 2 114 are
preferably created automatically. The LOD tool 83 also performs stock cutting, which
groups the LOD 1 113 and the LOD 2 114 textures into power-of-two-sized textures.
Power-of-two-sized textures are preferably used for efficient real-time image

rendering.

[0400] Preferably, the BM, TSM and SCM of the LOD 2 114 of the 3D
city-block model 69 are combined into a single 3D-object, as shown in Fig. 17C.

[0401] Data Archiving 35

[0402] The step of data archiving 35 of Fig. 2 is preferably built upon an

enterprise-class, object-oriented database with spatial search capabilities. It is
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appreciated that the use of an enterprise-class, object-oriented database enables
gigabytes of image data and 3D vector data in the 3D Studio MAX format to be stored

and managed under a version control.

[0403] Preferably coupled with the 3D modeling tools, this database facilitates
simultaneous work of multiple modeling teams while building and updating the 3D

city model 15, as well as during their routine maintenance phase.

[0404] Reference is now made to Fig. 18, which is a simplified block diagram
of a process of managing the steps of data pre-processing and 3D-modeling 115,

according to a preferred embodiment of the present invention.

[0405] It is appreciated that the process of data pre-processing and
3D-modeling 115 is equivalent to the step of Aerial Data Preprocessing 29,
Street-Level Data Preprocessing 32 and 3D Modeling 34 of Fig. 2, which were
described above substantially from the point of view of the 3D modeler 14, while the
process of data pre-processing and 3D-modeling 115 is described hereinafter

substantially from the point of view of the production manager 17.

[0406] Data Collection 116

[0407] It is appreciated that raw data is collected from the air and on the
ground. Typically, aerial data collection does not create any significant bottlenecks,
except for possible delays due to bad weather conditions. Typically, it takes few
hour-long flights to collect all aerial photographs and then a 2-3 week-long period for
film development, digital scanning and GCP survey, to complete the aerial data

acquisition process.

[0408] It is also appreciated that street-level data collection typically involves
considerably more complex logistics and longer schedules. Typically, one SLDC 21
collects 8-10 city-blocks per day. Therefore, 500 city-block production might take
around 2-3 calendar months, including possible delays because of bad weather and
congested traffic conditions. Therefore, it is appreciated that to speed up the

street-level data collection process is to operate in parallel several SLDC 21 cars. It is
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further appreciated that, due to use of standard hardware and software components,

additional SLDCs 21 can be fully assembled and tested within a matter of weeks.
[0409] Data Processing‘ and 3D-Modeling 115

[0410] It is appreciated that data processing and 3D-modeling 115 is an
intricate and labor-intensive activity. There are two typical pre-requisites to complete

the data processing and 3D-modeling 115 within a reasonable schedule:

[0411] a) Using a large number of 3D-modelers 14, supported by technical
support personnel, working in parallel with minimum constraints, and without

interfering with each other.

[0412] b) Applying efficient management, and tight coordination to a

streamlined data production line.

[0413] Division into city-blocks 117 is the first step of the data pre-processing
and 3D-modeling 115. In this step the urban environment 16 is divided into
city-blocks 39 and each city-block 39 is associated with all the relevant collected data,
which is acquired and later-on processed by the step of Aerial & Street-Level Data
Fusion 33 of Fig. 2.

[0414] It is appreciated that effective coordination and streamlining of the data

production line is based on the following operational concept:

[0415] a) In step 118 the production manager 17 preferably selects a
city-block 39 and assigns the corresponding modeling tasks to an available

3D-modeler 14.

[0416] b) The task assignment 118 typically invokes city-block data
Vcheck—in 119, where all raw materials pertinent to the selected city-block 39 are
downloaded, or properly linked, from the production line server 11 to the relevant
3D-modeler workstation 12. Consequently, the 3D-modeler 14 has everything needed
to produce a 3D city-block model 69 of the assigned city-block 39.

[0417] In the following step 120 the 3D-modeler 14 preferably develops the
3D model of the assigned city-block, preferably performs QA (step 121), and
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preferably checks out all intermediate and final results of his/her modeling job into
the production line server 11 (step 122), to prevent any loss of data, and to give

visibility of his/her work status to the production manager 17.

[0418] c¢) The production manager 17, preferably remotely, monitors (step
123) progress of the modeling job, and preferably initiates QA reviews (step 121) and
assigns (step 118) the next modeling job as soon as the previous one has been

completed.

[0419] d) Preferably, statistical analyses (step 124) are constantly applied to
production throughput parameters, to help the production manager 17 to assess the
performance of individual 3D-modelers 14 and to optimize the ensuing data

production planning and scheduling process accordingly.

[0420] e) Once all required 3D city-block models 70 have been completed
and archived (steps 125 and 126), the production manager 17 initiates a City-Model
Integration process (step 127) for integrating all the 3D city-block models 69 into one,
unified 3D city model 15.

[0421] Implementation of the above operational concept is based on a
special-purpose, production-line management software that preferably operates under
the Microsoft SQL server, with user-interface preferably based on the DHTML/ASP

development and runtime tools.

[0422] Previous experience shows that one production manager 17 can
effectively supervise up to 25 3D-modelers 14. It is appreciated that one 3D-modeler
14 can produce 1-2 3D city-block models 69 per month. Thus, it is appreciated that a
production line of 20-25 3D-modelers 14 turns out 25-50 3D city-block models 69 a
month. It is further appreciated that such production line can be replicated at will at a
rather moderate cost. It is also appreciated that by dividing the modeled city into
several segments and assigning separate production lines manned by 20-25
3D-modelers 14 to each segment, the overall data production throughput can be
doubled, tripled or quadrupled. '
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[0423] Reference is now made to Figs. 19A and 19B, which are rendered
images of 3D city models depicting the Piazza La Scala in Milan, Italy 128, and the
. City Hall square in Philadelphia, USA 129, which were produced applying the data
processing and 3D-modeling 115, according to a preferred embodiment of the present
invention. Figs. 19A and 19B exemplify the modeling quality resulting from skillful

exploitation of the data processing and 3D-modeling 115.

[0424] It is therefore appreciated that the three dimensional modeling system
10 for creating the high-fidelity, three-dimensional, model 15 of the large-scale urban
environment 16, being implemented as an integrated, multi-user, client-server solution
10, provides unprecedented productivity in carrying out turn-key, city-modeling

projects.

[0425] It is expected that during the life of this patent many relevant
photographic, photogrammetic, navigational, geodetic means and devices, RADAR
and LIDAR scanners and similar devices and systems operated from satellites,
airplanes and terrestrial vehicles will be developed, and the scape of the terms herein,
particularly of the terms “aerial photography” and “street-level photography”, is

intended to include all such new technologies a priori.

[0426] It is appreciated that certain features of the invention, which are, for
clarity, described in the context of separate embodiments, may also be provided in
combination in a single embodiment. Conversely, various features of the invention,
which are, for brevity, described in the context of a single embodiment, may also be

provided separately or in any suitable sub-combination.

[0427] Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, it is intended to embrace all
such alternatives, modifications and variations that fall within the spirit and broad
scope of the appended claims. All publications, patents and patent applications
mentioned in this specification are herein incorporated in their entirety by reference
into the specification, to the same extent as if each individual publication, patent or
patent application was specifically and individually indicated to be incorporated

herein by reference. In addition, citation or identification of any reference in this
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application shall not be construed as an admission that such reference is available as

prior art to the present invention.



WO 2007/027847 PCT/US2006/033966
48

WHAT IS CLAIMED IS:

1. A method for three-dimensional (3D) modeling of an urban environment, said
method comprising;

a) acquiring imagery of said urban environment comprising;

1) aerial imagery comprising at least one of*

i) stereo-pair of vertical aerial images; and

ii) oblique aerial images taken in four main directions; and
2) street-level imagery comprising;

i) aplurality of terrestrial photographs; and

ii) a plurality of terrestrial laser scans;

b) acquiring metadata comprising information pertaining to: performance,
spatial location and orientation of imaging sensors providing said aerial imagery and
street-level imagery;

¢) identifying pixels representing ground control-points and tie-points in
every instance of said imagery, in which said ground control points and tie-points
have been captured;

d) co-registering said instances of said imagery ‘using said ground
control-points, said tie-points and said metadata, and

e) referencing said co-registered imagery to a common, standard coordinate
system;

wherein said referenced and co-registered imagery enables extraction of
ground coordinates for each pixel located in overlapping segments of said imagery,

representing a 3D-point within said urban environment.

2. A three-dimensional modeling method according to claim 1 additionally
comprising:

f) determining ground coordinates for a collection of selected pixels of said
imagery;

g) forming a three dimensional box-model of selected modeling units
spanned over said ground coordinates of said collection of selected pixels; and

h) incorporating geometric details and textural details into said modeling units

forming a high-fidelity 3D-model of said urban environment.
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3. A three-dimensional modeling method according to claim 2 wherein said step
of incorporating geometric details and textural details into said modeling units
forming a high-fidelity 3D-model of said urban environment comprises:
1) dividing said 3D-model into data-layers comprising;
i) a building-models data-layer comprising at least one 3D
building model,
ii) a terrain-skin data-layer comprising a 3D terrain skin model;
and 7
iif)a street-level-culture data-layer comprising at least one 3D
street-level-culture model;
2) developing said 3D building models, said 3D terrain skin models,
and said 3D street-level-culture models;
3) creating several levels-of-detail for said data layers: and
4) merging corresponding instances of said at least one 3D building
model, terrain skin model, and street-level-culture models, forming a high-fidelity

3D-model of said urban environment.

4, A three-dimensional modeling method according to claim 3 additionally
comprising:

i) storing said 3D-model in a database.

5. A three-dimensional modeling method according to claim 4 additionally
comprising:

J)  dividing said urban environment into city-block segments;

k) applying said steps f to h to each city-block segment to form a 3D model
of said city-block segment, independently of other city-block segments; and

) integrating said 3D models of said city-block segments to form an

integrated 3D model of said urban environment.

6. A three-dimensional modeling method according to claim 1 wherein said
vertical aerial imagery comprises a plurality of stereo-pairs of vertical images

providing a continuous coverage of said urban environment and a plurality of oblique



WO 2007/027847 PCT/US2006/033966
50

aerial images providing a continuous coverage of said urban environment in four main

directions.

7. A three-dimensional modeling method according to claim 3 wherein said step
of developing said 3D building models, said 3D terrain skin model, and said 3D
street-level-culture models comprises at least one of:
1) automatically importing selected segments of said imagery and
associated metadata that are pertinent to modeling a specific city-block segment;
2) automatically identifying best image quality photographic textures
of said selected segments;
3) automatically pasting said best image quality photographic
textures onto corresponding 3D-geometry;
4) interactively determining spatial location of repetitive
3D-geometric elements;
5) automatically inserting said repetitive 3D-geometric elements into
said 3D-model;
6) interactively determining at least one of:
precise spatial location,
physical size; and
cross-sections;
of specific details extracted from said 3D street-level imagery;
7) automatically inserting said specific details into said 3D model of
said urban environment;
8) interactively creating templates of building details;
9) selectively implanting said templates into at least one of said 3D
building models, terrain skin model and street-level-culture models; and
10) automatically generating a 3D-mesh representing said terrain skin
surface, using a predetermined set of 3D-points and 3D-lines ("polylines") belonging

to said 3D terrain skin model, without affecting existing 3D-details.

8. A computer program product, stored on one or more computer-readable
media, comprising instructions operative to cause a programmable processor to:

a) acquire imagery of said urban environment comprising:
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1) aerial imagery comprising at least one of*
i) stereo-pair of vertical aerial images; and
. ii) oblique aerial images taken in four main directions; and
2) street-level imagery comprising;
i) a plurality of terrestrial photographs; and
ii) a plurality of terrestrial laser scans;

b) acquire metadata comprising information pertaining to: performance,
spatial location and orientation of imaging sensors providing said aerial imagery and
street-level imagery;

¢) identify pixels representing ground control-points and ‘tie-points in every
instance of said imagery, in which said ground control-points and tie-points have been
captured,;

d) co-register said instances of said imagery using said ground control
points, said tie-points and said metadata; and

e) reference said co-registration of said imagery to a common, standard
coordinate system, enabling thereby extraction of ground coordinates for each pixel
located in overlapping segments of said imagery, representing a 3D-point within said

urban environment.

9. A computer program product according to claim 8 comprising additional
instructions operative to cause said programmable processor to:

f) determine ground coordinates for a collection of selected pixels of said
imagery;

g) form a three dimensional box-model of selected modeling units spanned
over said ground coordinates of said collection of selected pixels; and

h) incorporate geometric details and textural details into said modeling units

while forming a high-fidelity 3D-model of said urban environment.

10. A computer program product according to claim 9 comprising additional
instructions operative to cause said programmable processor to:
1) divide said 3D-model into data layers comprising: -
i) a building-models data-layer comprising at least one 3D

building model;
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ii) a terrain-skin data-layer comprising 3D terrain-skin
model; and
iii) a street-level-culture data-layer comprising at least one
3D street-level-culture model; and
2) develop said 3D building models, said 3D terrain skin models, and
said 3D street-level-culture models;
3) create several levels-of-detail for said data layers: and
4) merge corresponding instances of at least one said 3D building
mode], terrain skin model, and street-level-culture models, forming a high-fidelity

3D-model of said urban environment.

11. A computer program product according to claim 10 comprising additional
instructions operative to cause said programmable processor to:

i) store said 3D-model in a database.

12. A computer program product according to claim 11 comprising additional
instructions operative to cause said programmable processor to:

J)  divide said urban environment into city-block segments;

k) apply said steps fto h to each city-block segment to form a 3D model of
said city-black segment, independently of other city-block segments; and

) integrate said 3D models of said city—block segments to form an integrated

3D model of said urban environment.

13. A computer program product according to claim 10 comprising additional
instructions operative to cause said programmable processor to perform at least one
functions of:

1) import selected segments of said imagery and associated metadata
that are pertinent to modeling a specific city-block segment;

2) identify best image quality photographic textures of said selected
segments;

3) paste said best image quality photographic textures onto

corresponding 3D-geometry;
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4) enable a user to interactively determine spatial location of
repetitive 3D-geometric elements;
5) insert said repetitive 3D-geometric element into said 3D-model;
6) enable a user to interactively determine at least one of:
precise spatial location,
physical size, and
cross-sections,
of specific details extracted from said 3D street-level imagery;
7) automatically insert said specific details into said 3D model of said
urban environment;
8) enable a user to interactively create templates of building details,
9) selectively implant said templates into at least one of said 3D
building models, terrain skin model and street-level-culture models; and
10) automatically generate a 3D-mesh representing said terrain skin
surfaces, using a predetermined set of 3D-points and 3D-lines ("polylines") belonging

to said 3D terrain skin model, without affecting existing 3D-details.

14. A method for managing development of a three-dimensional (3D) model of an
urban environment, said method comprising:

a) assigning at least one task of modeling a city-block segment of said urban
environment to at least one 3D modeler;

b) importing imaging data associated with said city-block segment to a
workstation operated by said 3D modeler;

¢) monitoring progress of 3D modeling process of said city-block segment
by a production manager; and

d) progressively collecting and storing products of said 3D modeling work

process.

15. A method for managing development of a three-dimensional (3D) model of an
urban environment according to claim 14 additionally comprising:
e) initiating quality control reviews of said 3D modeling processes according

to progress.
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16. A method for managing development of a three-dimensional (3D) model of an
urban environment according to claim 14 additionally comprising:

e) providing statistical reports of said 3D modeling processes.

17. A computer program product, stored on one or more computer-readable
media, coﬁprising instructions operative to cause a programmable processor to:

a) assign at least one task of modeling a city-block segment of said urban
environment to at least one 3D modeler;

b) import imaging data associated with said city-block segment to a
workstation operated by said 3D modeler;

¢) monitor progress of 3D modeling process of said city-block segment by a
production manager; and

d) progressively collect and store products of said 3D modeling process.

18. A computer program product according to claim 17 comprising additional
instructions operative to cause said programmable processor to:
e) initiate quality control reviews of said 3D modeling processes according

to work progress.

19. A computer program product according to claim 17 comprising additional
instructions operative to cause said programmable processor to:

f) provide statistical reports of said 3D modeling processes.

20. A mobile terrestrial device operative to acquire street-level imaging
information for three-dimensional (3D) modeling of an urban environment, said
mobile terrestrial device comprising:

a) at least one photographic imaging device;

b) at least one laser scanner; and

c) at least one location/orientation measuring device operative to provide

ground positioning information of said mobile terrestrial device.

21. A mobile terrestrial device according to claim 20 wherein said photographic

imaging device ("camera") comprising at least one of:
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1) ahorizontal ("azimuth") rotation manipulator;
2) an elevation manipulator; and

3) at least one camera capable of being pointed to different azimuth and

elevation angles.

22, | A mobile terrestrial device according to claim 20 wherein said
location/orientation measuring device comprising at least one of:

1) a GPS receiver;

2) an attitude sensor;

3) at least one fast frame-rate, body-fixed digital camera; and

4) arotary encoder coupled to a wheel of said mobile terrestrial device.

23. A computer program product, stored on one or more computer-readable
media, comprising instructions operative to cause a programmable processor to
collect:
a) street-level imagery comprising;
1) aplurality of terrestrial photographs; and
2) aplurality of terrestrial laser scans; and
b) metadata comprising information pertaining to: performance, spatial

location and orientation of imaging sensors providing said street-level imagery.
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