a9y United States
12y Patent Application Publication o) Pub. No.: US 2011/0200249 A1

US 20110200249A 1

Minear et al. 43) Pub. Date: Aug. 18, 2011
(54) SURFACE DETECTION IN IMAGES BASED (32) US.CL . 382/154
ON SPATIAL DATA
(75) Inventors: Kathleen Minear, Palm Bay, FL. (57) ABSTRACE
(US); Anthony O’Neil Smith, A system and method are provided for detecting surfaces in
Melbourne, FL (US) image data based on spatial data. The method includes obtain-
ing an empirical probability density function (PDF) for the
(73) Assignee: Harris Corporation, Melbourne, spatial data, where the spatial data includes a plurality of
FL (US) three-dimensional (3-D) point cloud data points associated
with a plurality of default color space values. The method also
(21)  Appl. No.: 12/706,990 includes generating a globally smooth estimated PDF based
_ on the empirical PDF and a kernel smoothing techmque,
(22)  Filed: keb. 17, 2010 ascertaining one or more threshold elevation values for at
L _ _ least one mode in the estimated PDF, and tagging one or more
Publication Classification portions of plurality of 3-D point cloud data points corre-
(51) Int.Cl. sponding to the at least one mode based on the threshold
GO6K 9/00 (2006.01) clevation values.

—\ U




Patent Application Publication

f —

. pALALLE

L LH §
== [P -
e Eor e resta S et Sem i med e Tresam mamatf

#‘_ﬂ

"wWl'mm

[ T

h bk Taa R 1 W 1 gl

Aug. 18,2011 Sheet1 of 13

- -I - ™
- | o
et T
I-—r"r
mllalnbegfiaigl o [ WP
ey = s -
. r F__.- a, - T
L] '... . .‘.-‘. [ 5 -
= n
. L. L 4
1 [ - il e S I ——— - i aEww .o T N

1 q . v al,F rHrws

I . . PR p—= T
— d__-I._-_l.- p.l_-\.'-'-gl—"‘- e .--_-\.-.-\-.-..L- r}_ d p— . NIy By

g 1 = A

preigm
. el 1

104

e
PR R— r-h--...-\_J-f'r'l-"'l- '

FIG. 1

US 2011/0200249 Al



Patent Application Publication  Aug. 18,2011 Sheet 2 of 13 US 2011/0200249 A1l

L]
\
1
- &
1 - .
“r,
4 s
1 h e
.
! ™y . _i
1 L P
'. - . . :[
E | i"= -":!
o L™
E _F H‘ - ; |.-
. ) . “
=+ "x
|+:_I 3 . - . 'y - "
[ i T " q b
Fo
: L L . i - :
! T ! - T
l e .. ! - u T
A r.q "
", ™ o
L ! .
R _.h -~ ‘ * LS {
ol * - § h “, r
H. [ "l‘- .'I.
1 'h-qr:l_I L™ * L™ i
- " ! -, L9
.E-. - [ ] 1 il * I =+ ~ }
A A e, i - L)
'y - hy w ~ i . J
?:' :"-l-_r :. . |.' PR \ 1 . ™ "
-;.J:-J.i.:-‘l.{ l"'f-l.";- ..r':"'_F"{::-ﬁF'-:!: *I'I_ P ‘- - I-" *-
B r-:' I_I.Ir-,- U . o+ .I’ .I . = — i ' LT " LT
T--‘; . M .'-'1"'5;”::'-1;; R o ' "
B |'| | e My g T r P ' rl_ﬂ I Ny "ll_
li .--H i-u;-r:'q.l_ - r.;-" - 1-.l'_.: L l..\_,. L I 1Y
.'I'hl rl ;-Tﬁl-ljl'lldftt ) T ' j-'ld I .h'-
A 4
i ' ' I
o ! I
i 1
L

H O N H ek ke

FlG. 2



Patent Application Publication  Aug. 18,2011 Sheet 3 of 13 US 2011/0200249 A1l

BEGIN
302

OBTAIN SPATIAL DATA INCLUDING A PLURALITY OF 3-D POINT CLOUD DATA
AND ASSOCIATED DEFAULT COLOR SPACE VALUES

304

GENERATE EMPIRICAL ELEVATION PDF FOR LOCATICN
BASED ON SPATIAL DATA
208

GENERATE AN ESTIMATED PDF FROM THE EMPIRICAL PDF USING A KERNEL
SMOOTHING TECHNIQUE
308

DETERMINE THRESHOLD VALUES FOR ONE OR MORE OF THE MODES OF |

INTEREST IN THE ESTIMATED PDF
| 310

INTEREST

312

SR S

 DISPLAY IMAGE ASSOCIATED WITH

SPATIAL DATA USING AN |

ALTERNATE COLOR VALUE(S) FOR
TAGGED PORTIONS

DISPLAY AN IMAGE INCLUDING
ONLY THE TAGGED PORTIONS
318

RETURN
314

F1G. 3




US 2011/0200249 Al

Aug. 18,2011 Sheet 4 of 13

Patent Application Publication

J.:E.:i_-"

[ ]
r

[
L
"1l
e i

e
] S
""I'-'-
-l.'L.
EEE N

lllllll

I-.'hl
Frealy V1
. h_
o
W-
Ta
q;-':.l

-
'
[ ] B}
L

a1

.!-
llq
.I .. “:!;ﬂ

|.-:-|'.!-_r

-
= ML
H'l.l'ﬁ;: .

T

004

002




US 2011/0200249 Al

Aug. 18,2011 Sheet 5 0of 13

Patent Application Publication

WU R WY

L Ry

: r.-.,..... -...-.n.r. L
gt B P I el

Tl L= E =
RPN T 1“_-.. -
Va0 Ty
-
. [ -

Y |

im _
- "
LE R

e

_—_ e
1
L

u
T



Patent Application Publication

ii
% 5
Q
E s
= i
ﬂ-'_“ .
L‘IJ -
o) e
o0 .
) :

o "':.'_I
ol

s
.'.!..I.

Aug. 18,2011 Sheet 6 of 13

o

o

e}

™ -. . ) . R - et
. . L L e e TR :
. SRV RS SRS e T 1k
. .- L R A T Y TR TN S e o B
_M.: e L e

R
J'l :":\..;'-':-h | = -":

L = -
’Lbr',{n : AT -

L& .
. . .
. ot :"':."_l;-..l-.

v 1
Bt
e

S .'_:_,:,;?:""E.:-_:;L'{{I'T-‘r-u'::'f_

—— oy
e, W, 1
TN bl o ML ) 1

TR
_-":':_-'l_nﬂr-nl LA N

1

"',. nr 3
T e e
R
S - e :.'-"-\. Hiar)
h H o
- m-

' i

FIG.
402

L | 1
- | 1
] | 1
" 1 1
- | 1
| | | 1
r 1 1
u F 1
u 1 1
[ ] [ 1
] n 1
| n 1

| | [ ] L]
4 ] a
4 a1
"'"":""!""'!'!Ill!!l:-llIlII-Iil'lll-h-l-lll'lﬁlll'lIﬁhll
- a
+ L |
uh L]
L] n
] u
.I. L]
| g L]
+ L]
1 4
L |
u 1
- | |
L} |
" 1
u 1
"'"1“-.l'lil“'rlllI:IIIllil—l-llI‘illll-h:rll'h.l-p'qql
r n
r | |
r | |
] n
k [
u |
| ]
1 1
[ ] [ ]
[ ] -
1 1
r | |
r | |
¥ |
¥ |
L | | |
|ll--llﬂ-r-lrl-Ir--q---1.--------r---u--q-u-.‘lui---rin-u--'
- r
L [ ]
L ] [ ]
- n
] n
= ]
- "
1] -
L] k
| | [}
| ] -
1 1
1 1
| -
1 L
1 -
L L e e e e L L N I I T LA R R R LI L T I O B B AR
1 T+
= +
L] L]
. q
u b |
L] L]
| | |
-
']
-

LT MR i A

4h5 4711
ELEVATION (FT

FIG. 8
800

US 2011/0200249 Al

CO B N IR I I TN S S N R

A

& » 8 bk F A4 ) w & kLR

BB BB B B B B T I




US 2011/0200249 Al

Aug. 18,2011 Sheet 7 0f 13

Patent Application Publication

A | 5 U 5 LN LS L UL & 5 L 5 E L. S E L ESELU LS NSNS = LU 4 L -8 _ 1

lllllllllllllllllllllllllllllllllllllll

F1G. 9C

F1G. 9B

—_——-rr T r
|

1.005

0,005 p------1

0.01 pemeeneees

480

45l

475

471}

465



Patent Application Publication  Aug. 18,2011 Sheet 8 of 13 US 2011/0200249 A1l

835 5 - ) | N—

0.3

0.25 F------

T S FIG. 10A
I ; : : : :
tR -] SERRR T P T S R T - 1 000

0.1 Fevemmmefons

0.05

455 40 qbb 470 475 480 485

I-l‘---l-I-‘--l-i s hm s mm I--.---.-'J. '''''''

--------------------------------------------------------

FIG. 10D
1050

i I P -
455 Akl 465 47 475 A5 485



US 2011/0200249 Al

G
FIG. 11B
FIG

L

.__...”.........._._.._.._. ‘ i.pr.i_..._.._-..ﬂ!.n.ﬁ.__.!"l._c-.
JORPRERCH el ] oA u,ﬁ..qfﬁqﬁp e

- B el MRV Wha e Sl et T T
3.1 ﬁ#—ﬂ F s o Dt .v_.: P il

lL.-III—
¥

L)

St et T S £
" . -..... .

r
et .
e D e e e N
.. =" -
eCi "aw M1 -
- e Aﬁ- . .,.-

B | B R [ ]
i
.T. T oge
. LI l-.--J.”.r”JI.-u.-r .r_.u-“-‘r“f“._nl__-

.
=y
T e
L }- - .- -
b u. b . .
I.‘. - W o el ¥ - .....-”-.._-.n. =L R
z . _.u-_ - -......._”. ...h_ﬁu s
L l.r.n_- . . _r.lr.-.--.- - .rl-.._l.!..“.-|
" - -, Tetl
v " .

m
- - lmm

iy

. .III
;

ll

L} vl
¥ o
.

ok

__'-'._ -

e o

d o IS

“nagulle ..._ .

.-,._u_._...-_.‘...-.u y . - - L
ok AN ST
ra g Rt P
e bt

P

Aug. 18,2011 Sheet 9 of 13

ara e P e
L h].-..... - .
-l._--l_ lul.-. ..l._- .-..“.l.-l_-m_r. -.ny#.-lu ]
. g
1l- -l.-_..n u-......“_

Patent Application Publication



US 2011/0200249 Al

Aug. 18,2011 Sheet 10 of 13

Patent Application Publication

hH b If.--ll
— __-.u-u.-_m._. nm-u-ﬁt”anW .l.uw.nl..ln.j._l =7l
: Lhir Ly wh el

L LR

r......ulU_

P

R L S

Ry

" 'r

I Tk

s

i
1= _l-.-.- I
iy L

TS

gty

¥

il e

-
i
b

Ao

[ty e
'y "rh'
i

'n
L M
L

. ...-.II |.Il-. e
. . -,
.-.-..r..._......ﬂ. et _,....r_-.

ol Iy}

o o T e

|...r_..-n-..-.n-_
)

i iy
L

.“I.-.-.... e

u-ll;"- 5
: -;I:-:r' ‘_E:‘-. :
e

o
L
[

e
i

5
=

-
s

e

ray el

T F:I-I_:E:.h

e,
[Agry

'
h
e

A

[t
! :lhr?

A
g o

T

1
-

e

e,

L]

L

.

-
1

A

%
.
T

o

5w

'\-IF

s

s =
'm, q_'-l:

o

o

e

)
X

fa

M
o
'i‘l- ,
et

.".
il|"‘-i-_"._

'i:'

Y

.
!

‘nl

;*'u.' Ty

; T
1!'..'_-EI

A W
o
d
Ny
-t
A q_h l-_ [ |
T s

=
i

-
-

s

-
o

I A
2
l-gl:'
were g

"u
.-
1 .
el e B

]
!
v

Mot

it
!
Tyl g

s
:
T
i
| B ]

LI

.

"
T |

I,

i
S e e

-
a

) . fnab it
Loy : iR %..ﬁu..m.n.mw

RN . . e AT
>

LA =iy ] ...Ml. L] A 3 .L...?-..J.n”.-l“u.i.r
R I L e e
_._,.r-n_ - .....n- - m.lh.l.li-.."...u.__._u.. " N .rn_.._.

) i T L O ',
- .-._..m__ml.-ﬁ:_l.“l 1—_._u...p-” 5 |WJM|JH|FH< -..nn.u_”“ﬂf.-.-_n-nl .-ﬂ_. - _-nu .-.1“-.-_-.__. w_ .n_ﬂ._r o ._- )
L _..rr.- L _...u1..r-.- W-_. -J_".1 . '
i B Y= _._rr.u“... (IS | [0 Ll
[l R i
L ..p.ﬁ.h. s
FLX u.__.ﬁ,.ﬂur.....ﬁ.

o
[

S .
e

= o
[
T Timw

e

LT e
LIRS

Ay .-':-' !

e
a
.
N
ey
L]

L.
1

R
DN}

o

i

ST e
[ [
(S, LA

Erey

T
a 1
Ss

L
"
.

-

I

LA ]

R
i Er e ]
-.1|“._.|...,|11._ [ e
AR T

.L..m._“..
i e g I L el
[ - ' al

. -.. |-_“.u_-5.|-..ll....-.-l- -

.
L
a

e

Lo =i,
N R
SR

e AN

L
[ oy e | o
Foow A .._.-._.... UL B x Ll
uh ”.lhllnnu..r_".,-

i g

Ko

..
w -

. .
L e

R s R
[l RN 8

I's
nh,

-

- ety BT
Ty e
AR it oy

. =

LR L IR

™ . -
_.J...L-—.. .-.Il.n-lnr_._.m-

i Bt T

L
-'..l-li-

;

)
ool
AN

% LT

L

-
sl
L
]

7o

"

L]

TRy

=
-
'

ST




dc¢l 9Old

US 2011/0200249 Al

Gi

N s L P L |
L ey L TR _l.h_.m.._..u.ﬁurw_.:n:ﬂ.”u PR PP LT L e e L g e
- oy ot g . ' R, gt g A AT .
PEPPr. A e . ML

= . F e moa

- = .
-
LI I -

L wTN - : . L
A ATy e U R . I - T

LR

RS P il
gt e BTN IEEL T R
1 - . P 4 .

W : R 1

O T ot . et

oyt e AR R R T R . Lot
L - - . L] . .

Aug. 18,2011 Sheet 11 of 13

[ - - — ~ 2 - T . -
a ' - e maiow . . . o, .
LT, - - [T . -~ - " aa .
Ly " . - B = . . CL IR o
ar i ol L - m o=y " ! . -
s TTa T a =" ) - " ; ST I q-lr . )
.- ol " m - " ...r. P Inl. u L ..-1”- - - L
L .t . = - LR P | - m =
- .- Lo " or- . '’ A e v R
. - - | - . - -- " [ .
R - - - ™ . .
L . PP
- = L - = o z .M “at et "~
_-uh , - l... R . [ LA LR
e 1 oL e
R =T e AT u - "
e ) Lot 0.
. . -
.o W, ., . B
. . Ve ) ]

- ety . - b > . ol e
m._.....,.r..u._ Fre ; - : h 1 . X . Lt e e nr _-—l_.,. e

. } ] I. ) - . . . ) S ; . . " ) . . ) . - .. . . . ) . . . . . . . ) . ... ) . .. ; . . ) . - . . ! . . . o .” L . . ... . : . - fwnl.lt- -I.l. |l‘|l ] m WI
. - T . N . T ) : ' . : L . y S e ] -.-....mnw_“t.
- . T e e el T el e e T e . . | . DX
L S . e e Lo : L L e : : Ll . y : : ] ) el _._l...-r....“..W.. = ,uum_.u.._-,...:u._...- . \
L PR R ) ) . : .- - H S, ) , 3 ; . b Ll R - U E L L. = LT - i . . | . 3 ] . . ", gl 1 - .n-m-nr.”.l..“_..-_-”..ﬁl...m U I .n.rr = 1

. | |
et
= H.“. ...n!m ...."...._.w

Patent Application Publication



Patent Application Publication  Aug. 18, 2011

Sheet 12 of 13 US 2011/0200249 A1l

.

1304

YES

1308

SET ELEVATION ASSOCIATED
WITH ZERO CROSSING AS
UPPER THRESHOLD VALUE FOR
MODE OF INTEREST
1310

" OBTAIN DERIVATIVE OF ESTIMATED PDF (DERIVATIVE PDF

1S THERE A

ZERO CROSSING AT AN
FLEVATION GREATER THAN

AN ELEVATION FOR A LOCAL
MIMINA

IDENTIFY A LOCAL MAXIMA/LOCAL MINIMA PAIR FOR A MODE OF INTEREST
1306

NO

SET MAXIMUM ELEVATION IN
ESTIMATED PDF AS UPPER
- THRESHOLD VALUE FOR MODE
OF INTEREST

IS5 THERE A

1312

YES ZERO CROSSING AT AN NO
ELEVATION LESS THAN AN ELEVATION
FOR A LOCAL MAXIMA?
1314
SET ELEVATION ASSOCIATED SET MINIMUM ELEVATION IN
WITH ZERO CROSSING AS ESTIMATED PDF AS LOWER
LOWER THRESHOLD VALUE FOR THRESHOLD VALUE FOR MODE
MODE OF INTEREST OF INTEREST
1316 1318
RETURN
FIG. 13 -

1300



Patent Application Publication  Aug. 18, 2011 Sheet 13 of 13 US 2011/0200249 A1l

Frocessor

Instructions
1402

Main Memory

Instructions

Static Memory

instructions

Network
Interface
Device 1420

Network

1404

Video
Display

141C

1424

Alpha Numeric
hput
Device

1412

1424

Cursor Control
Device |

1414

1424 Drive Unit

Computer-
Readable
Medium

Instructions

1422
1416

1424

Signal Generation
Device

F1G. 14 1400



US 2011/0200249 Al

SURKFACE DETECTION IN IMAGES BASED
ON SPATIAL DATA

BACKGROUND OF THE INVENTION

[0001] 1. Statement of the Technical Field

[0002] The present mnvention relates to analysis of image
data, and more particularly systems and methods for detec-
tion of surfaces 1n 1image data using spatial data.

[0003] 2. Description of the Related Art

[0004] Three-dimensional (3-D) type sensing systems are
commonly used to generate 3-D 1mages of a location for use
in various applications. For example, such 3-D 1mages are
used for creating a safe training or planning environment for
military operations or civilian activities, for generating topo-
graphical maps, or for surveillance of a location. Such sensing
systems typically operate by capturing elevation data associ-
ated with the location. One example of a 3-D type sensing
system 1s a Light Detection And Ranging (LIDAR) system.
LIDAR type 3-D sensing systems generate data by recording
multiple range echoes from a single pulse of laser light to
generate a frame sometimes called image frame. Accord-
ingly, each image frame of LIDAR data will be comprised of
a collection of points 1n three dimensions (3-D point cloud)
which correspond to the multiple range echoes within sensor
aperture. These points can be organized 1nto “voxels™ which
represent values on a regular grid 1n a three dimensional
space. Voxels used 1n 3-D 1maging are analogous to pixels
used 1n the context of 2D imaging devices. These frames can
be processed to reconstruct a 3-D image of the location. In this
regard, 1t should be understood that each point 1n the 3-D
point cloud has an individual X, y and z value, representing the
actual surface within the scene 1n 3-D.

[0005] To further assist interpretation of the 3-D point
cloud, color values have been used to enhance visualization of
the point cloud data. That 1s, for each point in a 3-D point
cloud, a color 1s selected 1n accordance with a predefined
variable, such as altitude. Accordingly, the variations in color
are generally used to 1dentity points at different heights or at
altitudes above ground level. Notwithstanding the use of such
conventional color maps, 3-D point cloud data has remained
difficult to interpret.

SUMMARY OF THE INVENTION

[0006] Embodiments of the invention concern systems and
methods for detecting surfaces 1n 1mages based on spatial
data. In a first embodiment of the invention, a method for
detecting surfaces 1n 1mage data based on spatial data is
provided. The method includes the step of obtaining an
empirical probability density function (PDF) for the spatial
data, where the spatial data includes a plurality of three-
dimensional (3-D) point cloud data points associated with a
plurality of default color space values. The method also
includes the steps of generating a globally smooth estimated
PDF based on the empirical PDF and a kernel smoothing
technique, and ascertaining one or more threshold elevation
values for at least one mode 1n the estimated PDF. The method
turther includes the step of tagging one or more portions of
the plurality of 3-D point cloud data points corresponding to
the at least one mode based on the threshold elevation values.

[0007] In asecond embodiment of the mnvention, a system
for detecting surfaces 1n 1mage data based on spatial data 1s
provided. The system includes a storage element for recerving,
the spatial data representing one or more surfaces of objects in

Aug. 18,2011

a scene. In the system the spatial data includes a plurality of
three-dimensional (3-D) point cloud data points associated
with one or more default color space values. The system also
includes a processing element communicatively coupled to
the storage element. In the system, the processing element 1s
configured for obtaining an empirical probability density
function (PDF) based on the spatial data and for generating a
globally smooth estimated PDF based on the empirical PDF
and a kernel smoothing technique. The processing element 1s
also configured for ascertaining one or more threshold eleva-
tion values for at least one mode 1n the estimated PDF and
tagging one or more portions of the spatial data correspond-
ing to the at least one mode based on the threshold elevation
values. The processing element 1s further configured for
moditying at least a portion of the default color space values
based on the tagging for use 1n generating a display of the
surfaces using the spatial data.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 shows an exemplary data collection system
for collecting spatial data comprising 3-D point cloud data
and associated radiometric 1mage data according to an
embodiment of the invention.

[0009] FIG. 2 1s exemplary image {frame containing 3-D
point cloud data acquired 1n accordance with an embodiment
ol the present invention.

[0010] FIG. 3 shows an exemplary method for tagging and
optionally displaying image data in accordance with an
embodiment of the invention.

[0011] FIG. 4 1s a top-down radiometric 1image of a geo-
graphic location.

[0012] FIG. S1saperspective view of 3-D point cloud for a
volume associated with the geographic location 1n FIG. 4.

[0013] FIGS. 6A and 6B are a top-down view and a per-
spective view, respectively, of the 3-D point cloud 1 FIG. 5

associated with the geographic location in FIG. 4 after col-
orization.

[0014] FIG. 7 shows a close-up view of a portion of the
image 1n FIG. 4.

[0015] FIG. 8 shows a histogram of elevation versus the
number of observations for a portion of the image of FIG. 7.

[0016] FIG. 9A 1s an x-y plot of an estimated PDF for the

empirical PDF shown 1n FIG. 8 generated using a Gaussian
kernel function with a standard deviation of 0.01.

[0017] FIGS. 9B and 9C are close-up views of sections of
FIG. 9A.
[0018] FIG. 9D 1s an x-y plot of a derivative PDF for the

estimated PDF shown in FIG. 9A.

[0019] FIG. 10A 1s an X-y plot of an estimated PDF for the
empirical PDF shown 1n FIG. 8 generated using a Gaussian
kernel function with a standard deviation of 0.5.

[0020] FIGS. 10B and 10C are close-up views of sections
of FIG. 10A.
[0021] FIG. 10D 1s an x-y plot of a derivative PDF for the

estimated PDF shown in FIG. 10A.

[0022] FIG. 11A 15 a top-down view of spatial data of a
location including color values from a radiometric image of
the location.

[0023] FIGS. 11B and 11C present alternate versions of
FIG. 11 A modified in accordance with an embodiment of the
invention.
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[0024] FIG. 12A 15 a perspective view of an 1image com-
prising relative spatial data of a ocean volume 1n which alter-
nate color values are applied to an ocean surface elevation and
a ocean tloor elevation.

[0025] FIG. 12B is a perspective view of the image of FIG.
12A 1n which data points not associated with the tagged
portions of the spatial data have been removed.

[0026] FIG. 13 1s a flowchart of steps in an exemplary
method 1300 for identifying threshold elevation values 1n an
empirical PDF for a mode of interest in accordance with an
embodiment of the invention.

[0027] FIG. 14 1s a schematic diagram of a computer sys-
tem for executing a set of mstructions that, when executed,
can cause the computer system to perform one or more of the
methodologies and procedures described herein.

DETAILED DESCRIPTION

[0028] The present invention 1s described with reference to
the attached figures, wherein like reference numerals are used
throughout the figures to designate similar or equivalent ele-
ments. The figures are not drawn to scale and they are pro-
vided merely to illustrate some embodiments of the present
invention. Several aspects of the mvention are described
below with reference to example applications for i1llustration.
It should be understood that numerous specific details, rela-
tionships, and methods are set forth to provide a full under-
standing of the mvention. One having ordinary skill in the
relevant art, however, will readily recognize that the invention
can be practiced without one or more of the specific details or
with other methods. In other instances, well-known structures
or operations are not shown 1n detail to avoid obscuring the
invention. The present mvention i1s not limited by the 1llus-
trated ordering of acts or events, as some acts may occur in
different orders and/or concurrently with other acts or events.
Furthermore, not all illustrated acts or events are required to
implement a methodology in accordance with the present
invention.

[0029] As described above, the use of spatial data 1s preva-
lent 1n malitary and civilian applications for analyzing loca-
tions or performing surveillance. Such spatial data 1s typically
generated using a 3-D imaging system which generates one or
more frames of 3-D point cloud data. One example of such a
3-D imaging system 1s a conventional LIDAR imaging sys-
tem, as described above. In general, such LIDAR systems use
a high-energy laser, optical detector, and timing circuitry to
determine the distance to a target. In a conventional LIDAR
system, one or more laser pulses are used to 1lluminate a
scene. Each pulse triggers a timing circuit that operates 1n
conjunction with the detector array. In general, the system
measures the time for each pixel of a pulse of light to transit
a round-trip path from the laser to the target and back to the
detector array. The reflected light from a target 1s detected 1n
the detector array and 1ts round-trip travel time 1s measured to
determine the distance to a point on the target. The calculated
range or distance information 1s obtained for a multitude of
points comprising the target, thereby creating a 3-D point
cloud. The 3-D point cloud can be used to render the 3-D
shape of an object.

[0030] Ingeneral, interpreting 3-D point cloud data to 1den-
tify objects and surfaces 1n a scene can be difficult without
employing substantially complex three dimensional analyses
of the 3-D point cloud. Therefore, to facilitate interpretation
of 3-D point cloud data, some conventional systems associate
color values with each of the points in the 3-D point cloud.
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The term “‘color value™, as used herein, refers to the set of one
or more values (1.¢., tuples of numbers) used to define a point
from any type of color map or space, such as a point 1n a
red-green-blue (RGB) color space, hue, saturation and inten-
sity (HSI) color space, or a point in a intensity (grayscale)
color space, to name a few. In some cases, the associated color
values provide an artificial coloring or shading of the 3-D
point cloud data based on assumptions regarding the terrain or
the types of objects in the scene to assist the observer’s inter-
pretation of the 3-D point cloud. In other cases, the associated
color values for the 3-D point cloud data can be based on a
radiometric 1mage. The term “radiometric 1mage”, as used
herein, refers to a two-dimensional representation (an image)
of a location obtained by using one or more sensors or detec-
tors operating on one or more electromagnetic wavelengths.
In particular, the color values from the radiometric image are
applied to the 3-D point cloud data based on a registration or
alignment operation.

[0031] Although the combination of spatial data and color
values described above assist the observer in interpreting 3-D
point cloud data, there are many circumstances 1 which
associating color values with spatial data provides little or no
assistance to the observer during interpretation of image data.
For example, if the color values for an object and an adjacent
surface or object are not sufliciently different, the addition of
color values will not aid interpretation of the image data.
Similarly, 1f the color values for different surfaces or layers in
a volume are not suificiently different, the addition of color
values will also not aid iterpretation of the 3-D point cloud
data. In yet another example, 11 the color values for different
portions of a single surface or layer vary significantly over a
geographic area, 1t can be difficult for an observer to conclude
that the different portions belong to the same surface.

[0032] Theretfore, to overcome the limitations of conven-
tional methods, the various embodiments of the invention
provide systems and methods for improving visualization and
interpretation of 1mage data based on spatial data consisting
of 3-D point cloud data. In particular, the various embodi-
ments of the mvention provide a system and method for
tagging portions of spatial data associated with a selected
surface, a selected layer, selected elevation, and/or any asso-
ciated objects. In the various embodiments of the imvention,
such tagging can be performed without the need for complex
3-D analyses o1 3-D point cloud data. Rather, statistical meth-
ods are used to analyze the distribution of the elevation values
in the 3-D point cloud data 1n order to identily and tag sur-
faces 1n the 3-D point cloud data. The tagging can then be
used to provide alternate color values to produce modified
radiometric 1mages, modified 3-D point cloud images, or
combinations thereof. The inclusion of these alternate color
values therefore results 1n an 1mage 1n which a selected sur-
face, a selected layer, selected elevation, and/or any associ-
ated objects can be more easily discerned by the observer.
Additionally, the tagging can be used to remove 1image data
assoclated with noise, artifacts, or other features on little or no
interest to the observer.

[0033] Asdescribed above, one aspect of the invention 1s to
perform tagging of spatial data of a location 1 order to
modily color values from an associated radiometric image. In
the various embodiments of the invention, the spatial data and
associated radiometric 1mages can be collected 1n several
ways. One method 1s shown 1 FIG. 1.

[0034] FIG. 1 shows an exemplary data collection system
100 for collecting spatial data comprising 3-D point cloud
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data and associated radiometric 1mage data according to an
embodiment of the invention. As shown 1n FIG. 1, a volume
108 to be imaged can contain one or more objects 104, 106,
such as trees, vehicles, and buildings.

[0035] In the various embodiments of the inventions, the
volume 108 1s imaged using one or more sensors. As shown in
FIG. 1, 3-D point cloud data can be collected using one or
more sensors 102-i, 102-; and the data for an associated
radiometric 1mage can be collected using one or more radio-
metric image sensors 103-i, 103-/. The sensors 102-i, 102-;,
103-;, and 103~/ can be any remotely positioned sensor or
imaging devices. For example, the sensors 102-,102-7, 1034,
and 103-; can be positioned to operate on, by way of example
and not limitation, an elevated viewing structure, an aircratt,
a spacecrait, or a celestial object. That 1s, the remote data 1s
acquired from any position, {ixed or mobile, 1n view of the
volume 108 being imaged. Furthermore, although sensors
102-i, 102-7, 103-i, and 103~/ are shown as separate 1imaging
systems, two or more of sensors 102-7, 102-7, 103-i, and 103-;j
can be combined 1nto a single 1maging system. Additionally,
a single sensor can be configured to obtain the data at two or
more different poses. For example, a single sensor on an
aircraft or spacecrait can be configured to obtain image data
as 1t moves over a geographic area including volume 108.

[0036] Insome instances, the line of sight between sensors
102-; and 102~ and an object 104 may be partly obscured by
another object (occluding object) 106. In the case of a LIDAR
system, the occluding object 106 can comprise natural mate-
rials, such as foliage from trees, or man made materials, such
as camouilage netting. It should be appreciated that in many
instances, the occluding object 106 will be somewhat porous
in nature. Consequently, the sensors 102-i, 1027 will be able
to detect fragments of object 104 which are visible through
the porous areas of the occluding object 106. The fragments
of the object 104 that are visible through such porous areas
will vary depending on the particular location of the sensor.

[0037] By collecting data from several poses, such as at
sensors 102-i and 102-/, an aggregation of 3-D point cloud
data can be obtained. Typically, aggregation of the data occurs
by means of a registration process. The registration process
combines the data from two or more frames by correcting for
variations between frames with regard to sensor rotation and
position so that the data can be combined in a meaningiul
way. As will be appreciated by those skilled 1n the art, there
are several different techniques that can be used to register
this data. Subsequent to such registration, the aggregated 3-D
point cloud data from two or more frames can be analyzed to
improve 1dentification of an object 104 obscured by an
occluding object 106. However, the embodiments of the
present invention are not limited solely to aggregated data.
That 1s, the 3-D point cloud data can be generated using
multiple 1mage frames or a single 1image frame.

[0038] Inthevarious embodiments of the present invention,
the radiometric 1mage data collected by sensors 103-; and
103-j can include intensity data for an 1image acquired from
various radiometric sensors, each associated with a particular
range of wavelengths (1.¢., a spectral band). Therefore, in the
various embodiments of the present invention, the radiomet-
ric 1image data can include multi-spectral (~4 bands), hyper-
spectral (>>100 bands), and/or panchromatic (single band)
image data. Additionally, these bands can include wave-
lengths that are visible or imnvisible to the human eye.

[0039] As described above, the data points 1n the 3-D point
cloud data can be associated with difterent color values. In
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some embodiments of the invention, the color values selected
can be based on a predefined mapping. In such embodiments,
a mapping function can be provided that associates a color
value with a particular elevation. Therelfore, a color value for
cach data point in the 3-D point cloud data can be calculated
using the mapping function. In other embodiments of the
invention, the 3-D point cloud data can be fused or aggregated
with single or multi-band radiometric 1images to obtain color
values. That 1s, a data point 1s 1n the 3-D point cloud data 1s
associated with a portion of the single or multi-band radio-
metric 1images. A color value 1s then selected based on the
associated portion of the single or multi-band radiometric
images. The aggregation or fusion can be based on meta-data
associated with the 3-D point cloud data and the radiometric
image data. In such embodiments, the meta-data can include
information suitable for facilitating the registration process,
including any additional information regarding the sensor or
the location being imaged. By way of example and not limi-
tation, the meta-data includes information 1dentifying a date
and/or a time ol 1mage acquisition, information identifying
the geographic location being 1imaged, or information speci-
tying a location of the sensor. For example, information
indentitying the geographic location being 1image can include
geographic coordinates for the four corners of a rectangular
image can be provided 1n the meta-data.

[0040] Although, some embodiments of the invention will
generally be described 1n terms of one set of 3-D point cloud
data for a location being combined with a corresponding set
of one radiometric image data associated with the same vol-
ume, the present mvention 1s not limited in this regard. In the
various embodiments of the present invention, any number of
sets of 3-D point cloud data and any number of radiometric
image data sets can be combined. For example, mosaics of
3-D point cloud data and/or radiometric image data can be
used 1n the various embodiments of the invention.

[0041] FIG. 2 1s exemplary image frame containing 3-D
point cloud data 200 acquired 1n accordance with an embodi-
ment of the present invention. In some embodiments of the
present invention, the 3-D point cloud data 200 can be aggre-
gated from two or more frames of such 3-D point cloud data
obtained by sensors 102-i, 102~/ at different poses, as shown
in FIG. 1, and registered using a suitable registration process.
As such, the 3-D point cloud data 200 defines the location of
a set ol data points in a volume, each of which can be defined
in a three-dimensional space by a location on an X, y, and z
axis. The measurements performed by the sensors 102-i,
102-1 and any subsequent registration processes (if aggrega-
tion 1s used) are used to define the X, y, z location of each data
point. That 1s, each data point 1s associated with a geographic
location and an elevation.

[0042] FIG. 3 shows an exemplary method 300 for tagging
and optionally displaying image data in accordance with an
embodiment of the mvention. It should be noted that the
various embodiments are not limited the steps described in
method 300. Rather, a method for tagging data 1n accordance
with an embodiment of the invention can include more or less
steps than those described 1n method 300.

[0043] The method 300 begins at block 302 and continues
to block 304. At block 304, spatial data for a volume 1s
obtained. As described above, the spatial data includes data
points for a 3-D point cloud data. Additionally, the spatial data
obtained at block 304 1s associated with default color values.
In the various embodiments of the invention, default color
values can be provided for spatial data 1n a variety of ways.
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For example, 1n one exemplary embodiment, default color
values can be obtained from one or more radiometric 1mages
associated with the 3-D point cloud data. This method of
obtaining default color values 1s conceptually illustrated with

respect to FIGS. 4, 5, 6A, and 6B.

[0044] FIG. 4 1s a top-down radiometric 1mage 400 of a
geographic location. In FIG. 4, each pixel of image 400 has a
color value associated with a different portion of the geo-
graphic location imaged. FIG. 3 1s a perspective view 300 of
3-D point cloud 502 for a volume 504 associated with the
geographic location 1n FIG. 4. As described above, the vari-
ous pixels in image 400 and the data points 1n 3-D point cloud
502 can be registered to align each of the data points 1n point
cloud 502 with the pixels in 1mage 400. Based on this align-
ment, color values can be selected for the various data points
in point cloud 502. An exemplary result of this combination 1s
shown 1n FIGS. 6 A and 6B. FIGS. 6 A and 6B are a top-down
view 600 and a perspective view 6350, respectively, of the 3-D
point cloud 1n FIG. 5§ associated with the geographic location
in FIG. 4 after colorization. As shown 1n FIGS. 6A and 6B,
cach of data points 1n the 3-D point cloud is associated with a
color value from a corresponding pixel in FIG. 4.

[0045] However, the various embodiments of the mnvention
are not limited to this method of providing default color
values. In another exemplary embodiment, a same default
color value can be provided for all data points 1n a 3-D point
cloud. In yet another exemplary embodiment, a mapping
function, as described above, can be used to generate the
default color values for a 3-D point cloud using, for example,
clevation data. Any other method for associating default color
values with spatial data can also be used 1in the various
embodiments of the invention.

[0046] Referring back to FIG. 3, after the spatial data 1s
obtained at block 304, an empirical elevation probability
density function (PDF) can be obtained at block 306 based on
one or more portions of the spatial data. As used herein, the
term “empirical elevation PDF” refers to a graphical or tabu-
lar representation of the frequency of elevation values 1n the
3-D point cloud data. In some embodiments of the invention,
the empirical PDF can be a representation of the actual fre-
quency of elevation values 1in the 3-D point cloud data. That 1s,
the empirical PDF can show the actual number of elevation
values falling into each one of plurality of elevation value
ranges, 1.¢., a histogram of the elevation values 1n the 3-D
point cloud data. Such an empirical PDF (1.e., histogram) for

3-D pomnt cloud data illustrated below i1s provided with
respect to FIGS. 7 and 8.

[0047] It 1s worth noting that in other embodiments of the
invention, the empirical PDF can alternatively be a represen-
tation of the relative frequency of elevation values 1n the 3-D
point cloud data. That 1s, the empirical PDF can show the
fraction or proportion of elevation values falling into each one
ol a plurality of elevation value ranges.

[0048] FIG. 7 shows a close-up view of portion 402 of
image 400 in FIG. 4. FIG. 8 shows a histogram 800 of eleva-
tion versus the number of observations 1n portion 702 of FIG.
7. As shown 1 FIG. 7, portion 702 includes a car, a portion of
a nearby building, and a portion of the ground below the car
and the building. Since the car, the building, and the ground
are associated with different elevations, the resulting PDF
will exhibit a mode for each of these objects or surface. As
used herein with respect to a PDE, the term “mode” refers to
the sub-distribution o1 3-D point cloud data points associated

with each peak observed in a PDF. This 1s shown 1n FIG. 8 as
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three sub-distributions within histogram 800. The {first sub-
distribution 802, centered at about 460 feet, 1s associated with
the data points of the 3-D point cloud that are likely associated
with the ground 1n area 702. The second sub-distribution 804,
centered at about 475 feet, 1s associated with the data points of
the 3-D point cloud that are likely associated with the car in
area 702. The third sub-distribution 806, centered at about
482 feet, 1s associated with the data points of the 3-D point
cloud that are likely associated with the height of the building
in area 702.

[0049] Referring back to FIG. 3, once the empirical PDF
has been generated at block 306, 1dentification of the various
modes and the threshold elevation values indicating the range
of elevations associated with the various modes can begin at
block 308. At block 308, a globally smooth, estimated PDF
for the empirical PDF can be obtained. That 1s, a curve or
mathematical function 1s obtained that approximates the
overall shape of the empirical PDF while excluding noise and
other small-scale structure 1n the empirical PDF. Afterwards,
threshold elevation values for one or more of the modes 1n the
estimated PDF can be determined at block 310, where the
threshold elevation values represent the maximum and/or
minimum elevations associated with each mode of interest.

[0050] Although the empirical PDF obtained at block 306

permits 1dentification of the various modes present 1n the
spatial data, the range of elevations (1.e., the threshold eleva-
tion values) associated with each of the modes are typically
not readily discernable from the empirical PDF. In particular,
the noise typically observed 1n empirical PDFs, such as that
observed in FIG. 8, makes it difficult to discern the range of
data points associated with a particular mode. One solution to
this problem 1s to determine separate analytical expressions
for each of the sub-distributions associated with each of the
modes 1n the empirical PDF. These expressions can then be
used to determine the maximum and minimum elevation val-
ues associated with each sub-distribution. For example, In
FIG. 8, a Gaussian distribution could be selected to model
each of sub-distributions 802, 804, and 806 and threshold
clevation values could be based a characteristic of the selected

Gaussian distributions, such a multiple of the standard devia-
tion.

[0051] Unfortunately, separate analysis of each mode 1s
generally problematic with regards to identification of differ-
ent surfaces 1n a single 1image. First, obtaining separate ana-
lytic expressions that accurately match the sub-distributions
can be difficult in some 1nstances. For example, if modes have
overlapping distributions, the observed distributions are the
result of a combination of distributions. Therefore, 1t can be
difficult to ascertain whether particular data points are asso-
ciated with the first or the second overlapping modes. As a
result, some portions of a surface may be incorrectly i1denti-
fied. Second, 1dentification of modes 1s non-trivial in certain
instances. For example, 1n the case of a surface with varying
surface terrain, the elevation data points associated with dif-
ferent portions may result 1n a series of different sub-distri-
butions. Accordingly, portions of an 1mage associated with a
same surface may be incorrectly 1dentified as parts of differ-
ent surfaces. Third, even if separate analytical expressions
can be obtained for overlapping modes, a threshold elevation
value obtained from a characteristic of the expression, such as
the standard deviation of a Gaussian distribution, may corre-
spond to an elevation in a distribution of an overlapping
mode. Accordingly, portions of an image may be incorrectly
associated a surface.
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[0052] Inview of the limitations of evaluating the observed
sub-distributions of the empirical PDF individually with
respect to 1dentifying surfaces 1n an 1mage, one aspect of the
invention provides for determining a single estimated PDF
for the multi-mode empirical PDF. In particular, the various
of the mvention provide for generating an estimated PDF
using a kernel smoothing technique. A kernel smoothing
technique 1s statistical technique for estimating a real valued
function 1(x) by using noisy observations, when no paramet-
ric model for this function 1s known. In general, a kernel
smoothing techmique uses a defined set of weights at each
point X to produce an estimated 1(x) for a point x_, where the
weights for points x are decreasingly weighted according to
their distance from x_. The weights for each point x are
typically defined using a kernel function. The advantages of
such a techmique are that no little or no traiming 1s generally
required for the operation of the kernel smoother and that for
most 1rregular sets of data points, including multi-mode data
sets, a smooth curve can be generated that accurately repre-
sents the underlying, multi-mode function.

[0053] Accordingly, at block 308, a kernel smoothing tech-
nique can be applied to the empirical PDF to obtain the
estimated PDF. As described above with respect to FIG. 8, the
data for each mode appears to be distributed along a Gaussian
distribution. Therefore, in embodiments of the invention
where the modes appear to be distrbuted according to a Gaus-
s1an distribution, the kernel function selected for performing
the kernel smoothing technique can be a Gaussian function.
However, the various embodiments of the invention are not
limited in this regard and any other kernel functions can be
used, including Epanechnikov or Tri-cube kernels, to name a
few

[0054] As described above, the estimated PDF obtained at
block 308 1s also globally smooth. As used herein with respect
to a function, the term “globally smooth™ refers to a function
in which most, 1f not all, local variations have been removed.
Therefore, to obtain a globally smooth, estimated PDF at
block 308, the smoothing parameter for generating the esti-
mated PDF 1s selected to reduce or eliminate any localized
variations 1n the estimated PDF. That 1s, the variation 1n the
estimated PDF 1s only the overall varniation in the PDF. This 1s
conceptually described below with respect to FIGS. 9A-9D
and 10A-10D.

[0055] FIG. 9A 15 an x-y plot 900 of an estimated PDF for
the empirical PDF shown 1n FIG. 8 generated using a Gaus-
sian kernel function with a standard deviation of 0.01. As
shown 1n FIG. 9A, the estimated PDF substantially matches
the data i FIG. 8, but the estimated PDF 1s substantially
noisy. That 1s, a significant amount of localized variation in
observed. This 1s further 1llustrated in FIGS. 9B, 9C, and 9D.
FIGS. 9B and 9C are close-up views of sections 910 and 920,
respectively of plot 900. FIG. 9D 1s an x-y plot 950 of a
derivative PDF {for the estimated PDF shown 1n FIG. 9A.

[0056] In the various embodiments of the invention, a
derivative PDF can be obtained from an estimated PDF ana-
lytically or numerically. In the case of an estimated PDF that
can be expressed as an analytical function, the derivative of
this analytic function can be determined and used as the
derivative PDF. In the case of an estimated PDF that cannot be
expressed as an analytic function, the numerical values
obtained for the estimated PDF can be used to numerically
compute the dertvative PDF. In such embodiments of the
invention, any type of numerical differentiation methods can
be used. Such methods include, but are not limited to, finite
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difference methods, difference quadrature methods, and
complex variable methods. In the case of FIG. 9D, since the
estimated PDF 1s obtained using numerical techniques, the
derivative PDF 1s determined numerically using a finite dii-
terence method.

[0057] Asshownin FIGS. 9B and 9C, a significant amount

of noise or localized variation 1s observed 1n plot 900. Fur-
thermore, as shown 1n FIG. 9D, the derivative PDF shows not
only the significant amount of variation in the portions of the
estimated PDF associated with each mode, but also a signifi-
cant amount of variation associated with elevations between
the modes. However, by adjusting the smoothing parameter

for the selected kernel, such localized variations can be
reduced or eliminated, as shown in FIGS. 10A-10D.

[0058] FIG. 10A 1s an x-y plot 1000 of an estimated PDF

for the empirical PDF shown 1n FIG. 8 generated using a
(Gaussian kernel function with a standard deviation o1 0.5. As
shown 1n FIG. 10A, the estimated PDF substantially matches

the data 1n FIG. 8 and noise 1s eflectively eliminated. That 1s,
the localized variation observed in FI1G. 9A 1s not observed 1n

FI1G. 10A. This 1s further illustrated in FIGS. 10B, 10C, and
10D. FIGS. 10B and 10C are close-up views of sections 1010
and 1020, respectively, of plot 1000. FIG. 10D 1s an x-y plot
1050 of a derivative PDF for the estimated PDF shown 1n FIG.
10A. The derivative PDF of FIG. 10D can be obtained as
described above with respect to FIG. 9D. As shown 1n FIGS.
10B and 10C, little or no noise or localized variation 1s
observed 1n plot 1000. Furthermore, as shown 1n FIG. 10D,
the dertvative PDF shows little or no localized variation in the
portions of the estimated PDF associated with each mode or
the portions of the estimated PDF associated with elevations
between the modes.

[0059] In the various embodiments of the invention, the
value for the smoothing parameter for generating the esti-
mated PDF at block 308 can be selected in several ways. In
one embodiment of the invention, the value for the smoothing
parameter can be fixed to a value known to provide estimated
PDFs with little or no localized variation or noise for a par-
ticular kernel function. For example, as described above with
respect to FIGS. 10A-10D, a standard deviation of 0.5 can be
selected for a Gaussian kernel function. In another embodi-
ment of the invention, the smoothing parameter can be 1tera-
tively adjusted until a noise measure of the estimated PDF
converges or 1s mimimized. Similarly, the smoothing param-
cter can be iteratively adjusted until the values of the esti-
mated PDF converge. However, the various embodiments of
the mnvention are not limited to either of these methods and
any other methods for selecting a value for the smoothing
parameter to obtain a globally smooth estimated PDF can be
used.

[0060] Once the globally smooth estimated PDF 1s gener-
ated at block 308, upper and/or lower threshold elevation
values can be selected at block 310 for one or more modes
(1.e., the surfaces 1n the 3-D point cloud data) based on the
estimated PDF. In particular, a derivative of the estimated
PDF can be used to identily threshold elevation values. An
exemplary method for selecting threshold elevation values 1n
this fashion 1s described below 1n greater detail with respectto
FIG. 13. Once the threshold elevation values are selected at
block 312, the threshold elevation values can be used to tag
the portions of the spatial data associated with particular
modes of imterest. Method 300 can then proceed to block 314
and resume previous processing.
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[0061] Optionally, method 300 can display an image asso-
ciated with the spatial data at block 316, where the color
values associated with the spatial data are modified based on
the tagging at block 312. In particular, the color values asso-
ciated with the tagged spatial data can be modified to provide
alternate color values. Such alternate color values can be used
to highlight features of an 1mage. As a result, identification of
objects and other features 1n an 1mage by the observer can be
enhanced. This 1s 1llustrated below with respect to FIGS.
11A-11C. FIG. 11A 1s a top-down view of spatial data of a
location including color values from a radiometric 1image of
the location. FIGS. 11B and 11C present alternate versions of
FIG. 11 A modified in accordance with an embodiment of the
invention. In FIG. 11B, the portion of the spatial data tagged
as being associated with a ground level (1.e., streets i FIG.
11A) has been associated with an alternate color value. In
particular, a white color value. As a result, the streets in FIG.
11A can be more easily i1dentified and differentiated from
other features 1n the image. In FIG. 11C, the portion of the
spatial data tagged 1s associated with a rooftop level (1.e.,
buildings 1n FIG. 11A) and has been associated with an alter-
nate color. In particular, a white color value. As a result, the
buildings 1n FIG. 11A can be more easily i1dentified and
differentiated from other features in the 1image.

[0062] Additionally, method 300 can also provide a method
to generate 1mages including only portions of the image data.
For example, following tagging at block 312 and alternatively
or in conjunction with block 316, method 300 can display an
image at block 318 which includes only the portions of the
image associated with the tagged portions of the spatial data.
This can be used, for example, to remove noise and other
artifacts from an 1image. As a result, identification of objects
or surfaces ol interest 1s enhanced. This 1s 1llustrated below
with respect to FIGS. 12A and 12B. FIG. 12A 15 a perspective
view ol an 1image comprising relative spatial data of a ocean
volume 1n which alternate color values are applied to an ocean
surface elevation and a ocean floor elevation. As FIG. 12A
shows, despite the alternate color values for the ocean surface
and ocean floor at elevation values of 19 and 11, respectively,
it 1s difficult to visually discern these surface from noise and
other artifacts in the image. However, once the surfaces are
tagged 1n accordance with an embodiment of the invention,
the untagged portions can be removed to more clearly show
the tagged portions. This 1s illustrated in FIG. 12B. FIG. 12B
1s a perspective view of the image of FIG. 12A 1 which data
points not associated with the tagged portions of the spatial
data have been removed. As a result of removing 1image data
associated with noise and other artifacts and objects of no
interest to the observer, the observer’s mterpretation of the
data associated with the ocean surface and ocean floor 1s

enhanced.

[0063] Additionally, different alternate color values can be
associated with each surface to further enhance the observer’s
interpretation of the data. In particular, alternate color values
can be selected for each surface that are typically associated
with the type of surface 1n the image. For example, in the case
of FIG. 12B, a blue color could be used for the ocean surface
and a brown color could be used for the ocean tloor. Such
colors would correspond to colors typically associated with
water and ground. However, the invention 1s not limited 1n this
regard and any number of color values can be used for any
number of surfaces 1n an 1mage.

[0064] As described above, tagging of surfaces and objects
1s dependent on the proper identification of the range of
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clevations associated with each of the modes. This 1dentifi-
cation 1s illustrated below with respect to FI1G. 13. FI1G. 13 1s
a flowchart of steps in an exemplary method 1300 for 1dent-
tying threshold elevation values 1n an empirical PDF for a
mode of interest 1n accordance with an embodiment of the
invention. However, the various embodiments are not limited
the steps described 1n method 1300. Rather, a method for
identifying threshold elevation values 1n accordance with an
embodiment of the invention can include more or less steps

than those described in method 1300.

[0065] Method 1300 begins at block 1302 and continues to
block 1304. At block 1304, a derivative PDF of the estimated
PDF 1s obtained. That 1s, a representation of the first deriva-
tive of the estimated PDF 1s generated. In the various embodi-
ments of the invention, numerical differentiation methods can
be used to generate the dertvative PDF from the data points of
the estimated PDF. For example, methods based on interpo-
lation, finite difference operators, or undetermined coetli-
cients can be used 1n the various embodiments of the mnven-
tion. However, the invention 1s not limited in this regard and
any other numerical differentiation methods can be used.

[0066] Once the derivative PDF 1s obtained at block 1306,
the local maxima and local minima pair for the mode of
interest are 1dentified. For example, as shown i FIG. 10D, a
first mode (1.e., ground) having a distribution centered at
about 460 feet 1n the empirical PDF of FIG. 8 has a local
maxima at ~458 feet and a local minima at ~461 feet. Since
the estimated PDF 1s generated to provide a globally smooth
estimated PDEF, as described above, no other local minima or
maxima are observed for each mode 1n the empirical PDF.
Once the local minima and maxima for the mode of interest
are 1dentified at block 1306, identification of the threshold
clevation values can begin.

[0067] First at blocks 1308-1312, the upper threshold
elevation value can be identified. At block 1308, it 1s deter-
mined whether the derivative PDF has a zero crossing at an
clevation greater than the elevation associated with the local
minima. A “zero crossing”’, as used herein, refers to an eleva-
tion 1n the derivative PDF a value of zero. If a zero crossing at
a higher elevation 1s found at block 1308, then this elevation
1s set as the upper threshold elevation value atblock 1310. The
existence of such a zero crossing 1n the derivative PDF can
indicate the elevation at which the mode of interest transitions
to a second overlapping mode. That 1s, 1 a mode or interest
overlaps a second mode 1n the estimated PDEF, the zero cross-
ing corresponds to the elevation at which the portion of the
estimated PDF principally influenced by the mode of interest
transitions to a portion of the estimated PDF principally intlu-
enced by the second overlapping mode. The existence of such
a zero crossing in the derivative PDF can also indicate a
substantial separation between the mode of interest and a
second mode at a higher elevation. That 1s, if a mode or
interest does not overlap the second higher elevation mode 1n
the estimated PDF, the zero crossing corresponds to begin-
ning of the portion of the estimated PDF for which little or no
clevation data exists.

[0068] However, 1f no zero crossing at a higher elevation 1s
found at block 1308, then the maximum elevation 1s set as the
upper threshold elevation value at block 1310. In general, 1T a
derivative PDF does not include a zero crossing at an eleva-
tion higher than the elevation associated with the local
minima ol the mode of interest, this indicates that the spatial
data was “clipped”. That 1s, the spatial data associated with
mode of interest 1s 1ncomplete and represents only part of
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distribution for the mode of interest. Accordingly, the maxi-
mum elevation can be set as the upper threshold elevation
value since this maximum elevation 1s part of the mode of
interest.

[0069] Concurrently or in addition to blocks 1308-1312, a
lower threshold elevation value can also be identified at
blocks 1314-1318 for the mode of interest. At block 1314, 1t
1s determined whether the derivative PDF has a zero crossing
at an elevation lower than the elevation associated with the
local maxima of the mode of interest. If a zero crossing at a
lower elevation 1s found at block 1314, then this elevation 1s
set as the lower threshold elevation value at block 1316. The
existence of such a zero crossing 1n the derivative PDF can
indicate the elevation at which the mode of interest transitions
to a second overlapping mode at a lower elevation, as
described above with respect to block 1310. The existence of
such a zero crossing 1n the derivative PDF can also indicate a
substantial separation between the mode of interest and a
second mode at a lower elevation, as described above with
respect to block 1312.

[0070] However, 11 no zero crossing at a lower elevation 1s
found at block 1314, then the minimum elevation 1s set as the
lower threshold elevation value at block 1310. In general, 1f a
derivative PDF does not include a zero crossing at an eleva-
tion lower than the elevation associated with the local maxima
of the mode of interest, this indicates that the spatial data was
clipped at a lower elevation. Accordingly, the minimum
clevation can be set as the lower threshold elevation value
since this minimum elevation 1s part of the mode of interest.

[0071] Once the upper and/lower threshold elevation val-
ues are selected, method 1300 proceeds to block 1320 and
resumes previous processing. For example, block 1302 can be
repeated for other modes 1n the estimated PDF or method 300
can be repeated for a new 1mage set.

[0072] FIG. 14 1s a schematic diagram of a computer sys-
tem 1400 for executing a set of istructions that, when
executed, can cause the computer system to perform one or
more of the methodologies and procedures described above.
In some embodiments, the computer system 1400 operates as
a standalone device. In other embodiments, the computer
system 1400 can be connected (e.g., using a network) to other
computing devices. In a networked deployment, the computer
system 1400 can operate in the capacity of a server or a client
developer machine 1n server-client developer network envi-
ronment, or as a peer machine in a peer-to-peer (or distrib-
uted) network environment.

[0073] Themachinecan comprise various types ol comput-
ing systems and devices, including a server computer, a client
user computer, a personal computer (PC), atablet PC, a laptop
computer, a desktop computer, a control system, a network
router, switch or bridge, or any other device capable of
executing a set of mstructions (sequential or otherwise) that
specifies actions to be taken by that device. It 1s to be under-
stood that a device of the present disclosure also includes any
clectronic device that provides voice, video or data commu-
nication. Further, while a single computer 1s illustrated, the
phrase “‘computer system’ shall be understood to include any
collection of computing devices that individually or jointly
execute a set (or multiple sets) of instructions to perform any
one or more of the methodologies discussed herein.

[0074] The computer system 1400 can include a processor
1402 (such as a central processing unit (CPU), a graphics
processing unit (GPU, or both), a main memory 1404 and a
static memory 1406, which communicate with each other via
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a bus 1408. The computer system 1400 can further include a
display umt 1410, such as a video display (e.g., a liquid
crystal display or LCD), a flat panel, a solid state display, or a
cathode ray tube (CRT)). The computer system 1400 can
include an put device 1412 (e.g., a keyboard), a cursor
control device 1414 (e.g., a mouse), a disk drive unit 1416, a
signal generation device 1418 (e.g., a speaker or remote con-
trol) and a network interface device 1420.

[0075] The disk drive unit 1416 can include a computer-
readable storage medium 1422 on which is stored one or more
sets of mstructions 1424 (e.g., software code) configured to
implement one or more of the methodologies, procedures, or
functions described herein. The instructions 1424 can also
reside, completely or at least partially, within the main
memory 1404, the static memory 1406, and/or within the
processor 1402 during execution thereol by the computer
system 1400. The main memory 1404 and the processor 1402
also can constitute machine-readable media.

[0076] Dedicated hardware implementations including, but
not limited to, application-specific mtegrated circuits, pro-
grammable logic arrays, and other hardware devices can like-
wise be constructed to implement the methods described
herein. Applications that can include the apparatus and sys-
tems ol various embodiments broadly include a variety of
clectronic and computer systems. Some embodiments imple-
ment functions 1n two or more specific interconnected hard-
ware modules or devices with related control and data signals
communicated between and through the modules, or as por-
tions of an application-specific integrated circuit. Thus, the
exemplary system 1s applicable to software, firmware, and
hardware 1implementations.

[0077] In accordance with various embodiments of the
present disclosure, the methods described herein can be
stored as software programs in a computer-readable storage
medium and can be configured for running on a computer
processor. Furthermore, software implementations can
include, but are not limited to, distributed processing, com-
ponent/object distributed processing, parallel processing, vir-
tual machine processing, which can also be constructed to
implement the methods described herein.

[0078] The present disclosure contemplates a computer-
readable storage medium contaiming instructions 1424 or that
receives and executes instructions 1424 from a propagated
signal so that a device connected to a network environment
1426 can send or rece1ve voice and/or video data, and that can
communicate over the network 1426 using the instructions
1424. The instructions 1424 can further be transmitted or
received over a network 1426 via the network interface device

1420.

[0079] While the computer-readable storage medium 1422
1s shown 1n an exemplary embodiment to be a single storage
medium, the term “computer-readable storage medium”
should be taken to include a single medium or multiple media
(e.g., a centralized or distributed database, and/or associated
caches and servers) that store the one or more sets of istruc-
tions. The term “computer-readable storage medium™ shall
also be taken to include any medium that is capable of storing,
encoding or carrying a set of instructions for execution by the
machine and that cause the machine to perform any one or
more of the methodologies of the present disclosure.

[0080] The term “computer-readable medium” shall
accordingly be taken to include, but not be limited to, solid-
state memories such as a memory card or other package that
houses one or more read-only (non-volatile) memories, ran-
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dom access memories, or other re-writable (volatile) memo-
ries; magneto-optical or optical medium such as a disk or
tape; as well as carrier wave signals such as a signal embody-
ing computer instructions in a transmission medium; and/or a
digital file attachment to e-mail or other self-contained infor-
mation archive or set of archives considered to be a distribu-
tion medium equivalent to a tangible storage medium.
Accordingly, the disclosure 1s considered to include any one
or more of a computer-readable medium or a distribution
medium, as listed herein and to include recognized equiva-
lents and successor media, in which the soitware implemen-
tations herein are stored.

[0081] Although the present specification describes com-
ponents and functions implemented 1n the embodiments with
reference to particular standards and protocols, the disclosure
1s not limited to such standards and protocols. Each of the
standards for Internet and other packet switched network

transmission (e.g., TCP/IP, UDP/IP, HTML, and HT'TP) rep-

resent examples of the state of the art. Such standards are
periodically superseded by faster or more eflicient equiva-
lents having essentially the same functions. Accordingly,
replacement standards and protocols having the same func-
tions are considered equivalents.

[0082] Whilevarious embodiments of the present invention
have been described above, 1t should be understood that they
have been presented by way of example only, and not limita-
tion. Numerous changes to the disclosed embodiments can be
made in accordance with the disclosure heremn without
departing from the spirit or scope of the invention. Thus, the
breadth and scope of the present mvention should not be
limited by any of the above described embodiments. Rather,
the scope of the mvention should be defined in accordance
with the following claims and their equivalents.

[0083] Although the invention has been illustrated and
described with respect to one or more implementations,
equivalent alterations and modifications will occur to others
skilled 1n the art upon the reading and understanding of this
specification and the annexed drawings. In addition, while a
particular feature of the invention may have been disclosed
with respect to only one of several implementations, such
feature may be combined with one or more other features of
the other implementations as may be desired and advanta-
geous for any given or particular application.

[0084] The terminology used herein 1s for the purpose of
describing particular embodiments only and 1s not intended to
be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
Furthermore, to the extent that the terms “including”,
“includes™, “having”, “has™, “with”, or variants thereof are
used 1n either the detailed description and/or the claims, such
terms are intended to be inclusive 1n a manner similar to the
term “comprising.”

[0085] Unless otherwise defined, all terms (including tech-
nical 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. It will be further understood
that terms, such as those defined 1n commonly used dictio-
naries, should be iterpreted as having a meaning that 1s
consistent with their meaning 1n the context of the relevant art
and will not be interpreted 1n an 1dealized or overly formal

sense unless expressly so defined herein.
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We claim:
1. A method for detecting surfaces 1n image data based on
spatial data, comprising:
obtaining spatial data representing one or more surfaces of
objects 1n a scene, said spatial data comprising a plural-
ity of three-dimensional (3-D) point cloud data points;

obtaining an empirical probability density function (PDF)
for said spatial data;

generating a globally smooth estimated PDF based on said

empirical PDF and a kernel smoothing technique;
ascertaining one or more threshold elevation values for at
least one mode 1n said estimated PDF;
tagging one or more portions of said plurality of 3-D point
cloud data points corresponding to said at least one
mode based on said threshold elevation values; and

generating a display of said surfaces using at least a portion
of said spatial data using one or more color space values,
wherein at least one of said portion of said spatial data
and said color space values for said portion of said
spatial data are selected based on said tagging.

2. The method of claim 1, wherein said obtaining turther
comprises producing a histogram of elevation values for said
spatial data.

3. The method of claim 1, wherein said generating turther
comprises selecting a kernel function for said kernel smooth-
ing technique to comprise a Gaussian PDF.

4. The method of claim 3, wherein said selecting further
comprises selecting a standard deviation for said Gaussian
PDF to comprise at least 0.5.

5. The method of claim 1, wherein said generating further
comprises iteratively determining a smoothing parameter for
a kernel function for said kernel smoothing technique.

6. The method of claim 1, wherein said ascertaining further
COmMprises:

computing a derivative PDF based on said estimated PDF;

identilying a local maxima and a local minima pair asso-
ciated with said at least one mode 1n said derivative PDF;
and

11 said dertvative PDF comprises a first zero crossing at an
clevation value greater than an elevation value for said
local minima, selecting said first zero crossing as an
upper one of said threshold elevation values.

7. The method of claim 6, wherein said ascertaining further

COmprises:

selecting a maximum elevation 1n said derivative PDF as an
upper one ol said threshold elevation values if said
derivative PDF fails to comprise at least one zero cross-
ing at an elevation value greater than said elevation value
for said local minima.

8. The method of claim 6, wherein said ascertaining further

COmMprises:

11 said dertvative PDF comprises a second zero crossing at
an elevation value less than an elevation value for said
local maxima, selecting said second zero crossing as a
lower one of said threshold elevation values.

9. The method of claim 8, wherein said ascertaining turther

COmMprises:

i1 said derivative PDF fails to comprise at least one zero
crossing at an elevation value greater than an elevation
value for said local maxima, selecting a lower one of said
threshold elevation values to comprise a minimum
clevation 1n said derivative PDF.

10. The method of claim 1, wherein said plurality of 3-D

point cloud data points are associated with a plurality of
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default color space values, and wherein said tagged portions
of said plurality of 3-D point cloud data points are displayed
using one or more alternate color space values associated with
said at least one mode.

11. The method of claim 10, wherein one or more other
portions of said plurality of 3-D point cloud data points are
displayed using said plurality of default color space values.

12. A system for detecting surfaces 1n 1mage data based on

spatial data, comprising:

a storage element for recerving spatial data representing,
one or more surfaces of objects 1n a scene, said spatial
data comprising a plurality of three-dimensional (3-D)
point cloud data points associated with one or more
default color space values; and

a processing element communicatively coupled to said
storage element, said processing element configured for
obtaining an empirical probability density function
(PDF) based on said spatial data, generating a globally
smooth estimated PDF based on said empirical PDF and
a kernel smoothing technique, ascertaining one or more
threshold elevation values for at least one mode 1n said
estimated PDF, tagging one or more portions of said
spatial data corresponding to said at least one mode
based on said threshold elevation values, and modifying
at least a portion of said default color space values based
on said tagging for use 1n generating a display of said
surfaces using said spatial data.

13. The system of claim 12, wherein said processing ele-
ment 1s Turther configured during said obtaining for produc-
ing a histogram of elevation values for said spatial data.

14. The system of claim 12, wherein said processing ele-
ment 1s further configured during said generating for select-
ing a kernel function for said kernel smoothing technique to
comprise a Gaussian PDF.

15. The system of claim 14, wherein said processing ele-
ment 1s Turther configured during said selecting for selecting,

a standard deviation for said Gaussian PDF to comprise at
least 0.5.
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16. The system of claim 12, wherein said processing ele-
ment 1s further configured during said generating for itera-
tively determining a smoothing parameter for a kernel func-
tion for said kernel smoothing technique.

17. The system of claim 12, wherein said processing ele-
ment 1s Turther configured during said ascertaining for com-
puting a dermvative PDF based on said estimated PDF, 1den-
tifying a local maxima and a local minima pair associated
with said at least one mode 1n said derivative PDF, and select-
ing as an upper one of said threshold elevation values a first
zero crossing at an elevation value greater than an elevation
value for said local mimima.

18. The system of claim 17, wherein processing element 1s
further configured during said ascertaining for selecting a

maximum elevation 1n said derivative PDF as an upper one of
said threshold elevation values 11 said derivative PDF fails to

comprise at least one zero crossing at an elevation value
greater than said elevation value for said local minima.

19. The system of claim 17, wherein said processing ele-
ment 1s further configured during said ascertaining for select-

ing as a lower one of said threshold elevation values a second
zero crossing at an elevation value lower than an elevation
value for said local maxima.

20. The system of claim 19, wherein said processing ele-
ment 1s further configured during said ascertaining for select-
ing a lower one of said threshold elevation values to comprise
an minimum e¢levation 1n said derivative PDF 11 said deriva-
tive PDF fails to comprises at least one zero crossing at an
clevation value greater than an elevation value for said local
maxima.

21. The system of claim 12, further comprising a display
clement communicatively coupled to said processing ele-
ment, wherein said processing element 1s further configured
for generating signals to cause said display element to display
at least said tagged portions of said spatial data.

22. The method of claim 21, wherein one or more other
portions of said spatial data are displayed using said plurality
of default color space values.
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