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Technology Evolution

Mobile Mapping Technology

Fully operational GPS Mid 90s’
GPS/Gyro/wheel counter (terrestrial platforms) Mid 90s’
Navigation sensors GPS/IMU (airborne platforms) Mid/late QOS’ for
commercial use
GPS/IMU (terrestrial platforms) Late 90s’
Video-resolution CCD sensors Mid 90s’
Optical imaging High-resolution CCD sensors Late 90s’

sensors (passive)

Large-format digital cameras (airborne platforms) | From 2002

Airborne LiDAR Late 90s’
iﬁ;ﬁis‘mag‘“g Mobile LIDAR Since 2005
SAR Early/mid 90s’

Image understanding/computer vision
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GPS/IMU-based Direct Georeferencing

v Platform orientation by direct measurements:
+ GPS absolute positioning at moderate rate

“ IMU relative positioning and attitude determination at high rate

v Looseltight integration in Extended Kalman Filter (EKF)

Several commercial systems available

v
v' Extrapolation error characteristics (AT: interpolation)
v Navigation solution is obtained in global frame
v Gravity field is important

“ Needed in EKF

“ An emerging solution to convert to local frame
v' Critical issues:

% + Spatial relationship between sensors is essential (lever arm, mounting
bias, boresight misalignment, etc. calibration)
b

System Calibration

GPS

Lever Arm
Calibration

GPS
Base*

‘# * GPS reference could be based on GPS base station or network solution, etc. 10




Misalignment between
LIiDAR Points and Imagery
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GPS/IMU-based Direct Georeferencing

v Platform orientation by direct measurements:
+ GPS absolute positioning at moderate rate
“ IMU relative positioning and attitude determination at high rate
v Looseltight integration in Extended Kalman Filter (EKF)
v Several commercial systems available
v' Extrapolation error characteristics (AT: interpolation)
v Navigation solution is obtained in global frame
v Gravity field is important
“ Needed in EKF
“ An emerging solution to convert to local frame
v' Critical issues:

+ Spatial relationship between sensors is essential (lever arm, mounting
bias, boresight misalignment, etc. calibration)

“ IMU selection (position and attitude accuracy correlated)
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GPS/IMU Solution
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GPS/IMU Solution

GPS: 3 cm, IMU: tactical grade

10-sec GPS outage

2 T T T T T
1+ a
0 | 1 | | |
0 10 20 30 40 50 60
20-sec GPS outage
4 T T T T T
2 o
0 | 1 | | |
0 10 20 30 40 50 60
30-sec GPS outage
10 T T T T T

50 60
60 GPS outage (no GPS)
40 T T T
201 M
0 , M |
0 10 20 30 40 50 60

Time (second)

IMU drift during a GPS period < GPS accuracy
(Note position and attitude accuracy are correlated)
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GPS Alternatives

Accuracy Real-time/Post-processed
Pseudorange 10 m-level Post-processed
Pseudorange-based differential m-level Post-processed
WAAS/EGNOS pseudorange m-level Real-time
Differential with base station cm-level (*) Post-processed/Real-time

Differential with network solution(**) |cm-level

Real-time/ Post-processed

Satellite based differential correction | sub-m level

Real-time

RTK cm-level Real-time
VRS (CORS-based) cm level Real-time
PPP sub-dm level | Post-processed

(*) baseline-dependent
(**) CORS - Continuously Operating Reference Stations

16




Georeferencing Alternatives

", __,r'. e
S N / . <GPS denied
~ \ ; :

w L4
e or INS denied

Reference
A Ground Control Point

A—4 Ground Control Line

(a) direct geo-referencing (b) indirect geo-referencing (c) terrain(image) referenced

Global GIS/CAS/image databases are increasingly becoming available
GPS/IMU/TRN can improve robustness and downstream mapping processes

17
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Airborne LiDAR/Laser Scanning Systems (ALS)

v" Rapid developments in the past five years
v" Improving laser power
v Increasing PRF (200 kHz)
v Multiple pulse technology (2)
v Improving point density
v" Feature extraction
v Excellent ranging accuracy (1 cm for hard surfaces)
v Multiple return capability (3-4 m separation)
v" Intensity image
i v" Waveform processing capability (expected to be used broadly)
+ ¢ ¥ Miniaturization (smaller footprint, less power)
i
Ayt 19
£ i
SO oo | wone S o SIE DU e | anon | e |8
[kHz] [e] [mrad] [ W] [em] [ns]
3 -;" Optech 2033 | Oscillating 0-70 33 +20 0.2/1.0 N/A 1.0 8.0 N/A
Optech 3100 | Oscillating 0-70 33-100 +25 0.3/0.8 <200 1.0 8.0 1
- g:::icnr; Oscillating | 0-70 167 +25 [0.15/0.25/0.8 <200 3.0 7.0 N/A
. Optech Orion | Oscillating | 0-100 167 +25 0.25 <200 2.0 7.0 N/A
‘ TopEye Mkl Conic 35 5-50 14,20 1.0 N/A <1.0 4.0 0.5
TopoSys | Line 653 83 +7.15 1.0 N/A 6.0 5.0 N/A
TopoSys i Line 653 83 £7.15 1.0 N/A 2.0 5.0 1
Falcon
Trimble Rotating | 46 160 +30 0.5 N/A 2.0 4.0 1
Harrier polygon
;T.i::o Oscillating | 25-70 83 £37.5 0.33 N/A N/A 10 N/A
;T.::O-II Oscillating | 35-90 | 150 | #37.5 0.22 N/A N/A 10 1
Leica ALS60 | Oscillating | 0-100 200 +37.5 0.22 N/A 3.0-4.0 5.0 1
TPI; fli\:gQSGO Line 160 240 +30.0 0.3 8 2.0 4.0 1
angten Eli\:gQGSO Line 200 240 +30.0 0.4 8 2.0 4.0 1




Laser Waveform Characteristics

p ‘ Transmitted

Puli 0 <@—— Range Gatre —™ T,
P,
l v Received Pulse

Optical and e

ATy,
E Electronic Noise

\ Time (t)
Time-Interval-Unit

Resolution
At

Ts

Fig. 1. Conceptual illustration of range to the surface measurement show-
ing signal strength (P) as a function of time (¢) for transmitted and received
laser pulse. Adapted from [11].

From Bufton, 1989, Proc IEEE

Potential for:

» Improved peak(s) detection

f » Surface orientation estimation
» Feature extraction (forestry)

-
o4
T —
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Airborne Digital Camera Systems

Very rapidly advancing field, large number of manufacturers, most
systems are based on CCD sensors (CMOS is medium/low end)

A variety of designs (large footprint at good GSD):
% 3-line, frame sensor model
% Single/multiple sensor
% Single/multiple camera head
% Scanning camera head(s)
v Improving spatial resolution:
% Smaller pixel size may results in better optical resolution;
1/(2 pixel size), 10 micron ~ 50 Ip/mm
% Large-format systems: 100-200 Mpixel
% Medium-format systems: 30-60 Mpixel
v Improving radiometric characteristics:
+ Grey values (dynamic range, resolution, SNR)
+ Panchromatic and multi-spectral (Bayer-pattern, separate sensors)
% Travel, time, phase, polarization (secondary)
v Potential for real-time processing via automation

aasiey et ..
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CCD Features

Bad pixels (no faultless chip) Pixel size: 8.75 u
Quantum efficiency (> 60 %) Image Sibzei 9K x 9K
Charge transfer efficiency (0.999999) 0 m y 80 min

Thermo sensitivity (cooling)

Dark current
Linear characteristic
Shuttering
Mechanical (less preferred)
Electronic (interline CCD,

only linear/small arrays)

Color 14404 x 3
Trilinear CCD, 6.5 u

Frame CCD: 50-60 (16) Mpixel
Interline CCD: 16 (2) Mpixel

25
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Virtual Image Formation

Sub-images, taken by different camera  Sub-images, taken by different camera
heads at the same time, are combined heads at different times, are combined
(obligue camera orientation) (parallel image sensor planes)

Virtual image is distortion free (ideal pin-hole camera model)




T II e
OHIO Large-format, multihead, frame cameras
. —l—E Image CCDh Number | Pixel |Dynamic| Maximum | Field of
UNEE ST System Size Sensor Size of Size | Range |Frame Rate| View |GPS/IMU| Software
[pixel] [pixel] Sensors |[[micron]| [bits] | [sec/image] | (FOV)
IWAIG 7,000 x 4,000 Any system
D) %k (pan) Optional | (frame
P X 3,000 x 2,000 A = 12 el BTl Integrated| camera
e 5 (multispectral) model)
Intergraph P
14,430 x Any system
UltraCamX (9,420 (pan Gt ();‘ra}rlne
Vexcel 4,008 x | 3,680x2,400 | 9+4 7.2 14 1 55°x37° p
. Integrated| camera
Microsoft 2,672 I
(MS)
17,310 x
UltraCam l(;,inl)() Any system
XP and WA 5770 x | 5.570x3.770 | 9+4 6 14 2 55°x37° | Optional | (frame
Vexcel 3770 83° x 56° |Integrated| camera
Microsoft (RGB & model)
NIR)
. Any system
DIiMAC 34° x 26° .
pIMAC | 19200% | 7 516x5412| 2 6.8 16 2.1 N B | T et
7,200 2) Integrated| camera
Systems 66° x 48°
model)
60/72/100 An "
! RolleiMetric NS ' y system
.‘ AICxd | 13000X 15 08 x5428 | 4 68 | 16 3 80° x 65° | Optional | - (frame
% . 10,000 Integrated| camera
_ Trimble 70°x 45° model)
Ao § 50° x 30°
I Quattro St 50/llgr(1]smm Optional An(};rz}rlrsliem
‘f" DigiCAM X 7,216 x 5,412 4 6.8 16 1.9 o ° P
IGL-Svstems | 10.000 85°x 60° |Integrated| camera
e Y ’ 50° x 30° model)
OHIO
UNIVERSITY
V! ILarge-format linescanner cameras
Number | Pixel (Dynamic| Maximum | Field of
Image CCD . .
System Size Sensor Size of Size Range |Frame Rate| View |GPS/IMU| Software
Sensors |[micron]| [bits] | [image/sec]| (FOV)
GPro,
ADS40 ORIMA,
Airborne
Digital A 6.5 Mandatory| SocetSet,
X 12,000 (2x) (3 (2x)+ 4 ; 14 n/a 64° Virtuozo,
Sensor (3.25) Integrated
Lei any KLT Atlas.
eica
GeoSystems DIGIS,
ImageStation
ADS80
Leica | '2090% 1 15000 3+5 | 64 12 n/a o MBIy A
any Integrated| ADS40
GeoSystems
g}?lgéé(; L0 Mandatory|JenaStereo
X 12,000 5+4 | 65 16 n/a 30° J :
Jena- an Integrated| SocetSet
Optronik y
4-DAS-1
Wehrli | 002X 8,002 |3(x3)+1| 9 14 n/a 390 [Mandatoryly o tary
. any Integrated
i | Associates
1]
. SI-250 14,400 x 17°,23°, [Mandatory .
g_ Startimager any Ll i > g wa 40° Integrated R EER
u il
¢ % Motion artifact due to continues imaging (image lines are captured)
GPS/IMU-based georeferencing is mandatory
28
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Medium-format multihead frame cameras
> Image CcCD Number | Pixel |Dynamic| Maximum | Field of
. System 48 . of Size Range |Frame Rate| View |GPS/IMU| Software
Size Sensor Size . . .
1 Sensors |[micron]| [bits] | [sec/image] | (FOV)
{ Spectra
\If)ieWS Any system
Airborne 8,000x | 8,000x 2,672 244 9 12 n/a 64° Optional | (frame
Data 2,672 4,000x 2,672 Integrated| camera
model)
Systems
40/60 mm Any system
gssl i | 7216 7216x5412 | 2 6.8 12 3 G g | G
anix X . uilt in
Tli?mble 5,412 i i 62° x 49° camera
44° x 34° model)
< 50/80/120
i Dual Head| 7,228 x mm lens Any system
Trimble 5,428 7,228 x 5,428 2 6.8 16 1.9 69° x 55° Optional (frame
Aerial 8,924 x | 8,924 x 6,732 6 1 570 y 40° Integrated| camera
Trimble 6,732 o o model)
23°17
i ‘D.ual 7216 50/100 mm . Any system
? DigiCAM lens Optional | (frame
X 7,216 x 5,412 2 6.8 16 1.9 o o
§ IGI- 10.000 85°x 60° |Integrated| camera
- Systems ’ 50° x 30° model)
31
Medium-format singlehead frame cameras
Number . . |Dynami| Maximum | Field of
System I[Snizge SenS(S‘DSize of l[)g:ieclril]f]e ¢ Range|Frame Rate| View [GPS/IMU| Software
Sensors [bits] | [sec/image] | (FOV)
SIS Any system|
—— 10,580 x 10,580 x 74° x 74° . (frame
. Spectral 10.560 10,560 1 9 16 2 Optional camera
nstruments
model)
Any system|
U"\ZXC:E‘I“L 9735 x | 9735x6.588 | | - 14 5 53°x37° | ooion | (frame
' 6,588 | 5,320 x 3,600 : P camera
Microsoft
model)
DiMACY“! Any system|
34°x 26° )
! 7,200 x Optional | (frame
DIMAC 5,400 2R L : S e 25 66°0r48° Integrated| camera
Systems X model)
40/60 mm Any system|
A Dlsaiix S0 s 36xa002| 1 9 12 25 e e || (e
Tfr’fmble 409 | 3 : 62° x 49° camera
44° x 34° model)
/l:SSl == 7216 % | 55165412 1 6.8 12 3 40/2(;;“ Built i An(yﬁiﬁ?m
T’;}’nf;‘ex 5412 | =1OXD : 620x49° | PMEIM L camera
44° x 34° model)
35/40/30
.. 5,440 x Any system|
1
D‘gl‘GCl‘_‘M 4080 |5440x4080 [ 9 6 25 | goox sav | Optional | ~(frame
7216x | 7,216 x 5,428 6.8 1.9 ° . |Integrated| camera
Systems 5428 52° x 40 model)
’ 33°x25°
5440 x
Trimble ; 50/80/120
Acrial 74;;880)( 5,440 x 4,080 9 1.7 mmlens | An(y&ﬁt:m
7= (AIC s | 72285428 1 6.8 16 1.9 69° x 55° Iml; ol e
Rollei) | 37 | 8.924x6,732 6 1 520 x 400 | O8N o
Trimble peake 230 17° model)
6,732
50/90 mm Any system|
NexVue .
4,080 x lens Optional | (frame
Sll;f:tzﬁm 4,080 CHUSD NI ! s 2 28 23°x23° |Integrated| camera
I ging 42° x 42° model)
i 35/60/100
% mm lens - .
RCD105 69.7° x i y system|
e § e 75136;9" 7,162 x 5,389 (}) 6.8 12 0.49 55.3° lg‘z“fx‘d gﬁ‘:‘;
‘-‘P GeoSystems ? 44.2° x 34° g model)
L 274°x
- 20.8°
% 45 Any system|
RMKD | 6096 x Optional | (frame
6096 x 6500 4 7.2 14 1 mm lens
= Intergraph | 6500 500 % 559 Integrated flzli(l)rcl]eerlz; 32
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Applications

Conventional applications:
% Visualization
+ Vector mapping/feature extraction
+ Surface extraction
< Orthopohoto production
< Classification
Better performance (compared to scanned film imagery)

v" Superior radiometry results in improved matching (6-7 bits of scanned
imagery vs. 10-12 bits of direct digital image)

v Emerging application fields:
% Oblique imagery for visualization (city models)
< Emergency mapping/rapid mapping
“ Transportation/traffic flow monitoring
v" Supporting technologies:
+ Highly automated processing, including georeferencing and feature extraction
+ Real-time processing
“+ Communication/data link
34




Microsoft Bing

= 2030 | Road Aerial Birdseye | Labels
T 2 2

E C\.. & -
+

7
4 ‘\
‘ P-/ ~ -

Oblique camera systems
Pixel |Dynamic| Maximum | Oblique
System S — . Il Size | Range |Frame Rate | Angle [GPS/IMU| Software
Heads Sensor Size |of Sensors| . . . .
[micron]| [bits] | [sec/image] [°]
3-0C Mandat
Wehrli 3 8,002 3 9 14 n/a 45 ancatoryl p o orietary
: Integrated
Associates
MIDAS . .
Track’ Air 4+1 4,992 x 3,328 5 7.2 8 2.5 30-60 Optional |Proprietary
Pictometry o .
BLOM 4+1 n/a n/a n/a n/a n/a n/a Built-in |Proprietary
3K - .
DLR 3 4,992 x 3,328 3 7.2 8 2.5 n/a Built-in |Proprietary
Dual
A Optional An(}f/‘rz}rlliz:em
Oblique 4 7,216 x 5,412 4 6.8 16 1.9 45 p
IGI- Integrated| camera
Systems Tl
A3 . .
Wi 2 4,006 x 2,666 2 9 12 (8) 0.07 +50 Optional |Proprietary
Recon
Optical
Stepping
Camera

36




un-\ G O:% - ﬂ2'|
= ol sin(2e)

Image plane M e |

Perspective center i . il

Camera: f=50 mm and pixel size=9u
(f,: 1000 and 300 m are marked by red and blue,
respectively).
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Achievable Point Positioning Accuracy

Detailed individual analysis of all the major error sources to show the
individual contribution of each error source to the overall error
budget as a function of flight parameters
Define expected parameters for calibration and QA/QC (Quality
Assurance/Quality Control) methods
Comprehensive analysis tool for the achievable point positioning
accuracy with airborne mobile mapping systems considering all the
major error sources to support sensor selection/system configuration

Additional aspects
Sensor resolution, radiometry
Sensor optical/mechanical quality
Software support
Vendor loyalty, technical support
Weight, power, etc.

39

Point Positioning with Direct Georeferencing

M

f

M
RI NS

RéNS

r

c

S

Bins

M.INS 7

_ M INS
v = rM,INS + Rle (S' Rc re + ble)

3D coordinates of object point in mapping
frame

Time dependent 3D INS coordinates in the
mapping frame, provided by GPS/INS (refers
to the origin of the INS body frame)

Time dependent rotation matrix between the
INS body and mapping frame, measured by
INS

Boresight matrix between the INS body and
sensor frame C

Image coordinates of the object in sensor
frame C

Scaling factor that varies for each point
(known for LIiDAR, undefined for image)

Boresight offset vector

40




Error Sources of Airborne LIDAR and
Digital Camera Systems: Overview

LiDAR Digital camera
Navigation solution . . . . .
CrTOrS Errors in sensor platform position and attitude — shifts and attitude errors
Scan angle error Errors in interior orientation

parameters (focal length, principal
point shifts, lens distortion

Error in reflectance-based calibration parameters)

Sensor calibration
errors

Range measurement error

Boresight misalignment between the IMU body frame and sensor frames

Inter-sensor (laser sensor or camera) — shifts and angular errors

calibration errors | pior in measured lever arm (vector between GPS antenna and INS reference
point)

Errors in image coordinate

Effect of beam divergence — measurement

Footprint Impact on camera window in
pressurized cabin, etc.

Miscellaneous
‘ CUNOTS Sensor mounting rigidity
%’ Time synchronization
i § Effect of atmospheric refraction
2
k Object space conditions are not considered
Micro/macro surface characteristics i

Dynamic content, etc.

Effect of Biases on Point Positioning
(Approximate Formulas)

Error type Error in local coordinate system
Ax Ay Az
Positioning Ax, Ax, 0 0
error Ay, 0 Ay, 0
[ Az, 0 0 Az,
A 0 hlsin(+ Aw)—sin(B)]/ cos(B) h[l - cos(8 + Aw)/ cos(f)]
‘! Angular error @ ~ hsin(Aw) ~ hAw ~hAwtan(3)
(attitude/boresight) | Agp —hsin(Ag) 0 h[l—cos(A(/))]
Ak —htan(f)sin(Ak) h tan( £)[cos(Ax) —1]~ 0 0
measuiamngzt error Ar 0 Arsin(p) —Arcos(f)
h[sin(8 + AB)—sin(f5)]/ cos(f) h[1—cos(B+AB)/ cos(B)]
Scan angle error | A 3 0 _ hsin(AB) ~ hAg ~ hag tan(p)
Footprint size fp 2h/ cos 3 tan( %) hltan(3 + %) —tan(S — %)] 0

» Local coordinate system is defined as right-handed systems centered in laser reference point,
x-axis is flying direction, y is position starboard, and z vertical

» Angular errors refer to the x, y, z axis

o + Simplifying assumptions:
; + Terrain is flat
1 % * Flight line is horizontal (roll=pitch=0)

PR -




Typical Standard Deviation Values for
State-of-the-Art LIDAR Systems

Parameter Used Symbol Value (10)
Oy » Oy 5 cm
Position errors
O 4 7.5cm (1.5 Oy,0y = Oy )
O 0 15 arcsec
Attitude errors = £
o, 30 arcsec (2 c,-0,~ o, )
Boresight obs Top 10 arcsec
misalignment .. 30 arcsec
Ranging error o, 1 cm
Scan angle error o 5 arcsec

Example accuracy plots are based on typical std values and

for state-of-the-art LIDAR systems

i
% ranges and typical flying heights and maximum scan angles
b
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Accuracy Analysis Bar Charts

10

Std Change [%]
m

[ = 25
1

| 1 T

O« Oy 67 0,0, 0, OO0, Oy o0, O

B

H=300 m
B=10°

% Percentage of change in point positioning precision as an effect of 10% change in
% std of the various random errors (with respect to the reference average values
:

listed in previous slide)
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Accuracy Analysis Bar Charts

.-.}{
9 Iy H
-
B_ -
?_ .
Z 5 —
| H=600m
z 4t : B=10°
3_ -
2_ .
| ’_|_L.J_‘_L

[

Percentage of change in point positioning precision as an effect of 10% change in
std of the various random errors (with respect to the reference average values
listed in previous slide)
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ey

i
uR

L

b
s

—_—

9 =ha!

7

B_ -

?_ -
_ B} |
25| {1 H=1500 m
5 at | B=10°
| |

2_ -

1} |

O« Oy 67 0,0, 0, Oy0, Oy 0, O

B

Percentage of change in point positioning precision as an effect of 10% change in
std of the various random errors (with respect to the reference average values
listed in previous slide)
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Accuracy Analysis Bar Charts

[iu]
Pl = 2
I

5 1 H=3000 m
B=10°

Std Change [%]
e
|

Ox Oy 971 0,0, 0, Ou, 0, O o, Ogf

Percentage of change in point positioning precision as an effect of 10% change in
std of the various random errors (with respect to the reference average values
listed in previous slide)
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Accuracy Analysis Bar Charts

1D T T
I -
=) v H
B
=1 i
T 4
£ 6 :
g s 1 H=6000 m
]
=l 1 B=10°
ar 4
2F 4
1 4

Ox Oy 971 0,0, 0, Ou, 0, O 0, O

Percentage of change in point positioning precision as an effect of 10% change in
std of the various random errors (with respect to the reference average values
listed in previous slide)
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Impact of Ranging Error

ey

4.5

Std Change [%]
= f2 w
n ra n w i .

—

=
n

o k
Considered Error Sources and
Typical Magnitudes
Std for
Parameter Used Symbol
v GPS/IMU
Position Oy Oy Oy 5-175 em
Navigation errors Attitude
(Roll, Pitch, Heading) | O, O, 0, |1 15 30arcsec
Errors in
detemined (Omega, Phi, Kappa) Oub Opp, Okp | 75,75, 15 arc sec
boresight angles
Focal Length O 9 pm
Errors in interior &
orientation Principal Point Oy Oy 4.5 um
J parameters
o Distortion parameters N/A N/A
Errors in image coordinate measurement O S pm
:
@ § Example accuracy figures are based on the typical std values and
% ; value ranges of medium- and large-format cameras, and typical
flying heights
g 50
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3.5 1 Gml Omy
3 2 O-XO O-VO
3 o,
= 25
= . Ox1 Oy1 Oz
; E 2 Ox, Oy, Oz
M.k o
& 15 > | % Top Txn
1 6: O o1 O-(/’l Oy
- Gwz J(/Jz 01(2
0.5
0
1 2 3 4 g G
i Percentage of change in point positioning accuracy as an effect of 10%
§ change in std of various random errors (with respect to the reference
?”"q average values listed in previous slide)
f H=300 m, large-format camera
e 51
Accuracy Bar Charts
4 T T T T T T
[
f
| Yo O S S SRS SR SR =l 1t | Om Om
.. . ‘ o] R SO G R E L ________ | 2 Oy 9y
‘ 5 | o,
[ il SRR R R EEEEEE R EE LR PR ELI EECEREEEEEE  REEEEEE AL EECEEEEE EEEEEEEE —
= . Ox1 Oy1 Oz
e - """"" L """"""" o """" ] Ox; Oy, Oy
oY SR R - SR N . A SR 4 05 | O T Ok
] —— SR —— L = 1 e | %ot P9 Ox
- Gwz 0(112 01(2
D5k----—- B---Bl--------—--. - - - -
1 2 3 4 5 B
i Percentage of change in point positioning accuracy as an effect of 10%
§ change in std of various random errors (with respect to the reference
?”"q average values listed in previous slide)
f H=600 m, large-format camera
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i Percentage of change in point positioning accuracy as an effect of 10%
§ change in std of various random errors (with respect to the reference
?”"q average values listed in previous slide)
b H=1500 m, large-format camera
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Accuracy Bar Charts
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i Percentage of change in point positioning accuracy as an effect of 10%
§ change in std of various random errors (with respect to the reference
i“”'; average values listed in previous slide)
f H=3000 m, large-format camera




Performance Metrics: Determination of

Maximum Flying Height

Maximum Flying Height [m]

10000 —— I , | :
B !vedium Format
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“erical accuracy [m)
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UltraCam L vs. UltraCam XP
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Errors:

OO s WN =

Image measurement
Principal point

Focal length

Photo center position
Boresight misalignment
Sensor attitude
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300 m | 600 m 1500 m 3000 m

Errors:

1
2
3
4
5
6

Image measurement
Principal point

Focal length

Photo center position
Boresight misalignment
Sensor attitude
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Outlook

Technology:

v Sensor development (behind the curve of Moore’s law)

v Generic computer system developments

v Georeferencing infrastructure (GNSS, IMU) developments
v' Communication, network/database developments

Systems:

v" Medium format camera systems (competing with large format?)
v" Improving spectral characteristics (growing number of bands)
v Miniaturization (more platforms)

Algorithmic developments:

v" Algorithmic research is key to progress

v Matching (stereo vs. LiDAR point cloud)

v Sensor data/feature/object fusion

v" Proliferation of 3D data in general (web developments)

v Terrain-based navigation (feature/object extraction/matching)




SIFT Matching of Aerial Imagery

++ Testing based upon 4K
B x 4K aerial images
indicates potential for
15,000~20,000 SIFT
features to be
generated per image

«» Estimate for standard
aerial image — 5 x 10°
features

«»Matching bounded by
O(n®+k),0<c=<1,k=
#features

+»Scale-space solution

i Circles represent
g location, orientation,
and “size” of
descriptor

Yellow circles

< Unmatched
features

" Red circles

R 500 o
*+ Matched features 200 250 300 350 400 450 500

Matching Imagery Acquired by
Different Sensors

LiDAR elevation image

Aerial image




Select SIFT Matching Examples

e
B

Aerial vs. Google

SIFT Features on Comparison Image

50 100 150 200 250 300 350
Google vs. LIDAR elevation

SIFT Features on Cumpanson Irnage

Aerial vs. LIDAR Intensity

SIFT Features on Companson Image

i
100 200 300 400 500 SDD T00 SDD 900 1000 1100

LiDAR Intensity vs. Google
SIFT Features on Comparison Image
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S1d Change [%

Std Change [%]

S1d Change [%

300 m
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; Errors:

Image measurement
Principal point

Focal length

Photo center position
Boresight misalignment
. Sensor attitude
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