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RelatingMultimodal ImageryData in 3D
By
Karl C. Walli

Chester F. Carlson Center for Imaging Science
College of Science

Rochester Institute of Technology

ABSTRACT

This researchdevelops and improveshe fundamental mathematical approaches and
techniques required to relate imagergnd imagery derivednultimodal productsin 3D Image
registration, in a 2D sense, will always be limited by the 3D effects of viewing geometry on the
target. Therefore, effects such as occlusion, parallax, shadowing, aathtbuilding elevation

can often be mitigated with even a modest amounts of 3D target modelidgitionally, the
imaged scene may appear radically different based angbnsed modality of interesthis is
evident fromthe differences in visible, infrad, polarimetric, and radar imagery of the same

site.

This thesisdevelopsl WY @& B NA OQ | LILINRF OK G2 NBflFGAy3
environment. By correctly modeling a site of interest, both geometrically and physically, it is
possible to remog/mitigate some of the most difficult challenges associated with multimodal
image registration. In order to accomplidig feat,the mathematical framework necessary to

relate imagery to geometric modeis thoroughly examinedSince geometric models maeed
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derive 3D models from imagery and LIDAR dafaf critical note, is the implementation of
complimentarytechniquesfor relating multimodal imageryhat utilize the geometric model in
concert with physics based modelintp simulate scene appearance under diverse imaging
scenarios Finally, the often neglected final phase of mapping localized image registration

results back to the world coordinate system model fioal data archivadre addressed

In short, oxcea targetsite is properlymodeled both geometrically and physicallit is posible

to orient the 3Dmodel to thesame viewing perspective ascapturedimage to enable mper
registration. If done accately, 1 KS deyiKSGAO Y2RSfQa LIKeaAOllf
imaged modality of interestvhile simultaneously removinthe 3-D ambiguity between the

model and thecaptured image. Once registered, the capturdthage carthen be archivedsa

texture map on thegeometricsite model. Inthis way, the 3D information that was lost when

the image was acquired can be regained and properly relateéd ether datasets for data

fusion and analysis
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Figure 37 The basic process for relating images to a model when the camera pos@&aswmn
The main difference here is that the initial camera pose must be solved for using
correspondences or user manipulation of the model pose. At this point the process
then mimics the one described earlier in Section 3.1.......cccccccveeeeiiiiiiiinnnee. 3-10

Figure 38 Algorithm 7.X The Gold Standard Algorithm for estimating P from world to image
point correspondences irhe case that the world points are very accurately kn@wvn.
11

Figure 39 This simple graphigsplays how a linear estimate of a nonlinear function can
provide a rough estimate of the local/global minimum location, within some margin
(0] I =T 1 o] PP 3-15

Figure 310 On the left is the working image with the same 12 locations selected as on the
model; these locations are twice the number required for resectioning with a model

(SO = TSRS 3-17
Figure 311 On the left, the DLT provides a good starting point for LMA to optimize a solution.
....................................................................................................................... 3-18

Figure 312 The figure above show a 2D SWIR image (A) and an image projection of a 3D model
that was textured/attributed using the same LIDAR SWIR intensity returns that were

utilized to create the facetized 3D model..........cccccovvveviiiiiiiiiiiiiiiiiiene 3-19
Figure 313 The results of automated registration (using SIFT & RANSAC), between the 2D SWIR
image and the 3D LIDAR model are apparent............cccccuveeveeiiieeeinnniiciiiinene, 3-20

Figure 41 This graphic depicts the six basic steps required for relating multiple images to
recover sparse structure via the Bundle Adjustment process. Once invariamtefgat
are extracted and matched, a linear estimate of the 3D point set is fed into a Bundle
Adjustment process to simultaneously optimize the model points and camera
(02 Tz U 0T =T PP -2

Figure 42 The epipolar relationships of the cameras, image points, and model points.4-4
Figure 40 | F NI f S@& -BointEFAn@amSrEMaixXudingTRANSAC.................: -5

Figure 44 Process for tiling images larger than 2kx2k for SIFT feature extraction and matching.

Figure 45 Displays the utility of RANSAC plane fitting to SPC terrain data for outlier redoval.
8

Figure 46 Rectification of the matches must be performed for accurate 3D estimation of the
S U EEEU PR SSPPPPRR 4-9

Figure 47 The 3D estimate of structure is dependent on the baseline between the images, so
corrections are required that change the image pixel locations to be aligitbdhe
flight line path. This amounts to a coordinate system conversion of the matched
locations to one that is defined by the axes connecting both camera location at the
tiMe Of ACQUISITION........cciiiiiiiiiieeeeeeeeeeeeee s 4-10
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Figure 48 The overlapping images above (red & yellow) are registered and have matches that
are common to all (cyan). These common locations can bigeutilized for 3D
registration or as seeds for the DPC extraction process (Section 4.3.3)....... 4-11

Figure 49 Once the image bundle is optimized using SBA, it is possible to relate the images,
cameras and 3D point cloud into a 3D mathematical framework to determine the
region of overlap for DPC interrogation and additional processing............... 4-12

Figure 410 The basic process for developing Dense Point Clouds using Epipolar relationships
DEWEEN MAJES. .. oo ————— 4-13

Figure 411 Example showing the angular diversity required to recover 3D Teroam f
AITDOIME IMAGEINY .t e e e e 4-15

Figure 412 Thousands of invariant keypoints generated and matcitsaog the SIFT algorithm.

Figure 413 Depiction of the Fundamental Matrix constraint beem images which is used for
(o101 =T =] 41017 1 S PPPUPPPPRRRRR 4-18

Figure 414 Graphic showing two collecti@tations of an airborne sensor utilized to recover
D SHTUCTUIE..... ettt e e ettt e e e e e e e e ara e e eeas 4-20

Figure 415 Correctionare required to compensate for aircraft pitch, yaw, and roll and flight
line orientation as discussed earlier in Section 4.2.1.3. These are done by projecting
the matches onto a virtual focal plane and then transforming them to a coordinate
system alignig the xaxis to the flight line connecting the two image centers.4-21

Figure 416 TheinterinB & G A Yl 6Sa 2F (GKS F2dz2NJ AYRA QDA Rdz f
(o= 10 g [T = B (o Tox= 11 0] o NSRS 4-23
Figue 417 Example results of the Sparse Bundle Adjustment process on the Sparse Point

Cloud. Here the absolute global coordinates (A) can be compared to the facetized
surface (B), visualized in Google Earth (C),-praogcted back into any of the images

contained within the bundle (D)............oooiiiiiiiiiiiieeeee s 4-26
Figure 418 The image derived SPC mesh fidelity canifeetty compared to both Hiidelity ~1
[m] LIDAR terrain and a-falelity ~30 [m] Digital Elevation Map...................... 4-27

Figure 419 Left: Image with single point chosen. Middle/Right: Corresponding epipolar lines in
(o)1 01T T 0 0= Vo T SO URPPRTRY < =242

Figure 420 Left: Initial estimate of the structure of the dense point cloud from three images.
Right: Result after SBA, world coordinate mapping and projective image textuting.
30

Figure 421 Resulting 3D structure recovered from three overlapping images using Dense Point
Correspondences (The model providiey Pictometry is embedded within Google
BarTN ) e 4-31
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Figure 422 Matching between a nadir droblique images using ASIFT and then RANSAC with
the Fundamental Matrix as the fitting model (Images courtesy Pictometry Int.
[(d e (0 g L= 1 VA2 1 0 ) ) T USUURUSSRN 4-32

Figure 423 Growing 3D depth maps based on the initial SPC results and epipolar relationships.
In the upper left inset, the 3D SPC is projected back onto the base image. For these
locations the deth information is already known (upper right) and can be used to
constrain the matching locations in the other images (lower left) to follow a general
SUITACE TUNCHION. ....ciiiiiiiiiitee e 4-33

Figure 424 The structure and composition of a Bundle Adjustment Jacobian matrix..4-35
Figure 425 The structure and composition of the normal equations (~Hessian matrix3-35

Figure 426 A sparse matrix obtained when solving a modestly sized bundle adjustment
problem. This sparsity pattern is of a 992x992 normal equation (i.e. approx. Hessian)
matrix, where ltack regions are nonzero blocks. (Lourakis and Argyros 200936

Figure 51 The basic proces$sr relating 3D models and structure using a 3d Conformal
transform. As in the previous sections, the key here is to relate similar features
within the two datasets in order develop a mathematical relationship. The only
added complexity is in the addinal dimensionality and possible feature disparity of
L[S0 F= L= TS 5-2

Figure 52 The Midlandite SPC (top) resulting from BA of tens of thousands of 3D points
compared to the millions of 3D points embedded within a LIDAR DPC (Battds.

Figure 53 Relating the SPC pts to DPC points via an iterative nearest neighbor approaéh.

Figure 54 The image derived SPC mesh above is compared to a LIDAR derived DPC mesh below
for comparison in Meshlab. The absolute coordinates of the image derived results
are only as accurate as thegpected location of the base image, so a final
translation, acquired from the matched locations (right), may be necessary..5-7

Figure 55 The results of the linear 3D Translation and Meshlab (Pisa 2010) implemented ICP
nonlinear refinement can be visualized above. Note the general agreement between
LIDAR and SPC surfaces as they fight for \is#ilioss the scene..................... 5-8

Figure 56 This illustrations shows the initial LIDAR DPC with graystansity attributed
points on the left. This can be utilized to produce a clean facetized model utilizing
GKS FdzikK2NRa a!¢[!. O2RS I 4..aK248y.50y GKS

Figure 57 This graphic portrays a manual feature correspondence generation that can be used
to relate a Faceted Model to a LIDAR DPC that has been facetized. Once
accompished, the initial relationship is improved through nonlinear ICP anab4@.

Figure 58 Tte graphic above shows how the Conformally transformed site model can then be
placed on the same LIDAR dataset that was now used to create a@&adheterrain

XiX
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Figure 59 The Bundle Adjusted VanLare Site SPC (top), was projected back into the base image
(Middle) and can then be compared directly with the FM where the base image is
used & a UV texture on the terrain (Bottom).............covvvvvvvvvivieeeeiieeiiiniiiniinnnns 5-13

Figure 510 The Control Points used to relatee t6E and AANEE models (top) and the
resulting transformation of the local points into Global UTM coordinates when

compared to their matching Google Earth locations (bottam)........................ 5-16
Figure 6m adzf GAY2RIFf AYlF3S aeyikKSaArAa dzaAy3d 5Lw{LL
MIKE GAITIEY......eeeeeiiiiiiiieiiie s e e e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaeaeees 6-1

Figure 62 Multimodal imagery registered to GE textured terrain using user assisted GCP
selection and overlaid upon the initial sensor derived (IMU/GPS) btoloadinate
predictions. The inverted contrast of water in VNIR and Infrared is circled...6-2

Figure 83 This figure illustrates the MSRA Approach to 3D Multimodal Registration, where A) is
the modeling phase, B) is the physics based simulation phase, C) is the 2D image
registration phase, and D) is the Image archival phase onto a model............| 6-4

Figure 84 This flowchart illustrates three different paths for generating geometric models for
DIRSIG simulation. From letib-right they are Existing/User Created, LIDAR Derived,
and Multiview Image Derived models with varying degrees of fidelity............. 6-5

Figure 65 This HFidelity model of the VanLare Waste Water Processing plant is representative
of an existing geometric model placed in Google Earth that utilizes UV mapped image
textures for aded realism (courtesy Pictometry Int.).........ccccveeeeeiieeinnnnniinnnee. 6-6

Figure 66 This illustration depicts the processanlding spectral reflectance curves to a
realistic scene model in DIRSIG using Hyperspectral or Advanced Spectrometer Data
(ASD) to properly simulate material appearance in various spectra............... 6-7

Figure 67 lllustrates the UV Texturing process: A) The wireframe model, B) The faceted model,
C) The UV textured Model, D) The flattened (unwrapped)ehaith overlaying
image texture, and E) The textured wireframe model..............cccoeeeeiieeen. 6-8

Figure 68 This grphic illustrates the process used to turn a UV Texture map (A), into a
material class map LUT (C) by first segmenting the image wHe@als classifier

(= P PEEPRTR 6-9
Figure 89 This flowchart depicts the process utilized for DIRSIG model creation using hybrid
Models and IMagENYi........ciiiiiiiieeeiiiee e ee e D711

Figure 810 This figure illustrates the process utilized to register a site model (A), to a faceted
LIDAR dataset (B), to assess model fidelity and to ensurepbaplding placement
and dimensions (C). Finally the model is placed on the bare earth LIDAR terrain (D) to
create a hybrid scene using both the LIDAR terrain and Image derived building

MOAEIS .. 6-13
Figure 611 Example geometric shapes that could be used to represent tree foliage when
paired with LIDAR POiNt retUIMS..........ccooiiiiiiiiiecieeeeeeeeeeeeeeeeeeeeeeeee e 6-14
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Figure 612 The process by which a LIDAR Return Point Cloud (A), can be transformed into
model facets textured with @ imagery of the forested terrain (B). The results of
this process can be viewed above in MATLAB (C) or Meshlah.(D)............... 6-15

Figure 613 The final model of the VanLare site, as viewed in Blender, using manually derived
multiview imagery building models (courtesy Pictometry Int.) and LIDAR derived
terrain and tree MOAEIS. .........uuviiiiii i 6-16

Figure 614 This flowchart depicts the process utilized for DIRSIG model creation using LIDAR
(o F= = U= U [0 [T = Vo =T Y 6-17

Figure 615 This graphics shows the 3 stages in transforming LIDAR data from a Point Cloud (A)
to a faceted model (B), and finally texturing that model with the intensity return of
the LIDAR HSEIF (C)eeereiieeiiiiiiiiieee ettt e e 6-18

Figure 616 The LIDAR Direct process involves utilizing Imagery (A), to create a material map in
order to physically describe the site. Here, automated segmentation of the terrain
(B) is used in concert with user assisted ID of sagenBls (C)............oeeeevvvvnneee. 6-19

Figure 617 By using the spatial, brightness, and facetized charactergtibe LIDAR returns,
aggregate material identification for DIRSIG should be possible................... 6-20

Figure 618 The relative quality of terrain information as derived from LIDAR, Multiview
Imagery, and RADAR reSpectiVRIY.........c..uuviiiiiiiiiieeee e 6-22

Figure 619 The ability to use Multiview Imagery derived Surface Elevation Maps to
orthorectify an image iS ShOWN @abOVe............cccciiiiiiiiiii e 6-23

Figure 620 The physics based simulation process that DIRSIG utilizes for synthetic image
generation (Digital Imaging and Remote Sensing Laboratory 2006)............ 6-26

Figure 621 The general process involved when associating emissivity curves to intensity values
from an image texture map. lHea region of interest was extract from the image
and compared to the 44 curve emissivity plot (bottom) and the DC Histogram (right).
Ideally, a simulation could link every DC value to a specific emissivity curve (i.e. 256
CUIVES NEEAEA NEIE)... ..o 6-28

Figure 822 When only one emissivity curve exists in the material file, all of the image texture
intensity values will be associated with only the singular curve. This will result in no
GSEGAZINE AYyTF2NXIFGA2Y aO02YAYyA..0.KNRJAEBIE AY

Figure 823 The resulting emissivity expansion of the original gravel roof material from 44
CUIVES 10 400 ... ettt e e e e e et e e e e e e e e e e e e e e eeeennnnnns 6-30

Figure 624 The simulated DIRSIG images above illustrate the need for material files with
numerous emissivity curves to allow proper reconstruction of image texture within a

Figure 825 The Hybrid DIRSIG model of the VanLare Water Processing Plant shawn at a
oblique view. From this vantage it is possible to see the detail on the sides of
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buildings, but, the tree facets are reduced in size due to the cosine viewing efect.
32

Figure 626 In the figure above, the Southern (left) and Northern (right) sections of the VanLare
plant are again visible at an oblique angle, but, now in slightly greataildet...6-32

Figure 627 On the left is a contrast enhanced image of the VanLare plant takdme WASP
imaging system, while on the right, is similarly enhanced DIRSIG simulation of the
same site using the WASP view and the Hybrid model of the.site................ 6-33

Figure 628 The Northern portion of the VanLare Plant around the Smokestack and storage
vats, imaged by WASP (left) and simulated by DIRSIG (right)............c........ 6-33

Figure 629 The Southern portion of the VanLare Plant around the administration buildings,
imaged by WASP (left) and simulatedDIfRSIG (right)........cccoeeviiiiiiiiiiiiennnn 6-34

Figure 830 On the left is an image of the VanLare plant taken by theRABVBIR sensor, while
on the right, is a DIRSIG simulation of the site, in the same spectral region, using the
WASP view and the Hybrid model of the Site.............cccciiiii 6-35

Figure 631 The LIDAR Direct process involves utilizing Imagery Textures and Materials Maps
(A), with user assisted identification of dominant site materials (B) for ingestions into
DIRSIG tphysically simulate the Site (C)....coeeiiiiiiiiiiiiiiieeeeeeeeeee e 6-36

Figure 60 H ¢KS [L5!w 5ANEBOiity té reahifhdg®y isiréadilgzppaient.2 y Q &
The ability to relate LIDAR derived models, textured with archival imagery, to newly
acquired images is key to the model centric approach.............ccccccceeeeennnn 6-36

Figure 633 DIRSIG simulated image in the SWIR region (A) compared to an actual image from
the WASP sensor acquired in the same SWIR region and from a simiémacam
POSItioN aNd OFENTALION............cciiiiiiiiiiiiieieeee s 6-37

Figure 634 The basic process for relating multimodal imbgedles utilizing DIRSIG. Here the
Y2RSt aK2¢g @I NRA2dza aO02f 2NBR¢ OdzoSa GKIF{
be projected into an image of various modalities............cccceeeviiiiiiiiiiieeeennennn. 6-38

Figure 635 The images above show the initial WASP SWIR image paired with its DIRSIG
simulation and the initial features matched using SIFT (A), the outliers removed using
RANBC with the PMatrix (B), which were supported by using RANSAC with the M
Matrix (C), and finally where the largest contributing error match was removed using
RMSDE GNAIYSIS. . .ituiiiiieiieiiiiie et e e e e e e e e e e e et e e e e 6-45

Figure 636 In the left plot, the initial RMSDE is plotted w.r.t. the number of good matches.
After the largest error contributor was removed, the data was used tatera new
model with error distributed slightly more linearly..............ccccoviiiiiiiininninnnnnn. 6-47

Figure 637 The results dhe transformed DIRSIG simulated image (right), when compared to
the WASP SWIR image (Ieft)..........uiiiiiiiiiii et 6-47

Figure 638 Here a WASP SWIR image of VanLare can be compared to the LIDAR Direct DIRSIG
SIMUIALION O The SIEE......uiiiiiiiii e 6-49
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Figure 639 The Sequence above illustrates the features extracted using SIFT (A), outlier
removal using RANSAC (B), and the final transformation using the resulting good
matches (C), which resulted in spixel registration aagracy..............ccceeeeeeenn 6-50

Figure 640 By ray tracing from the camera to the simulated image correspondenagdn it
is possible to isolate the 3D model location of interest for use in pose estimétiah.

Figure 6n M ¢t2 20GFAY GOSNUSE GSEGdzNBE 201 GA2ya 1
the camera and then projects the 3D model onto a 2D image. The projected model
vertex locations on the image are tlectexture locations.............ccccceeeeeeinnes 6-55

Figure 842 This series of snapshots show how the matches frenb#se image can be
directly related to the 3D SPC model and then used as the vertex texture locations
gAGK GKS o6lasS AYF3IS (2 ONEBLAUS..40KS6572RSt Q&

Figure 843 This figure shows the IR Attributed LIDAR model from a NADIR (right) and an
ODNQUE (IEF) VIEW.....eiiiiiiee e 6-59

Figure 644 A summary of the DIRSIG Rosetta Stone strengths regarding multimodal image
(=10 |55 (=11 [ o 6-61

Figure 71 Relating the cameras, images, and structure to a World Coordinate System
augments the mathematical relationships developed in Chapter 4oimpming it
with the 3D Conformal techniques of Chapter 5 within a GIS construct.......... 7-2

Figure 72 The relationships between the 2D/3D Homographies (H), Projection Matrix (P), and
ColiNEArItY EQUALIONS........eeiiiiiieeiiiiiiiiee e e e 7-4

Figure 141 The Essential Matrix relates the two images using a simple 3D translation and
rotation Of the CaMEraS..........couvuiiiii e e 14-8

Figure 14 ¢KS 3INILKAOA | 020S aKz2g¢g (GKS NB&dr Ga 27
Figure 143 The SPC (top) and resulting mesh (bottom) from the Bundler SBA process (Snavely,
Bundler 2010) using VNIR images from the WASP sensat......................... 14-12

Figure 151 An illustrative example of IR image fusion in the form of a pseotly image
stack. Circled in red is a new building that was constructad filifferent material
(green metal) than the surrounding brick buildings with gravel roofs............. 151

Figure 152 By using a model (left) and related image (middle) it is possible to produce a
realistic scene (right), as visualized using one of the demonstration tutorials within
the IDL programming environment (ITT Visual Information Solutions 2008).15-2

Figure 153 These multimodal models have been textured with image segments on each facet
(visibleleft & thermakright)........ooveeiiiiii e 153

Figure 154 This realistic Pictometry model (Pictometry @paitilizes UV mapped oblique
imagery to texture its facets and was then inserted into Google Earth (Google Earth
2010) using @ KML deSCHPLION........ccciiiiiiiiiiie e 154
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Figure 155 lllustrates the UV Texturing process: A) The wireframe model, B) The faceted
model, C) The UV textured Model, D) The flattened (uwrapped) model with
overlaying image texture, and E) Thetteed wireframe model........................ 154

Figure 156 Here the same model has been textured using a priojetbol in Sketchup
(Google Sketchup 2009) and then imported into Google Earth (Google Earth 2010).

Figure 161 The DIRSIG Simulator Editor provides access to various components of the
(ST 0Te | = 1 s PRSPPI 16-1

Figure 162 The Geometry tab (A), in the DIRSIG Scene editor, references the model geospatial
and directory location, while the Material tab (B) links to the scene materials
description file and emissivity file direCtOry.........ccoevvvviiiiiiiiiie e, 16-2

Figure 160 2 A0KAY (GKS {OSyS dat NPLISNIié aletiad GFo (K
al L) RSAONALIIAZ2YyE F2NJ GKS aadsS 6/0 yR ¢SE
tightly coupled within DIRSIG for physical scene description........................ 16-3

Figure 164 The Sensor Editor has links to a Mount Editor (A) and the Imaging Camera in the
Left Panel. As seen here, the Mount interface was utilized to capture the sensor
viewing angles whictvere retrieved from an Inertial Measurement Unit........ 165

Figure 165 Within the Camera Instrurgei SRAG2NE GKSNBE Aada 'y GSRAG:E
(B). Pressing this button will bring up the Focal Plan Edit menu with additional
buttons for editing the Detector Array (C) and the Response Curve.(D)....... 16-6

Figure 166 The Focal Plane editor buttons bring up the Detector Array editor (C) and Detector
Spectral Response editor (D) windows jethallow a great deal of flexibility in
defining the sensor specific design characteristiCs.........ccoceveevviiiieeeiieeeeeeee... 16-7

Figure 167 The Platform Editor allows for the designation of geospatial position information,
such as Latitude, Longitude, Altitude and the orientation information of the sensors
External Orientation Parameters, such as Pitch, Yaw & Roll....................... 16-8

Figure 168 In order to properly inject the WASP GPS/IMU data into DIRSIG it is essential to
convertfor any local coordinate translations, sensor angles and Geoid offsets. For
the VanLare site, this offset accounts for 36 [m] higher flying altitude........... 16-9

Figure 16 5Lw{LDQa p aS3aIr{O0SyS ¢AfSa 002dz2NlIiSae a
Rochester and include a variety of environmental settings, including residential,
agricultural, industal, and lake frontage. The VanLare test site is indTile....16-10

Figure 1610 The AtmospheriConditions Editor allow for designation of the Weather
conditions at the time of the collection and the designation of Radiation Transport
parameters via MODTRAN Tap@les............ccceeeeeeeieeeeeeeeee 1611
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Figure 1611 The Data Collection Editor allows the user to designate the day and time of
collection; this is essential for properly casting shadows onto the scenetfrem
COITECt SOlAr POSILION.....ccceiiee it 16-12

Figure 171 This flowchart provides a snapshot of the tqmisvided for image registration and
the related file SITUCTUE.........uuviiiiiii i 17-1

Figure 172 This flowcharprovides a snapshot of the tools provided for SPC Generation and
the related file SITUCTUE.........uuviiiiiiie e 17-2

Figure 173 This flowchart provides a snapshot of the tools provided for Pose Estimation and
the related file StTUCTUIE..........cooo i 17-3

Figure 174 This flowchart provides a snapshot of the tools provided for Model Registration
and the related file SIUCTUIE..........uurueerrrr e 17-3

Figure 15 This flowchart provides a snapshot of the tools provided for LIDAR Processing and
the related file StTUCTUIE...........oooo i 17-4
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Glossary

Bundle Adjustmen A photogrammetric process utilized to relate multiple cameras, images
FYR GKS NBadzZ GAy3 aLl N&ES adNHzOGdzZNBE o0& az2ft @gay3
w.r.t. corresponding image control points.

Dense Point Cloud (DPCAn array of 3D pats, that is often associated with a LIDAR dataset
and is described by a global coordinate system.

Discrete Linear Transform (DLTA. linear techniquéhat can provide an initial estimate of a
solution space that is often desired to seed a #ioiear ogimization algorithm

Exterior Orientation ParameterEOR. These parameters refer to the location of thamera
fSya w-X I %8 YR UKS 2NASyGldA2y .2F GKS OFY

Faceted Models (FM)This refers to the traditional computer graphics models that contain
vertices and facets to represent the 3D structure of a scene.

Interior Orientation ParameterglOP. These parameters refer to the intrinsic properties of
the camera and include focal length, principle point, focal plane skew, and radial distortion

LevenbergMarquardt Algorithm (LMA).A robust nonlinear optimization teciique often used
in computer vision problems for estimating the solution to nonlinear least squares problems.

Random Sample Consensus (RANSAQEechnique for robustly removing outliers from
dataset. It does this by minimally sampling the data astiatlly significant number of times
to create a mathematical model that maximizes the number of inliers within an error region.

Space Resectioning. LIK2 02 3INJF YYSGNE GSNYXY GKFG AYLX AS& a:
relating points in one image to thoseamother, or to a model.

Sparse Bundle AdjustmentBg).¢ KS GSN)X aall NES¢ KSNB NBftlFGSa
techniques utilized to solve for extremely large, but, weakly correlated parameters involved
when solving for most Bundle Adjustments.

Sparse PoinCloud (SPC)The array of 3D points locally defined within a 3D coordinate system.

Sparse Structure Bundle (SSBis includes the entire bundle of sparse structure, images and
related camera positions within a common and local 3D coordinate system.

UV Texture Map A standard technique in the graphic modeling commungtgdto realistially
texture 3D models. Thtechnique maps a composite texture, mapped in the normalized
WadaE Q12 GKS GSNIAOSAE 2F aStSOdG Y2RSt FIF0OSGarT

World Coordinate System (WCSJ)he absolute coordinate system linked to the global grid.
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1 Introduction

1.1 Use oflImagery Data is now Mainstream

Over the cowse of the last decade, the use of imagery based products from airborne and
satellite platforns havebecome mainstream. @plications like Google Eartkaps (Google

Earth 2010)nd Bing Maps(Microsoft Corporation 2010allows a user toplan travel, assess
realestate, teach their children geography2 NJ @A adzl t AT S GNASINSSE (KB d2d
happening in the worlét the click of a mousbutton. The ability toseamlessly viewhundreds

of integrated image producti® visual database§ & GKNRB gy 2LISy GKS R22NX&

FTASEt Ré andlysisjvdgratdriyRision, and database archival.

The VanLare Water Processing Pla@oogle Earth Software View

Figue 1-1 ¢ This Google EartfGoogle Earth 2010)iew of the VanLare Site contains afidelity model courtesy Pictometr
Int. (Pictometry 2010y YR A& NBLINBaSyidldA@dS 2F GKS NBFIfAaGAO NB
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Along with this keen new interesty the general populatohA Yy aSSAy3 | Go6ANRQA
world, comes new mathematical advancements from the field of computer vision that are
allowing robots to perceive their surroundings and avoid obstacles. What do these two
observationshave in commofd Theyboth requre the processing ofarge volumes of imagery

that are captured from a multitude of vantage points, registered together, and providkxtal

or global 3D coordinate systems that allow for integration, fusion and archival.

1.2 The Problem

Although great sides have been made in the automated registration of grayscale imagery from

similar viewing geometries, there are still great challenges in developing robust automated
techniques for registering images taken from varying viewing geometries and from dtffere

spectral modalities. The challenges for 3D multimodal registration are many and are directly

linked to theangular and spectralisparity of he datasets themselve®/an Nevel 2001) The

3D influences of the scere-sensa viewing geometry creates occlusions and parallax effects,

the changing solar illumination causes varying shadow positions, and the diverse appearance of
GKS a0SyS RdzS (G2 | &aSyaz2Nna aLlSodNF f NB & L2

automaticallyregistering and relating remotely sensed imagery of a &itgutel-2).
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3D Projective Effects Multimodal Appearance

_ VNIR

7

N MWIR

Figurel-2 The registration challenges resulting from viewing geometry including parallax, occlusiomag@wing (left)
and spectral diversity (right) are visible above (synthetic SAR and Pl images of VanLare courtesy Dr Mike Gartle

1.3 The Solution

For decadesimagery analysts (the author included) havied to register imagesvithin a 2D
construct only to fad that this solution space is barely adequate to accomplish the task at hand.
It should always be kept in mind that an image is a projection of the 3D world from a certain
vantage point. This 2D projection contains all of the 3D influences of the amamt including

the terrain, foliage and the buildingsA 2D solution to relating imagery is only justified when
these images are taken from similar vantage points or if the 3D influences are negligible, such
as when the terrain is flat or if these inflnees have been removed through orthectification.

It should be no surprise to those that have been frustrated with the limitations of 2D image

registration, that this3D problem necessitates a 3D solution
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In previouswork by the author(Walli, Multisensor Image Registration utilizing the LoG Filter
and FWT 2003h case study was developed that demonstrated the results of an automated 2D
image registration algorithm over aarban section of San Diego, @#at contained arge
amounts of terrain relief and building parallakigure 1-3). These images were taken with
enough angular disparity to exhibit significant amount of parallax, thus frustrating automated

registration attempts with low error.

The Limitation of 2D Image Registration

Figurel-3 This graphic shows the result of registering two images of ®&go, where ~75% of the correctly matched
features (red squares) were discarded in a vain attempt to obtain subpixel registration accuracy to a 2D model.

In this example, the 1 meter resolution Ikonos imag@pgoEye, Inc 201®as used to btain
~200 good feature matches. Unfortunately, these correspondenesslted in a rather poor
error analysisresult, when attempting to relate them using 2D transformation. Even after

considerable refinement/culling of ~75%f the matched feature locations, through error
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