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SYSTEMS AND METHODS FOR FINE
ADJUSTMENT OF ROOF MODELS

RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application Ser. No. 63/042,813 filed on Jun. 23,
2020, the entire disclosure of which is hereby expressly
incorporated by reference.

BACKGROUND

Technical Field

[0002] The present disclosure relates generally to the field
of computer modeling of structures. More particularly, the
present disclosure relates to systems and methods for fine
adjustment of roof models.

Related Art

[0003] Accurate and rapid identification and depiction of
objects from digital images (e.g., aerial images, satellite
images, etc.) is increasingly important for a variety of
applications. For example, information related to various
features of buildings, such as roofs, walls, doors, etc., is
often used by construction professionals to specify materials
and associated costs for both newly-constructed buildings,
as well as for replacing and upgrading existing structures.
Further, in the insurance industry, accurate information
about structures may be used to determine the proper costs
for insuring buildings/structures.

[0004] Various software systems have been implemented
to process aerial images and/or overlapping image content of
an aerial image pair to generate a three-dimensional (3D)
model of a building present in the images and/or a 3D model
of the structures thereof (e.g., a roof structure). However,
these systems have drawbacks, such as missing camera
parameter set information associated with each aerial image
and an inability to provide a higher resolution estimate of a
position of each aerial image (where the aerial images
overlap) to provide a smooth transition for display or
computation. This may result in an inaccurate 3D roof
structure model that consequently does not substantially
align with a roof structure present in each aerial image. As
such, the ability to refine one or more parameters of a 3D
roof structure model to optimize a position and/or orienta-
tion of a 3D roof structure model projected onto an aerial
image is a powerful tool.

[0005] Thus, what would be desirable is a system that
automatically and efficiently refines one or more parameters
of a 3D roof structure model to optimize a position and/or
orientation of a 3D roof structure model on an aerial image.
Accordingly, the systems and methods disclosed herein
solve these and other needs.

SUMMARY

[0006] This present disclosure relates to systems and
methods for fine adjustment of roof models. The system
generates a 3D roof structure model based on at least one
image obtained from an aerial imagery database. Alterna-
tively, the system could retrieve at least one stored 3D roof
structure model from a 3D roof structure model database.
The system weighs (e.g., scores) each 3D roof structure
model candidate and determines an optimal 3D roof struc-
ture model by applying a variable neighborhood search to a
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3D roof structure model candidate having a highest confi-
dence score among the weighed 3D roof structure model
candidates.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The foregoing features of the invention will be
apparent from the following Detailed Description of the
Invention, taken in connection with the accompanying draw-
ings, in which:

[0008] FIG. 1 is a diagram illustrating hardware and
software components capable of being utilized to implement
the system of the present disclosure;

[0009] FIGS. 2A-2C are diagrams illustrating a 3D model
of a roof structure, a projection of the 3D model onto an
input image, and an optimized projection of the 3D model
onto the input image;

[0010] FIGS. 3A-3C are graphs illustrating different strat-
egies utilized by a trajectory-based metaheuristic methods;
[0011] FIG. 4 is a flowchart illustrating overall processing
steps carried out by the system of the present disclosure;
[0012] FIG. 5 is a flowchart illustrating step 52 of FIG. 4
in greater detail;

[0013] FIGS. 6A-6C are diagrams illustrating the para-
metric roof representation of a gable roof;

[0014] FIGS. 7A-7C are diagrams illustrating a weighting
function carried out by the system of the present disclosure;
[0015] FIG. 8 is a flowchart illustrating processing step 54
of FIG. 4 in greater detail;

[0016] FIG. 9 is a flowchart illustrating processing step
110 of FIG. 8 in greater detail;

[0017] FIGS. 10A-10E are diagrams illustrating the pro-
cessing steps of FIG. 9;

[0018] FIG. 11 is a flowchart illustrating step 56 of FIG. 4
in greater detail;

[0019] FIGS.12A-12D are diagrams illustrating 3D model
optimization processing results generated by the system of
the present disclosure;

[0020] FIGS. 13A-13D are diagrams illustrating 3D model
optimization processing results generated by the system of
the present disclosure; and

[0021] FIG. 14 a diagram illustrating another embodiment
of the system of the present disclosure.

DETAILED DESCRIPTION

[0022] The present disclosure relates to systems and meth-
ods for improved modeling of roof structures, as described
in detail below in connection with FIGS. 1-14. The embodi-
ments described below are related to the optimization of a
3D roof structure model projected onto an image, including,
but not limited to, a two-dimensional aerial or satellite
image, a three-dimensional image, a three-dimensional point
cloud, a three-dimensional light detection and ranging (Li-
DAR) point cloud, etc.

[0023] By way of background, a 3D roof structure model
can be inferred from a plurality of images and/or a plurality
of three-dimensional constructs, such as point clouds or
LiDAR data. For example, a 3D roof structure model can be
constructed based on features of a roof structure present in
a plurality of input images. In complex scenarios, the
constructed 3D roof structure model can comprise errors
such that the 3D roof structure model does not substantially
align with the plurality of input images. To mitigate this
issue, at least one parameter of the constructed 3D roof
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structure model can be refined to adjust the 3D roof structure
model and improve an alignment thereof with each input
image. In particular, a metaheuristic-based approach can be
utilized to minimize an adjustment error of the 3D roof
structure model during a final step of a 3D model construc-
tion process.

[0024] Referring to FIG. 1, the system 10 of the present
disclosure provides for minimizing an adjustment error of a
3D roof structure model. In particular, the system 10 weighs
(e.g., scores) a plurality of 3D roof structure model candi-
dates and applies a variable neighborhood search 183 (as
shown in FIG. 11) to a 3D roof structure model candidate
having a highest score to optimize the 3D roof structure
model candidate. FIG. 1 is a diagram illustrating hardware
and software components capable of being utilized to imple-
ment the system 10 of the present disclosure. The system 10
could be embodied as a central processing unit 12 (e.g., a
hardware processor) coupled to a 3D roof structure model
database 14 and/or an aerial imagery database 16. The
system 10 could retrieve at least one stored 3D roof structure
model candidate from the 3D roof structure model database
14. Alternatively, and as discussed below, the system 10
could generate at least one 3D roof structure model candi-
date based on at least one image obtained from the aerial
imagery database 16. The aerial imagery database 16 could
include digital images and/or digital image datasets com-
prising aerial images, satellite images, etc. Further, the
datasets could include, but are not limited to, images of
residential and commercial buildings. Even further, the
database 16 could store one or more three-dimensional
representations of an imaged location (including structures
at the location), such as point clouds, LiDAR files, etc., and
the system could operate with such three-dimensional rep-
resentations. As such, by the terms “image” and “imagery”
as used herein, it is meant not only optical imagery (includ-
ing aerial and satellite imagery), but also three-dimensional
imagery and computer-generated imagery, including, but not
limited to, LiDAR, point clouds, three-dimensional images,
etc.

[0025] The hardware processor 12 executes system code
which generates and optimizes a 3D roof structure model
candidate based on at least one aerial image, point cloud,
LiDAR file, etc., received from the aerial imagery database
16. For example, FIGS. 2A-C respectively illustrate the
generation and optimization of a 3D roof structure model
candidate. In particular, FIG. 2A illustrates a generated 3D
roof structure model candidate 32a of a building 30 and FIG.
2B illustrates a 3D roof structure wireframe model 324
(corresponding to model 32a) projected onto the building 30
present in an input image 34. It is noted that the wireframe
could also be projected onto a three-dimensional represen-
tation of the building, such as a point cloud or a LiDAR data.
As shown in FIG. 2B, line segments 36a, 365, and 36¢
illustrate that the 3D roof structure wireframe model 325 is
misaligned with the input image 34. Accordingly, and as
shown in FIG. 2C, the system 10 generates and optimizes,
based on the 3D roof structure wireframe model 3256, a 3D
roof structure wireframe model 38 that is aligned with the
input image 34. It is noted that the hardware processor could
include, but is not limited to, a personal computer, a laptop
computer, a tablet computer, a smart telephone, a server,
and/or a cloud-based computing platform.

[0026] Referring back to FIG. 1, the system 10 includes
system code 18 (i.e,, non-transitory, computer-readable
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instructions) stored on a computer-readable medium and
executable by the hardware processor 12 or one or more
computer systems. The code 18 could include various cus-
tom-written software modules that carry out the steps/
processes discussed herein, and could include, but is not
limited to, a 3D roof structure model generator 20qa, a 3D
roof structure model candidate weight function generator
205 and an optimal 3D roof structure model module 20c.
The code 18 could be programmed using any suitable
programming languages including, but not limited to, C,
C++, C#, Java, Python or any other suitable language.
Additionally, the code 18 could be distributed across mul-
tiple computer systems in communication with each other
over a communications network, and/or stored and executed
on a cloud computing platform and remotely accessed by a
computer system in communication with the cloud platform.
The code 18 could communicate with the 3D roof structure
model database 14 and/or aerial imagery database 16, which
could be stored on the same computer system as the code 18,
or on one or more other computer systems in communication
with the code 18.

[0027] Still further, the system 10 could be embodied as a
customized hardware component such as a field-program-
mable gate array (“FPGA”), application-specific integrated
circuit (“ASIC”), embedded system, or other customized
hardware components without departing from the spirit or
scope of the present disclosure. It should be understood that
FIG. 1 is only one potential configuration, and the system 10
of the present disclosure can be implemented using a num-
ber of different configurations.

[0028] As described in further detail below, the system 10
utilizes a metaheuristic method to optimize a 3D roof
structure model candidate. In particular, the system 10
utilizes a variable neighborhood search (VNS) metaheuristic
method. A metaheuristic method is a high-level procedure
designed to find, generate, or select a heuristic (partial
search algorithm) that may provide a solution to an optimi-
zation problem, especially with incomplete or imperfect data
or limited computational capacity. Example metaheuristic
methods include, but are not limited to, Ant Colony Opti-
mization (ACO), Evolutionary Algorithms (EA) which
includes Genetic Algorithms (GA) and Memetic Algorithm
(MA), Greedy Randomized Adaptive Search (GRASP), Iter-
ated Local Search (ILS), Path Relinking (PR), Simulated
Annealing (SA), Scatter Search (SS), Tabu Search (TS) and
VNS. VNS is considered a trajectory-based metaheuristic
method because the search process follows a trajectory in
the solution space. Therefore, given a candidate solution
(i.e., an initial solution) a trajectory-based method is able to
define a trajectory in the search space using movement
operations. The followed trajectory can reveal information
about the behavior and effectiveness of the algorithm. FIGS.
3A-3C are graphs illustrating different strategies utilized by
trajectory-based metaheuristic methods to avoid local
optima when endeavoring to reach a global optimum. In
particular, FIG. 3A illustrates a multi-start search, FIG. 3B
illustrates a random search, and FIG. 3C illustrates a deter-
ministic search.

[0029] VNS avoids a local optimum by changing a neigh-
borhood structure where a local search procedure is applied.
Accordingly, VNS can manage a set of neighborhood struc-
tures. Different VNS implementations are known but the
VNS metaheuristic algorithm introduced by Pierre Hansen
in 2001 comprises the following:
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[0030] Initialization: select a set of neighborhood struc-
tures N, (k=1, find an initial solution x, set k=1, choose a
stopping condition,

[0031] Step 1 (shaking stage): Generate x'eN,(x) ran-
domly;
[0032] Step 2 (local search): Apply a local search

method starting with x' to find local optimum x"; and
[0033] Step 3 (move or not): If x" is better than the
incumbent, then set x=x" and k=1, otherwise set k=k+1
(or if k=k,, . set k=1); and return to Step 1.
[0034] The local search procedure of Step 2 refers to a
heuristic algorithm which endeavors to improve a candidate
solution. In particular, a local search algorithm commences
from a candidate solution and subsequently advances to
improved candidate solutions following an iterative process.
The process ends when an improved candidate solution
cannot be further improved. Different local search proce-
dures are known including, but not limited to, the first
improvement local search procedure and the best improve-
ment local search procedure. The first improvement local
search procedure selects a candidate solution, explores a
neighborhood of the candidate solution and selects a first
movement that realizes an improvement over the candidate
solution. In contrast, the best improvement local search
procedure selects a candidate solution, evaluates all possible
solutions in a neighborhood of the candidate solution and
selects the best solution among the possible solutions. Each
of the first improvement local search procedure and the best
improvement local search procedure end when the solution
cannot be further improved.
[0035] The application of VNS to transform a local mini-
mum 3D roof structure model into an optimal 3D roof
structure model requires a parametric representation of a
roof structure to represent it as an n-dimensional variable
and a defined weight function which provides for comparing
3D roof structure model candidates to determine a best 3D
roof structure model candidate. Generating a parametric
representation of a roof structure and defining a weight
function will respectively be discussed in further detail
below in reference to FIGS. 5 and 6A-6C and FIGS. 8-10E.
[0036] FIG. 4 is a flowchart illustrating overall processing
steps 50 carried out by the system 10 of the present disclo-
sure. Beginning in step 52, the system 10 generates a 3D
roof structure model. The system 10 could generate the 3D
roof structure model based on at least one image obtained
from the aerial imagery database 16. Alternatively, the
system 10 could retrieve at least one stored 3D roof structure
model from the 3D roof structure model database 14. Then,
in step 54, the system weighs each 3D roof structure model
candidate. Lastly, in step 56, the system 10 determines an
optimal 3D roof structure model based on a best 3D roof
structure model candidate among the weighed 3D roof
structure model candidates.
[0037] FIG. 5 is a flowchart illustrating step 52 of FIG. 4
in greater detail. In particular, FIG. 5 illustrates processing
steps carried out by the system 10 for parameterizing a roof
structure present in an aerial image using roof components
. Beginning in step 60, the system 10 receives a user input.
The user input can include an identification of one or more
roof components present in an aerial image, roof parameters,
roof constraints, or any combination thereof. The roof
parameters and roof constraints can be used to generate a
roof component(s). The input can be received through a
command-line interface, a graphical user interface, or any
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other suitable method. In step 62, the system 10 inputs the
roof components into a geometry creation algorithm
(“GCA”). In step 64, the system generates a constrained 3D
geometry via the GCA. Lastly, in step 66, the system 10
displays a 3D roof structure model candidate. The 3D roof
structure model can be composed of points, vertices, line
segments, surfaces, etc.

[0038] A parametric roof representation refers to the con-
struction of a roof structure model with different degrees of
complexity utilizing a small set of parameters. This repre-
sentation provides for a constructed 3D roof structure model
candidate to adhere to a particular set of rules and geometri-
cal restrictions required for VNS to apply a local search
procedure to determine an optimal 3D roof structure model.
FIGS. 6 A-6C are diagrams illustrating an example paramet-
ric roof representation of a gable roof. FIG. 6A illustrates a
generated 3D gable roof structure model 72 of a building 70
and FIG. 6B illustrates a 2D diagram of the 3D gable roof
structure model 72 of FIG. 6A. As shown in FIG. 6B, the
gable roof comprises two rectangular planes having a plu-
rality of rakes 78, two eaves 80 and a ridge 82. The rakes 78
are defined by line segments A-AB, AB-B, D-CD and CD-C,
the eaves 80 are defined by line segments A-D and B-C and
the ridge 82 is defined by the line segment AB-CD. FIG. 6C
illustrates a parametric representation of the 3D gable roof
structure model 72 of FIG. 6A. As shown in FIG. 6C, a gable
roof is defined by utilizing seven continuous parameters: a
ridge vertex location (XAB, YAB, Z , ), a roof orientation or
azimuth (a), a length of the ridge (1), a roof width (w) and
an eave height (7 ;). Modifying any of these parameters
provides for constructing a new 3D gable roof structure
model derived from the original 3D gable roof structure
model. The same applies to other roof structure types
including, but not limited to, a hip-roof, a gablet, a mansard,
etc. and to their combinations in arbitrarily complex roofs
composed of multiple roof structure types. Accordingly, a
complex roof can be described by a fixed-size vector of
continuous variables indicative of the parameters controlling
and defining a roof structure.

[0039] The system 10 utilizes the VNS metaheuristic
method to optimize a 3D roof structure model candidate and,
as such, each 3D roof structure model candidate must be
scored to determine whether a particular 3D roof structure
model candidate can be considered “better than” a previ-
ously computed 3D roof structure model candidate. Accord-
ingly, the VNS metaheuristic model requires determining a
weight or cost function to evaluate an accuracy of each 3D
roof structure model candidate. The system 10 utilizes a
weight function that relies on basic image information.
Intuitively, a 3D roof structure model candidate projected
onto an image should closely resemble the image gradients
and roof edges of the roof structure present in the image. The
closer the projected roof lines (i.e., 2D segments) of the 3D
roof structure model candidate are to those image features,
the greater weight will be assigned to the candidate solution.
[0040] FIGS. 7A-7C are diagrams illustrating a weight
function carried out by the system 10 of the present disclo-
sure. In particular, FIG. 7A illustrates a generated 3D roof
structure model 82 of a building 80 and FIGS. 7B and 7C
illustrate carrying out the weight function for the 3D roof
structure model 82 for different images views of the building
80. Referring to FIG. 7B, image 84a illustrates a perspective
view of a roof structure 86 of the building 80 and image 845
illustrates 2D roof segments 88 corresponding to the roof
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structure 86 and extracted from the image 84a. Lastly, image
84c illustrates 3D roof segments 90 corresponding to the 3D
roof structure model 82 projected onto the 2D roof segments
88. Referring to FIG. 7C, image 94a illustrates another
perspective view of the roof structure 86 of the building 80
and image 945 illustrates 2D roof segments 96 correspond-
ing to the roof structure 86 and extracted from the image
94q. Lastly, image 94c¢ illustrates 3D roof segments 98
corresponding to the 3D roof structure model 82 projected
onto the 2D roof segments 96. As discussed above, an
optimal 3D roof structure model should align with the 2D
roof segments extracted from an image.

[0041] FIG. 8is a flowchart illustrating processing step 54
of FIG. 4 in greater detail, in which the system 10 scores a
3D roof structure model candidate. Beginning in step 100,
the system 10 selects an image having a roof structure
present therein. In step 102, the system 10 extracts 2D roof
segments corresponding to the roof structure present in the
image. It is noted that traditional computer vision algorithms
or complex neural networks can be utilized to extract the 2D
roof segments corresponding to the roof structure present in
the image.

[0042] In step 104, the system 10 obtains a generated 3D
roof structure model candidate corresponding to the roof
structure present in the image or obtains a stored 3D roof
structure model candidate from the 3D roof structure model
database 14. Then, in step 106, the system 10 extracts 3D
roof segments from the 3D roof structure model candidate.
In particular, given a set of roof parameters, the system 10
transforms the 3D roof structure model candidate into a set
of vertices, segments and faces (e.g., a 3D roof structure
wireframe model). A segment-based representation is
selected for scoring the 3D roof structure model candidate.
Next, in step 108, the extracted 3D candidate roof segments
are projected onto the image.

[0043] In step 110, the system 10 compares the extracted
2D segments from the image and 2D segments of the
extracted candidate 3D roof segments projected onto the
image. In particular, the system 10 determines a distance
between the extracted 2D segments from the image and the
extracted 2D segments of the extracted candidate 3D roof
segments projected onto the image to determine a score of
the 3D roof structure model candidate. Then, the system 10
updates a global score with the determined score of the 3D
roof structure model candidate. In step 112, the system 10
determines whether all images have been processed. If all
images have not been processed, then the process returns to
step 100 to select and process a new image. Alternatively, if
all images have been processed, then the process proceeds to
step 114. In step 114, the scores of the 3D roof structure
model candidates are averaged to yield a weight for the 3D
roof structure model candidate. As discussed above, a 3D
roof structure model candidate projected onto an image
should closely resemble the image gradients and roof edges
of the roof structure present in the image. In particular, the
smaller the distance between those image features and the
extracted 2D segments of the extracted candidate 3D roof
segments projected onto the image, the greater weight (i.e.,
confidence) will be assigned to the 3D roof structure model
candidate.

[0044] FIG. 9 is a flowchart illustrating processing step
110 of FIG. 8 in greater detail, in which the system 10
determines distance values between a set of 2D segments
extracted from an image and 2D segments of extracted
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candidate 3D roof segments projected onto the image.
Beginning in step 130, the system 10 subsamples a candidate
2D segment to generate a set of segment points. In step 132,
the system 10 determines a geometric distance to a closest
parallel image 2D segment for each segment point. Then, in
step 134, the system 10 sums and averages the determined
geometric distances for the segment points to yield a geo-
metric distance value (i.e., a score) for the candidate 2D
segment. In step 136, the system 10 determines whether all
candidate 2D segments have been processed. If all candidate
2D segments have not been processed, then the process
returns to step 130 to select and process another candidate
2D segment. Alternatively, if all candidate 2D segments
have been processed, then the process proceeds to step 138.
In step 138, the system sums and averages the geometric
distance values of the respective candidate 2D segments to
yield a score for the 3D roof structure model candidate.
[0045] FIGS. 10A-10E are diagrams illustrating the pro-
cessing steps of FIG. 9. FIG. 10A illustrates a 3D roof
structure model candidate 152 of a building 150 and a
candidate 2D segment 154 of the 3D roof structure model
candidate 152. FIG. 10B illustrates a selected image 155
showing a perspective view of a roof structure 156 of the
building 150. FIG. 10C illustrates extracted 2D roof seg-
ments 158 corresponding to the roof structure 156 of the
building 150 present in the image 155 of FIG. 10B. It is
noted that traditional computer vision algorithms or complex
neural networks can be utilized to extract 2D roof segments
from the image 155.

[0046] FIG. 10D illustrates a view 161 of a projection of
the candidate 2D segment 154 onto the extracted 2D roof
segments 158 corresponding to the roof structure 156 of the
building 150 present in the image 155 of FIG. 10B. In
particular, FIG. 10D illustrates a comparison of the 2D roof
segment 160 of the extracted 2D roof segments 158 with the
projected candidate 2D segment 154. As shown in FIG. 10D,
the projected candidate 2D segment 154 is parallel to but not
aligned with the 2D roof segment 160. FIG. 10E illustrates
a magnified view of the view 161 of FIG. 10D. As shown in
FIG. 10E, the system 10 subsamples the candidate 2D
segment 154 to generate a set of segment points 164 and
determines a geometric distance 166 to the 2D roof segment
160 for each segment point 164.

[0047] FIG. 11 is a flowchart illustrating step 56 of FIG. 4
in greater detail, in which the system 10 applies VNS 183
using a best improvement local search procedure to trans-
form a 3D roof structure model candidate (i.e., a sub-optimal
candidate) to an optimal 3D roof structure model. It is noted
that VNS 183 can utilize other search procedures including,
but not limited to, first improvement, neighborhood change,
etc. Beginning in step 180, the system 10 obtains a generated
3D roof structure model candidate corresponding to a roof
structure present in a set of images 180 or obtains a stored
3D roof structure model candidate from the 3D roof struc-
ture model database 14. The 3D roof structure model can-
didate may not align with the roof structure present in each
image (i.e., the 3D roof structure model candidate is a
sub-optimal solution).

[0048] In step 184, given the set of images 180 and the 3D
roof structure model candidate 182 as inputs, the system 10
applies VNS 183 using the best improvement local search
procedure. In particular, the neighborhood structure is ini-
tialized to N, (i.e., k=1) and all possible solutions in the
neighborhood structure N, are weighted. It is noted that for



US 2021/0398346 Al

VNS, the neighborhood structure refers to a number of
parameters to be modified simultaneously. Therefore, when
VNS 183 executes the best improvement local search pro-
cedure over the 3D roof structure model candidate utilizing
the neighborhood structure N, only one roof parameter is
modified to yield a 3D roof structure model candidate
solution. Accordingly, a neighborhood structure N, requires
the modification of two roof parameters, a neighborhood
structure N, requires the modification of three roof param-
eters, a neighborhood structure N, requires the modification
of four roof parameters, and so on. A parameter modification
refers to the application of an offset to a current parameter
value. It is noted that each parameter can have a different
offset value based on a respective unit of measurement. For
example, a ridge length parameter expressed in meters
should be increased or decreased using a different offset
value than an azimuth parameter expressed in radians.

[0049] In step 186, VNS 183 determines whether a can-
didate solution in the neighborhood structure N, improves
upon the 3D roof structure model candidate (i.e., the incum-
bent candidate). If VNS 183 determines that a candidate
solution in the neighborhood structure N, improves upon the
3D roof structure model candidate, then VNS 183 replaces
the 3D roof structure model candidate with the neighbor-
hood structure N, candidate solution. Then, the process
returns to step 184 to execute a new best improvement local
search procedure over the neighborhood structure N, can-
didate solution utilizing the neighborhood structure N,.
Alternatively, if the system 10 determines that a candidate
solution in the neighborhood structure N, does not improve
upon the 3D roof structure model candidate, then the process
proceeds to step 188.

[0050] In step 188, VNS 183 determines whether a maxi-
mum number of neighborhood structures (i.e., k=k,,,.) has
been utilized. If the maximum number of neighborhood
structures has not been utilized, then VNS 183 increments
the neighborhood structure (i.e., k=k+1). Subsequently, the
process returns to step 184 to execute a new best improve-
ment local search procedure over the neighborhood structure
N, candidate solution utilizing a neighborhood structure N,,.
It is understood that if VNS 183 determines that a candidate
solution in the neighborhood structure N, improves upon the
neighborhood structure N, candidate solution, then the pro-
cess returns to the initial neighborhood structure N, to
execute a new best improvement local search procedure over
the neighborhood structure N, candidate solution. Alterna-
tively, if the maximum number of neighborhood structures
has been utilized, then the process proceeds to step 190. In
step 190, an optimal 3D roof structure model is realized. In
particular, the optimal 3D roof structure model is indicative
of an iteration that cannot be further improved and an
improvement of the 3D roof structure model candidate.

[0051] FIGS. 12A-12D and FIGS. 13A-13D are diagrams
illustrating 3D roof structure model optimization processing
results generated by the system 10 of the present disclosure,
in which VNS 183 has been applied to a plurality of 3D roof
structure model candidates 212, 222, 232, 242, 252, 262,
272 and 282. In particular, FIGS. 12A-12D respectively
illustrate 3D roof structure model candidates 212, 222, 232
and 242 corresponding to a roof structure of building 211 in
respective image views 210a, 220a, 230a and 240a and their
corresponding optimal 3D roof structure models 216, 226,
236 and 246 in respective image views 2105, 2205, 2305 and
2405.
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[0052] Forexample, FIG. 12A illustrates that line segment
214 of 3D roof structure model candidate 212 does not
substantially align with the roof structure of building 211 in
image 210q but that after application of VNS 183 to the 3D
roof structure model candidate 212, the generated optimal
3D roof structure model 216 aligns with the roof structure of
building 211 in image 2104. FIG. 12B illustrates that line
segment 224 of 3D roof structure model candidate 222 does
not substantially align with the roof structure of building 211
in image 2204 but that after application of VNS 183 to the
3D roof structure model candidate 222, the generated opti-
mal 3D roof structure model 226 aligns with the roof
structure of building 211 in image 2205. FIG. 12C illustrates
that line segment 234 of 3D roof structure model candidate
232 does not substantially align with the roof structure of
building 211 in image 230q but that after application of VNS
183 to the 3D roof structure model candidate 232, the
generated optimal 3D roof structure model 236 aligns with
the roof structure of building 211 in image 23054. FIG. 12D
illustrates that line segment 244 of 3D roof structure model
candidate 242 does not substantially align with the roof
structure of building 211 in image 240a but that after
application of VNS 183 to the 3D roof structure model
candidate 242, the generated optimal 3D roof structure
model 246 aligns with the roof structure of building 211 in
image 2406.

[0053] FIGS. 13A-13D respectively illustrate 3D roof
structure model candidates 252, 262, 272 and 282 corre-
sponding to a roof structure of building 251 in respective
image views 250a, 260a, 270a and 280a and their corre-
sponding optimal 3D roof structure models 256, 266, 276
and 286 in respective image views 2505, 2605, 2705 and
2805. For example, FIG. 13A illustrates that line segment
254 of 3D roof structure model candidate 252 does not
substantially align with the roof structure of building 251 in
image 250q but that after application of VNS 183 to the 3D
roof structure model candidate 252, the generated optimal
3D roof structure model 256 aligns with the roof structure of
building 251 in image 2505. FIG. 13B illustrates that line
segment 264 of 3D roof structure model candidate 262 does
not substantially align with the roof structure of building 251
in image 260q but that after application of VNS 183 to the
3D roof structure model candidate 262, the generated opti-
mal 3D roof structure model 266 aligns with the roof
structure of building 251 in image 26056. FIG. 13C illustrates
that line segment 274 of 3D roof structure model candidate
272 does not substantially align with the roof structure of
building 251 in image 270qa but that after application of VNS
183 to the 3D roof structure model candidate 272, the
generated optimal 3D roof structure model 276 aligns with
the roof structure of building 251 in image 2705. FIG. 13D
illustrates that line segment 284 of 3D roof structure model
candidate 282 does not substantially align with the roof
structure of building 251 in image 280a but that after
application of VNS 183 to the 3D roof structure model
candidate 282, the generated optimal 3D roof structure
model 286 aligns with the roof structure of building 251 in
image 28054.

[0054] FIG. 14 a diagram illustrating another embodiment
of the system 300 of the present disclosure. In particular,
FIG. 14 illustrates additional computer hardware and net-
work components on which the system 300 could be imple-
mented. The system 300 can include a plurality of internal
servers 302a¢-302z having at least one processor and
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memory for executing the computer instructions and meth-
ods described above (which could be embodied as system
code 18). The system 300 can also include a plurality of
image storage servers 304a-304n for receiving image data
and/or video data. The system 300 can also include a
plurality of camera devices 306a-306% for capturing image
data and/or video data. For example, the camera devices can
include, but are not limited to, a unmanned aerial vehicle
306a, an airplane 3065, and a satellite 306 The internal
servers 302a-302n, the image storage servers 304a-304n,
and the camera devices 306a-306n can communicate over a
communication network 308. Of course, the system 300
need not be implemented on multiple devices, and indeed,
the system 300 could be implemented on a single computer
system (e.g., a personal computer, server, mobile computer,
smart phone, etc.) without departing from the spirit or scope
of the present disclosure.

[0055] Having thus described the system and method in
detail, it is to be understood that the foregoing description is
not intended to limit the spirit or scope thereof. It will be
understood that the embodiments of the present disclosure
described herein are merely exemplary and that a person
skilled in the art can make any variations and modification
without departing from the spirit and scope of the disclosure.
All such variations and modifications, including those dis-
cussed above, are intended to be included within the scope
of the disclosure. What is desired to be protected by Letters
Patent is set forth in the following claims.

What is claimed is:

1. A method for fine adjustment of a computerized roof
model, comprising the steps of:

generating by a processor a computerized three-dimen-

sional (3D) roof model;

weighing a plurality of candidate 3D roof structure mod-

els;

processing the plurality of candidate 3D roof structure

models to identify an optimal 3D roof structure model
using a metaheuristic method executed by the proces-
sor; and

displaying the optimal 3D roof structure model superim-

posed over an image of a structure.

2. The method of claim 1, wherein the step of weighing
the plurality of candidate 3D roof structure models com-
prises extracting 3D roof segments from at least one of the
plurality of candidate 3D roof structure models.

3. The method of claim 2, wherein the step of weighing
the plurality of candidate 3D roof structure models com-
prises projecting the 3D roof segments onto an image.

4. The method of claim 3, wherein the step of weighing
the plurality of 3D roof structure models comprises extract-
ing two-dimensional (2D) segments from the image.

5. The method of claim 4, wherein the step of weighing
the plurality of 3D roof structure models comprises com-
puting a distance between the extracted 2D segments and 2D
segments of the projected 3D roof segments.

6. The method of claim 5, wherein the step of weighing
the plurality of 3D roof structure models comprises calcu-
lating a global score for the at least one of the plurality of
candidate 3D roof structure models based on the computed
distance.

7. The method of claim 5, wherein the step of computing
the distance comprises subsampling a candidate 2D segment
of the projected 3D segments to generate a set of segment
points.
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8. The method of claim 7, further comprising determining
a geometric distance to a closest parallel image 2D segment
for each segment point.

9. The method of claim 8, further comprising summing
and averaging the determined geometric distances along the
segment points to determine at least one candidate 2D
segment geometric distance value.

10. The method of claim 9, further comprising summing
and averaging the at least one determined 2D segment
geometric distance value.

11. The method of claim 1, wherein the step of processing
the plurality of candidate 3D roof structure models to
identify the optimal 3D roof structure model comprises
performing a best improvement local search on a set of
image lines and at least one of the plurality of candidate 3D
roof structure models.

12. A system for fine adjustment of a computerized roof
model, comprising:

a database storing a plurality of candidate 3D roof struc-

ture models; and

a processor in communication with the database, the

processor programmed to perform the steps of:

generating a computerized three-dimensional (3D) roof
model;

weighing the plurality of candidate 3D roof structure
models;

processing the plurality of candidate 3D roof structure
models to identify an optimal 3D roof structure
model using a metaheuristic method executed by the
processor; and

displaying the optimal 3D roof structure model super-
imposed over an image of a structure.

13. The system of claim 12, wherein the step of weighing
the plurality of candidate 3D roof structure models com-
prises extracting 3D roof segments from at least one of the
plurality of candidate 3D roof structure models.

14. The system of claim 13, wherein the step of weighing
the plurality of candidate 3D roof structure models com-
prises projecting the 3D roof segments onto an image.

15. The system of claim 14, wherein the step of weighing
the plurality of 3D roof structure models comprises extract-
ing two-dimensional (2D) segments from the image.

16. The system of claim 15, wherein the step of weighing
the plurality of 3D roof structure models comprises com-
puting a distance between the extracted 2D segments and 2D
segments of the projected 3D roof segments.

17. The system of claim 16, wherein the step of weighing
the plurality of 3D roof structure models comprises calcu-
lating a global score for the at least one of the plurality of
candidate 3D roof structure models based on the computed
distance.

18. The system of claim 16, wherein the step of comput-
ing the distance comprises subsampling a candidate 2D
segment of the projected 3D segments to generate a set of
segment points.

19. The system of claim 18, wherein the processor further
performs the step of determining a geometric distance to a
closest parallel image 2D segment for each segment point.

20. The system of claim 19, wherein the processor further
performs the step of summing and averaging the determined
geometric distances along the segment points to determine at
least one candidate 2D segment geometric distance value.
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21. The system of claim 20, wherein the processor further
performs the step of summing and averaging the at least one
determined 2D segment geometric distance value.

22. The system of claim 12, wherein the step of process-
ing the plurality of candidate 3D roof structure models to
identify the optimal 3D roof structure model comprises
performing a best improvement local search on a set of
image lines and at least one of the plurality of candidate 3D
roof structure models.

#* #* #* #* #*
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