US007751645B2

a2 United States Patent 10) Patent No.: US 7,751,645 B2
Reneker et al. 45) Date of Patent: Jul. 6, 2010
(54) PRECISION OPTICAL SYSTEMS WITH 5,694,479 A 12/1997 Gueringetal. ............. 382/141
PERFORMANCE CHARACTERIZATION AND 5,708,472 A * 1/1998 Morisawaet al. ........... 348/373
USES THEREOF 6,091,488 A * 7/2000 Bishop ............. 356/237.5
6,128,082 A * 10/2000 Cloud ........... ... 356/503
(75) Inventors: Douglas Alan Reneker, Naperville, IL 6,163,381 A 122000 Davies etal. .. - 3561521
(US); Christopher Cott H 6,208,412 Bl 3/2001 Ladewski ......... 356/239.1
» aristopher 4 otton, Honeoye 6,694,004 B2 22004 Partynski etal. ............. 396/7
Falls, NY (US); Damon Diehl, 6,826,358 B2 11/2004 Partynski .........ooovvvroeenn.. 396/7
Rochester, NY (US) 6,831,688 B2 12/2004 Larcau etal. ..coooooe.e... 348/272
7,038,791 B2 5/2006 Smith ............... ... 356/520
(73) Assignee: Goodrich Corporation, Charlotte, NC 7,123,363 B2* 10/2006 Puttappa et al. ... .. 356/450
(as) 7,365,838 B2 4/2008 Jones ....cccceeeevunnne 356/239.1
(*) Notice:  Subject to any disclaimer, the term of this * cited by examiner
patent is extended or adjusted under 35 Primary Examiner—Yosef Kassa
U.S.C. 154(b) by 0 days. (74) Attorney, Agent, or Firm—McDonnell Boehnen Hulbert
&B ffLLP
(21) Appl. No.: 12/315,806 ergho
57 ABSTRACT
(22) Filed: Dec. 5,2008 7)
. .. A camera for aerial photography includes a reference projec-
(65) Prior Publication Data tor that projects collimated beams of light into the optical
US 2009/0225165 Al Sep. 10, 2009 system entrance aperture which are imaged by an image
recording device. The beams produce fiducial images present
Related U.S. Application Data in every image captured by the imaging recording device. The
(62) Division of application No. 11/222,562, filed on Sep fiducial images can be used to characterize the performance
3. 2005. now Pat. No. 7 49'6 241 e ’ of the optical system and derive distortion correction coeffi-
’ ’ T e cients. The distortion correction coefficients can be applied to
aportion of an image, such as a group of pixels, orto the entire
(51) Imt.ClL : . L .
GO6K 9/40 (2006.01) image, to thereby compensate for distortions in the optical
(52) US.CL 382/275; 382/274; 382/282;  System. In some embodiments, e.g., airborne cameras, the
"""""""""""" ’ ’ 382 /291’ projector is rigidly coupled to an inertial measurement unit.
5% Field of Classification S h 482/274 The ability of the airborne camera to perform object geolo-
(58)  Field of Classification Search ... 382/275 282 29 l’ cation from imagery is improved. The fiducial images enable
S lication file f | b i > > optical system performance to be characterized and distortion
ee application file for complete search history. correction coefficients to be obtained and thereby improve the
(56) References Cited accuracy of a ray angle calculation to the object of interest.

U.S. PATENT DOCUMENTS

5,155,597 A 10/1992 Lareauetal. ............... 348/311
5,493,593 A *  2/1996 Mulleretal. ...
5,668,593 A 9/1997 Lareau et al.

24

IR
A/D

!

IMAGE
PROCESSING
MODULE

26—

28

Furthermore, the ray angle can be related to an inertial mea-
surement system coordinate system using a direction cosine
matrix.

13 Claims, 21 Drawing Sheets

/10




U.S. Patent Jul. 6, 2010 Sheet 1 of 21 US 7,751,645 B2

Fig.1 |

24 .

L
26—  A/D

!

25—  IMAGE
PROCESSING
MODULE

IMU

IPU | A/D

Fig. 3 Y
° ) 32
36 oo ofNo o ¢ oV
34— | }
CLOCK .
s] O O - o o
28 26 ] . -
| M 1o o o o o o ] 32
IPU | A/D [




U.S. Patent Jul. 6, 2010 Sheet 2 of 21 US 7,751,645 B2

Fig. 4A .
46 TH

46—

?
N,

44+
2| = |
MAGNIFICATION  \z5 40
Fig. 4B "
% 4 g 46 46 Flg“ 4C
\ Ir=
gJ ’ -4 ]/44
g/x\—é T %
W 40
|1
1'AY :
1 | B “7
N ), 4()) TRANSLATION :": 24~/ ROTATION 42
AX
46 46
|/
, & ]
Fig. 4D wos
44“\ \
L x “MAG.
140
] 42

24—  RADIAL DISTORTION



U.S. Patent Jul. 6, 2010 Sheet 3 of 21 US 7,751,645 B2

Fig. 4E

yra /

46—

44 7
44

TOTAL IMAGE DISTORTION

Fig. 5A
304" 30A 308 308
\ | | |
~ id \24 .
. XY ’ 6
SN 0T0) 3001

- )
’ S T ING et e N
’ N - e AN
’ ~ . LN
’ S ’ Y
’ N P )
’ ~ . Y
. . 30C : -
A

1 P T P
3o’c 10c 30D 30D 30D° 30D
Fig. 5C
30A] B /308
R
30A e 308

24~

AX
30C — ,




U.S. Patent Jul. 6, 2010 Sheet 4 of 21 US 7,751,645 B2

Fig. 6

FRAME RAIL, 54

AZIMUTH MIRROR, 14



US 7,751,645 B2

Sheet 5 of 21

Jul. 6, 2010

U.S. Patent

pG 'STIVY INVHS

¥ Tl

. —/_:'.D
)

o 0
) [oJe)

S 'STIVY NV

I "HOMHIW HLNWIZY

L bl




U.S. Patent Jul. 6, 2010 Sheet 6 of 21 US 7,751,645 B2

Fig. 8



U.S. Patent Jul. 6, 2010 Sheet 7 of 21 US 7,751,645 B2

MBC, 18~_//l~\__ .




U.S. Patent Jul. 6, 2010 Sheet 8 of 21 US 7,751,645 B2

FIDUCIAL IMAGES

Fig. 10A 3}
4
74\{
/ /‘lMAGE
SPOT REGIONS\ , REGION, 72
-
24
FOCAL PLANE ARRAY
Fig. 10B
—
20

|||||

AZIMUTH MIRROR, 14
-

TRANSMISSIVE
DIFFRACTIVE ELEMENT, 76

18 LASER

MULTI-BEAM COLLIMATOR



US 7,751,645 B2

Sheet 9 of 21

Jul. 6, 2010

U.S. Patent

vZ SYIuY
WIONGI4 NI ONRILTI | HOSN3SLHOM
08 VNIV
z6l RN SSYAANYE WN 026 ONLLSIT
%ﬂ 0z Ry \ /\vs ¥ILLNHS
~ INVIdWO0d XT T  V¥3IAVOOL
SN31 ol S~ =5 . o
YHINYO >/ 1™ LINDYID ONITYOS
J 1 A AusnaLn
o e 90TYNY
° . L Nm
e
[k Sadudadndeldaiid \ |
..................................... | ... SIOVIVIONAIS | !
Sy38l4 40 9L SOILdO ! T GansNveL | 1| wEmoMINGD
SAN3 A3HSITOd A8 ™\ NLOVHATY O8N | NOLLYLOM MONMIN| yg—1"| 30010 Y3V
Q3NN¥04 30U g “H _ |
— | JHHEEE=107 soudin Hinwizy ol m
p, 20N e o ) = L yy T1BUVION \, ' | 30010010Hd
16 0’ e T TTTTTTTTTTToT T “-=-==| %3000
Wv3a NYISSNYO A w3svin oz
(ALISNILNI 78/ | 1V 98
(Q3uIN03Y 41) ] H3LINVIQ WA t)
SYOLVNNILLY | L6 TdNd 11X3 O8N
ONIZITVND3 68 68 69 —-
& ¥alndgs | ¥3LLMdS N\ | ¥olvnnaily cwrmv,_mﬂw_zm_mm
86 39V1S ANOO3S 39V1S 154 Q3xi4 oL ONI1N03
(sindino  [h Nm\ 06— 88—~
mmtﬁ% a3SNNN e
¥04) ¥3840SAY [T 56 _
96 =L .
. i 1 b1



U.S. Patent Jul. 6, 2010 Sheet 10 of 21 US 7,751,645 B2

Fig. 12

Fﬁgu 13 TELECENTRIC

100 \ 20 LENS EXIT

|

Fig. 14
1.00 DEGREE

20 AA\\‘

20B 2
20C =

3.00 DEGREES

-
-

""" 3.00 DEGREES
] 20



US 7,751,645 B2

Sheet 11 of 21

Jul. 6,2010

U.S. Patent

110
0.:\

//’—24

110
CLA

Fig. 15

32A
N

3B M0

32C
SN

Fig. 16

/‘24

32A\\

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

32B

32C

Fﬁgu 17

///

W/

\

N

_

/
/ /////?///////////////,//%/

32C

N
—



U.S. Patent Jul. 6, 2010 Sheet 12 of 21 US 7,751,645 B2

Fig. 18

CAMERALENS, 16

WBC e SHORT-PASS FILTER. 130
EXIT PUPIL 5 =/
| 132
T FPAL 24
Fig. 19A Fig. 198
SCENE
 NOISE CLUTTER

140

5 20 40 80 8O 100



US 7,751,645 B2

Sheet 13 of 21

Jul. 6, 2010

U.S. Patent

s




US 7,751,645 B2

Sheet 14 of 21

Jul. 6, 2010

U.S. Patent

(SQVd) W3LSAS YLva JANLILLY ONY NOILISOd
HOLVAILS3 e vYa Jov NOILVOIAYN
NOILISOd 1394V1 INIL-Tv3Y
200 ~—
[ — |
74 Ngez ocz 7 €2~
8 25
\
. / _~
DMMMW@%%%} "\ SOIL0 @)
80¢ 2 HOLYWITIOD | ASSY HOSN3S
WY3g-LINW TYILY3NI
™
104LNOD AV1dSIa ONY 092 =
NOILYDIJILN3QI L3DHYL
2z W3LSAS Lw_mmbwwﬁomo% | Lnn oNiow
NOILYLIOTdX3 _ _\ ONIZITIGYLS
z€ee A
0£2
'NNY /M SIOVWI e 1 3sva00l 01z .
Q3SSTUAWO0D & ONrN N
\ A
x mmﬂﬁwm__,n__oo 40SSIO0Nd NITIONLNOD
< JOVNI VHINYD
H30¥003Y 31VLS-0110S LT 11d¥909
C Yy / \Lesz LINN ONISS300%d JOVNI
902 SNIT ¥3T109INOD | 05¢
652 \NV Yiva SINY Hoom
07 — (SWH) W3LSAS INIWIOWYNYN 3093y FN .m_ u_




US 7,751,645 B2

Sheet 15 of 21

Jul. 6, 2010

U.S. Patent

W3LSAS YLva
I\./
i L1y zmﬁ_w,___%w/_*\%z 3ANLILLY NOILISOd | 20z
25| ASSYHOSNIS WILINI T M o |
N 5w
90€
e IIJ 31349510 TYAYILNI 3HNSOdX3 ¢y sy
S0 ¥3LINHS dSA NOILYZITIgvLS
104LNOD ¥3LLNHS
262 zo:ﬁ_.__mﬁy -
SNIVLYND S3LYHI1300V ® naon @ 0€e
34NSOdX3 SININYILIA ¢Sy YOSN3S 319ISIA —L
® /| 38INd divL \ voe
e TEETITT ¥3LLNHS $3NSSI
YOSN3S soe | 4IN0s3 || 0w
LHOI 7
T 08 - - HLOWIZY || HLOWIZY ]/oom
“5d -s4|  LINN ONIOVWI a3ZIIgvLs
ANdNI 3DV \ WSA OL GNYIWNOD —~ | o
ONISSIOONd IOVl || ONIOVIISINSSI 7y
Y¥304003Y +#ATMIOVS TOMINOD VY3V
¥3TI0YLNOD 1ndlno N
AV1dSIa A
Todsvel Q3 LYLONNY SANIONI ILNdNOD ¥ITIONINOD Y¥IWYD M g;
222/ S13%00S INA
e @__ 4 LINN ONISSI00¥d IOV




U.S. Patent Jul. 6, 2010 Sheet 16 of 21 US 7,751,645 B2

Fig. 23
400 \,
Initial MEASURE ANGLES OF MBC BEAMS 402
Calibration USING ROTATION STAGE |

l

IMAGE ACQUISITION AND RECORD Az | 404
MIRROR LOCATION AND SHUTTER /
DIRECTION

l

CALCULATE FPA POSITION FOR
EACH BEAM IF OPTICAL SYSTEM 408
Characterize WERE ABERRATION FREE y,
system and AND STORE RESULTS
determine
distortion l
correction
coefficients
CENTROID LOCATION FOR EACH 410
BEAM IN IMAGE __/

412

DETERMINE COEFFICIENTS FOR /
DISTORTION CORRECTION




U.S. Patent

Jul. 6, 2010 Sheet 17 of 21 US 7,751,645 B2
Fig. 24
DETERMINE DISTORTION COEFFICIENTS
412

PERFORM LEAST SQUARES FIT TO

420

> FIND TRANSFORMATION 414
COEFFICIENTS THAT MAP MEASURED |-
SPOTS BACK TO PREDICTED SPOTS

PERFORM LEAST SQUARE FIT FOR

OTHER TRANSFORMATIONS _ﬂe
(e.g. ROTATION OR POLYNOMIAL)
418
NO FIT
QUALITY
GOOD
ENOUGH?
SAVE COEFFICIENTS 422




U.S. Patent Jul. 6, 2010 Sheet 18 of 21 US 7,751,645 B2

Fig. 25A

DETERMINE DIRECTION COSINE MATRIX

CAPTURE IMAGE CONTAINING O

l

DETERMINE ANGLETO (2

IN MBC PROJECTOR COORDINATE
SPACE

l

MONUMENT
%

430

SURVEYED MONUMENT(S) -/

432

DETERMINE ANGLE TO MONUMENT &®
IN
IMU COORDINATE SPACE

434

l

RELATING
ANGLE IN STEP(® |/
TO ANGLE IN STEP (3

CALCULATE COSINE MATRIX ®D| ..



U.S. Patent Jul. 6, 2010 Sheet 19 of 21 US 7,751,645 B2

Fig. 25B
DETERMINE DIRECTION COSINE MATRIX
—

MEASURE CAMERA DISTORTION | 438

COEFFICIENTS W
LOCATE TARGET (MONUMENT) IN | 440

IMAGE |/
STEP ®< APPLY DISTORTION 442

COEFFICIENTS TO PIXEL
ADDRESS AND CALCULATE |-/
CORRECTED PIXEL ADDRESS
432 l

444

— APPLY €= ARCTAN (r/f) W
ROTATE ABOUT Az RESOLVER | 446

\_ READING W




U.S. Patent Jul. 6, 2010 Sheet 20 of 21 US 7,751,645 B2

Fig. 26

500

MEASURE DISTORTION
a. PREDICT LOCATION OF FIDUCIAL IMAGES
b CALCULATE IMAGE CENTROIDS 502
c. USE PREDICTED AND ACTUAL LOCATION OF MBC /
BEAM TO ESTIMATE DISTORTION PARAMETERS

504

LOCATE TARGET IN THE FRAME /

'

APPLY DISTORTION PARAMETERS TO PIXEL ADDRESS AND | 506

CALCULATE CORRECTED PIXEL ADDRESS |
l 508
J
DEDUCE RAY DIRECTION RELATIVE TO IDEALIZED CAMERA AXIS
R = F TAN (O)

(© = ARCTAN (RIF))

WHERE R = RADIAL DISTANCE FROM PIXEL ADDRESS TO CENTER OF ARRAY
AND F = FOCAL LENGTH

l

TRANSLATE TARGET RAY DIRECTION FROM IDEAL CAMERA
SPACE TO MBC COORDINATE SPACE (ROTATE ABOUT Az | 510
RESOLVER READING) /

3

TRANSLATE TARGET RAY TO IMU COORDINATE SYSTEM 512
USING BORESIGHT DIRECTION COSINE MATRIX |/




U.S. Patent Jul. 6, 2010 Sheet 21 of 21 US 7,751,645 B2

(X1,y1)

y1-]




US 7,751,645 B2

1

PRECISION OPTICAL SYSTEMS WITH
PERFORMANCE CHARACTERIZATION AND
USES THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

This is a divisional of application Ser. No. 11/222,562 filed
Sep. 8, 2005, now U.S. Pat. No. 7,496,241 allowed, the con-
tent of which is incorporated by reference herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This invention was made with Government support under
contract No. N0017304C2002 awarded by the Naval
Research Laboratory. The Government has certain rights in
this invention.

BACKGROUND OF THE INVENTION

A. Field of the Invention

This invention relates generally to the subject of precision
optical imaging systems such as found in telescopes, aerial.
reconnaissance and surveillance cameras, advanced weap-
ons, microscopes and other high performance applications,
and more particularly to a methods and apparatus for charac-
terizing the performance of such an optical system, and
improved optical systems including such characterization
apparatus. Characterization of the performance of an optical
system has several applications. One such application, in the
reconnaissance scenario, is increased accuracy of geoloca-
tion of targets in an image taken by the camera on the surface
of the earth. Other applications include passive weapon aim-
ing, passive determination of range from the imaging system
to a target, improved mapping of the earth, and vehicle navi-
gation from imagery of known objects.

B. Description of Related Art

Aspects of this invention have resulted from the present
inventors’ labors to improve the ability of an aerial reconnais-
sance camera system to geolocate targets in an image taken
from the camera. Reconnaissance cameras are known in the
art and described in the patent literature, see for example U.S.
Pat. Nos. 5,155,597, 5,668,593 and 6,694,094, all assigned to
the assignee of this invention.

Today’s modem reconnaissance cameras typically use
solid state image detector arrays made of semiconductor
materials and composed of individual pixel elements
arranged in a rectangular format of rows and columns. This
disclosure takes advantage of the concept that a camera, at an
elemental level, can be viewed as a device that translates
incoming ray angles to positions, where the positions in the
image have pixel addresses, on a focal plane array. In particu-
lar, when a target on the ground is imaged by an aerial recon-
naissance camera, a ray in three-dimensional space extending
from the camera to the target can be calculated, given the
camera’s position and orientation at the time of the exposure.
The intersection of this ray on the focal plane array is, in
theory, at a single point on the array for a suitably small target.
The point where the ray intersects the array can be identified
as a pixel with a. given row and column address. With this
information known, as well as the camera’s position in space
and its orientation at the time of the exposure of the array, it is
possible using known algorithms to estimate the location of
the target corresponding to this pixel address on the surface of
the earth. The camera’s position in space is typically obtained
from an inertial measurement unit that may be associated
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with a Global Positioning System (GPS) unit included in a
camera electronics package or from a similar navigation sys-
tem present aboard the aircraft.

Object geolocation from imagery has uses in a variety of
fields, including mapping, and in military applications,
including surveillance and locating potential targets for pre-
cision guided munitions.

There are several complicating factors that must be
addressed to reach desired levels of geolocation accuracy
with current. operational reconnaissance cameras. These
complicating factors have not been satisfactorily addressed in
the known prior art. Two primary factors are as follows:

1) Optical distortion of the camera exists, and changes with
time, in ways that are not easily predicted. For example, a
camera may have many mirrors and or lenses in its optical
path, and a focusing element, all of which can introduce
significant distortion. Such distortions are influenced by tem-
perature, pressure, humidity, and also by mechanical factors
in the camera’s design and construction, including the effects
of vibration component misalignment, and the expansion or
contraction of materials. Other changes may be deliberate,
such as adjustment or other optical compensation.

2) All cameras have a line of sight that represents the
direction that the camera is imaging. The line of sight is
typically the center of the field of view of a camera. The
direction of that line of sight may be governed by the orien-
tation of the camera, the orientation of a gimbaled portion of
the camera, a pointing mirror, or other means. Some cameras
have structures that maintain a fixed relationship to the line of
sight, while others do not. The structure may be too small to
support an inertial measurement unit. Therefore a means for
measuring the position of this line of sight or for determining
the effect of some gimbal, mirror, or other optical elements on
the camera field of view is required. Furthermore, geolocation
requires periodic measurement of camera orientation during
operation (i.e., measurement as every image is captured), and
the camera line of sight or field of view needs to be related to
geographic coordinates. Data as to both camera position &
camera attitude are required.

The methods and apparatus disclosed herein address both
of these problems. The solutions disclosed herein are also
applicable to optical systems generally.

The foregoing examples of the related art and limitations
related therewith are intended to be illustrative and not exclu-
sive. Other limitations of the related art will become apparent
to those of skill in the art upon a reading of the specification
and a study of the drawings.

SUMMARY OF THE INVENTION

The following embodiments and aspects thereof are
described and illustrated in conjunction with systems, tools
and methods which are meant to be exemplary and illustra-
tive, not limiting in scope. In various embodiments one or
more of the above-described problems have been reduced or
eliminated, while other embodiments are directed to other
improvements.

Aspects of this disclosure provide for methods for charac-
terizing the performance of the optical system in real time
during the generation of imagery. Such characterization can
lead to a set of data (e.g., transformation coefficients or rela-
tionships, as explained below) which can be used to compen-
sate for optical distortion in the optical system. Obtaining this
characterization data, and using it to compensate for pointing
and optical distortions that are characteristic of the camera at
the moment the targets of interest are imaged results in an
increased accuracy in determining the ray angle to the target
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on the ground, and therefore results in an improved ability to
perform object geolocation from imagery. The methods also
have other uses beside object geolocation from imagery;
indeed the determination of distortion and ability to correct
for such distortion has usefulness generally in high precision
optical systems. For example, the distortion correction pro-
cess can be applied to the entire image to generate a new
image that removes the distortion. The methods can be used
for example in telescopes, microscopes, or other types of
precision optical systems, including optical targeting systems
for precision guided munitions.

In a first aspect, a precision optical system is described that
includes an optical system for forming light from a scene into
an image at a focal plane. An image recording device is
located at the focal plane and produces an output that mea-
sures light intensity of the scene as a function of position. The
optical system further includes an optical projector that
projects a set of collimated beams of light into the optical
system aperture which are imaged by the image recording
device. By virtue of this design, reference points, referred to
herein as “fiducial images” from the projector, are available in
every image, under all operating conditions. Each collimated
beam from the projector forms a fiducial image on the image
recording device. These images are captured during the same
exposure interval as the target scene is imaged. The present
disclosure further relates to the design of the projector and the
uses thereof in generating optical system characterization
data. From such data, correction coefficients to compensate
for optical distortion, misalignment, focus errors, and other
sources of imperfection in the optical system can be derived
and used to compensate for such errors.

The image recording device is preferably, but not neces-
sarily, an electro-optical image recording device constructed
as an array of pixel elements, such as a charge coupled device
(CCD), complimentary metal oxide semiconductor (CMOS)
detector, or other similar device. The construction and
arrangement of the image recording device is not particularly
important. The optical system further includes a processing
module including software for applying a distortion correc-
tion to at least a portion of the image, the distortion correction
using or based on the fiducial images from the projector.

In preferred embodiments, the distortion correction soft-
ware determines the location of the centers of the fiducial
images from the projector in the captured images, and com-
pares such locations to the locations where such fiducial
images would have been imaged if the system were aberration
and distortion free. Distortion coefficients are then deter-
mined which map the actual location to the theoretical loca-
tions. The distortion coefficients may perform translation,
rotation or other transformations to the image, and such trans-
formations can be applied in series to the image or portion
thereof. For example, the application of the distortion coeffi-
cients to a pixel location of an object of interest results in a
new, corrected pixel location and from such corrected pixel
location a more accurate calculation of ray angle to the scene
target can be made. In alternative embodiments, the correc-
tion process could be applied to the entire image to generate
anew corrected (undistorted) image. Examples are described
below of'various distortion correction processes, including 1)
an inverse polynomial transformation correction modeling
magnification and distortion errors of the optical system, 2) a
rotation transformation correction, and 3) a linear transfor-
mation correction. Other corrections could be performed,
including a “keystone” correction, “anamorphic distortion”
correction, or others.

Note further that the reference projector is preferably built
into the precision optical system such that the projector
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projects the beams onto the image recording device at the
time of each exposure of the image recording device. There-
fore, the process of obtaining distortion correction coeffi-
cients can be performed in each image. Moreover, dynamic
variation in optical system parameters which cause distortion
errors, such as due to changes in temperature, pressure, mis-
alignment due to vibration, can be compensated for automati-
cally in every image.

In a second aspect, a method is disclosed for compensating
for distortion errors m a precision optical system. The method
includes the steps of:

a) determining the location on an image recording device
where collimated beams from a projector would be imaged by
the image recording device incorporated into the precision
optical system if the optical system were distortion free;

b) obtaining an image of a scene along with the image of
the collimated beams projected onto the image recording
device by the projector and determining the location of the
collimated beams in the image;

¢) determining transformation coefficients that map the
locations of the image of the collimated beams on the image
recording device from the image of step b) to the locations
determined in step a); and

d) applying the transformation coefficients to at least a
portion of the image of the scene in step b) such that the
optical system distortions are corrected.

The above method determines transformation coefficients
from pixel locations of fiducial images in a pixel location
space or domain. In alternative embodiments, such informa-
tion is obtained from a ray angle space. In a yet further aspect,
amethod for compensating for distortion errors in a precision
optical system is disclosed, comprising the steps of:

a) obtaining an image of a scene along with an image of
collimated beams of light projected onto an image recording
device by a projector;

b) determining the locations on the image recording device
of'the collimated beams in the image and the associated true
ray angles for the collimated beams;

¢) determining the apparent incoming ray angles 6 of the
collimated beams from the locations on the image recording
device (i.e., the ray angles that would occur if the optical
system were distortion free) using the relation 6=arctan (r/1),
where r is a scalar distance from the location of the beams to
the center of the image recording device and f is the focal
length of the optical system;

d) determining transformation coefficients that map the
true incoming ray angles determined in step b) to the apparent
incoming ray angles determined in step ¢); and

e) applying the transformation coefficients determined in
step d) to at least a portion of the image to thereby correct
optical system distortions.

In one possible embodiment, the precision optical system
is an airborne camera such as an aerial reconnaissance, map-
ping . . . or surveillance type camera. The transformation
coefficients are applied to pixel coordinates for pixels imag-
ing an object of interest in a scene to thereby obtain corrected
pixel coordinates for the object. The corrected pixel coordi-
nates can be supplied to a processing module applying a
geolocation algorithm for determining the location of the
object on the surface of the earth. In such embodiment, to
obtain the relationship between pixel coordinates and loca-
tion on the earth, there needs to be known a geometrical
relationship between the fiducial images from the projector
and an external coordinate system that can be related to earth
coordinates. To-provide this feature, the projector is prefer-
ably rigidly coupled to an inertial measurement unit. Both the
projector and the inertial measurement unit are preferably
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mounted within the aerial camera. By virtue of this rigid
coupling arrangement, a geometrical relationship can be
derived relating angles from the target of interest in the image
to a reference axis in the coordinate space of the reference
projector to angles in the coordinate space in the inertial
measurement unit. The relationship between the coordinate
space of the inertial measurement unit and coordinate space
onthe earth can be obtained by imaging targets or monuments
whose location has been precisely determined, e.g., by a
terrestrial survey. With all this information in hand, it is pos-
sible to relate the ray angle in the projector coordinate space
to earth coordinates and thereby obtain a geographic location
on the earth of a target imaged by the image recording device.

This method is based, in part, on the concept that if each
image contained reference points, that are referenced to geo-
graphic coordinates, then both the optical system pointing
information (i.e., ray position to target in three dimensional
space) and the camera distortion can both be deduced. Suit-
able reference points could be stars (at night), or surveyed
monuments on the ground. However, for operational flexibil-
ity, these sources are not sufficiently available, e.g., daytime
operation of a camera or operation in an unmapped or poorly
mapped area. In this embodiment, a significant inventive
aspect is that the optical system includes the reference pro-
jector which is installed directly into the camera which pro-
vides desired geographic reference information in every
image, overcoming this additional problem. Moreover, the
same reference projector can be used to characterize the opti-
cal system performance and provide data from which distor-
tion errors can be corrected.

As described in detail below, the location of the beams
from the reference projector can be related to coordinates in
an inertial measurement unit that is included in the camera
and therefore the angles for an object of interest in the image
to the projected images can be related to the inertial measure-
ment coordinate system, which can then be used for improved
geolocation of the objects of interest.

Thus, in a further aspect, an aerial reconnaissance embodi-
ment is disclosed that includes features for improved geolo-
cation of targets in imagery captured by the optical system. In
particular, the projector has a coordinate. system for describ-
ing the angles of various beams that exit the projector, and a
process is described below for converting pixel locations for
the beams in an image to angles in this coordinate system. The
optical system further includes an inertial measurement unit
(IMU) that likewise includes a reference coordinate system
for describing its position and orientation in space. The IMU
has the ability to measure both its position and its orientation
in space. The projector is rigidly, mechanically coupled to the
IMU, and thus a fixed relationship is established between the
coordinate systems of the IMU and the projector.

This relationship between projector and IMU can be
expressed mathematically as a direction cosine matrix. This
matrix allows an angle, expressed as a vector in one coordi-
nate space (the projector coordinate space), to be transformed
to the other coordinate space (the IMU coordinate space).
Thus, for a camera in accordance with this construction, one
can calculate the angle to the unknown target in the projector
coordinate space, multiply this angle by the direction cosine
matrix that transforms from the projector to IMU coordinates,
and the result is the angle to the target in the IMU coordinate
space. This angle is useful for determining the location of the
target on the surface of the earth.

The direction cosine matrix can be ascertained by what is
referred to herein as a boresighting process. The first step in
the boresighting process is to capture an image that contains
monuments (or targets) on the ground whose positions have
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been determined with suitable accuracy. The term “surveyed”
means that the position is known in the position coordinate
system of the IMU. This position coordinate system could be
expressed, for example, in a spherical coordinate system,
such as latitude, longitude and elevation above sea level, as in
the case of a GPS satellite navigation system. Because the
IMU measures the location of the camera when the image of
the monuments is captured, and the monument positions are
known, the angle between the IMU and the monuments on the
ground is also known, in the angular coordinate space of the
IMU.

The second step is to determine the angle to the monuments
in the projector coordinate space. This can be done by cap-
turing the image of the monuments, measuring camera dis-
tortion, compensating for the distortion, and converting the
pixel positions of the monument in the image to a ray angle in
the projector coordinate space.

Now, for the camera imaging the surveyed monument(s),
we have the same two rays, one described in the IMU position
coordinate space, and one described in the projector coordi-
nate space. A direction cosine matrix that transforms from the
projector to the IMU space can now be calculated directly.
Thereafter, for any image of the earth generated by the cam-
era, the direction cosine matrix can be used to translate from
the angle to the object of interest from the projector coordi-
nate system to the IMU positional coordinate system and
therefore the position of the object on the ground in the IMU
positional coordinate system can be determined.

In addition to the exemplary aspects and embodiments
described above, further aspects and embodiments will
become apparent by reference to the drawings and by study of
the following detailed descriptions.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in referenced fig-
ures of the drawings. It is intended that the embodiments and
figures disclosed herein are to be considered illustrative rather
than restrictive.

FIG. 1 is an illustration of an optical system having a
reference projector projecting collimated beams of light onto
an image recording device. The imaging recording device
records the images of the beams (fiducial images) as well as
the scene. The location of where the fiducial images are
imaged on the image recording device, e.g., pixel addresses,
is determined by an image processing module. This module
further derives distortion correction coefficients from the
location of fiducial images which can be applied. to the image
or a portion thereof.

FIG. 2 is an illustration of an alternative embodiment in
which the reference projector is rigidly coupled to an inertial
measurement unit incorporated into the optical system. The
embodiment of FIG. 2 might be used in a situation where the
optical system comprises an aerial reconnaissance or surveil-
lance camera, whereas the embodiment of FIG. 1 might be
used in a microscope, telescope, aerial camera, or other appli-
cation where inertial information is not necessary to the per-
formance requirements or functionality of the optical system.

FIG. 3 is an illustration of the image recording device of
FIG. 1 or FIG. 2 in the form of an electro-optical imager
arranged as a plurality of pixels arranged in rows and col-
umns.

FIGS. 4A-4D show examples of magnification, translation,
rotation and radial distortion errors, respectively, which may
be observed in an image generated by the optical system of
FIGS. 1 and 2, due to, for example, misalignment errors,
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imperfection in the optical system components, thermal
expansion or contraction of materials, pressure changes, or
other factors;

FIG. 4E shows an illustration of a total image disturbance
resulting as a sum of the distortion errors of FIGS. 4A-4D.

FIG. 5A-5C show inverse polynomial, rotation, and trans-
lation distortion correction transformations, respectively,
which can be applied to a portion of an image, or an entire
image, to compensate for the image disturbance shown in
FIG. 4E. The generation of coefficients to perform the cor-
rection transformations shown in FIGS. 5A-5C is obtained by
an image processing module using fiducial images generated
from the beams from the reference projector of FIGS. 1 and 2.

FIG. 6 is a perspective view of a portion of an aerial
reconnaissance camera, showing an inertial measurement
unit rigidly coupled to a reference projector in the form of a
multi-beam collimator (MBC) incorporated into the camera.
The components of the optical system in the optical path from
an azimuth mirror to an image recording device are not shown
in FIG. 6 in order to more clearly illustrate the MBC reference
projector and the inertial measurement unit. The construc-
tion, performance, and design details of the aerial reconnais-
sance camera are not important and wide variation is possible
from the specifics of the disclosed reconnaissance camera
without departure from the scope of the present invention.

FIG. 7 is a bottom plan view of the reconnaissance camera
of FIG. 6.

FIG. 8 is another perspective view of the reconnaissance
camera of FIG. 6.

FIG. 9 is a perspective view of a mounting bracket that
couples the inertial measurement unit to the MBC collimator
in the reconnaissance camera of FIGS. 6-8.

FIG. 10A is a schematic view of a focal plane array (image
recording device) used in the reconnaissance camera of FI1G.
6, showing the fiducial images from the MBC collimator
(reference projector) imaged in the periphery of the array
while scene information is primarily imaged in the center
portion of the array.

FIG. 10B is a schematic view of the MBC collimator,
showing it projecting a set of spot beams in a fan arrangement.
The beams are reflected off of an azimuth mirror into the
optical path and imaged onto the focal plane array of FIG.
10A.

FIG. 11 is a block diagram showing the construction of the
MBC collimator and its relationship to external circuitry and
optical system components in the camera embodiment of
FIG. 6.

FIG. 12 is an end view of the reticle design of the MBC
collimator of FIG. 10B and FIG. 11.

FIG. 13 is an illustration of the telecentric lens (MBC
refractive optics) positioned in front of the reticle of FIG. 12
and showing the exit pupil of the MBC collimator.

FIG. 14 is a perspective view showing the fan arrangement
of'the spot beams produced by the MBC collimator. The three
fans of beams are separated from each other by a three degree
angle, and within each fan of beams, the individual beams are
separated from each other by one degree. Total spread of the
fan beam is 26 degrees. Wide variation is possible in the
design of the MBC collimator and the beam arrangement
produced by the collimator.

FIG. 15 is a schematic representation of where the fan of
beams produced by the MBC collimator is projected onto the
focal plane array and adjacent regions. The rotation of the
azimuth mirror downstream in the optical path from the MBC
collimator causes the arrangement shown in FI1G. 15 to trans-
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late from left to right, which results in the beams in the middle
fan beam being imaged roughly in the center of the focal
plane array.

FIG. 16 shows the location of the three fan beams on the
focal plane array.

FIG. 17 shows the peripheral area of the array (shaded
portion) for which distortion correction in the optical system
would be available in the absence of the beams from the
reference projector being imaged in the center of the array.
The fact that the middle fan beams are imaged in the center of
the array (at least from some values of azimuth mirror rota-
tion) as shown in FIG. 16 permit a more complete character-
ization of the optical system performance, including portions
closer to the center of the optical axis.

FIG. 18 is a perspective view of the optical path between
the exit pupil of the MBC collimator and the focal plane array
(image recording device).

FIGS. 19A, 19B and 19C illustrate the effects of noise,
scene clutter, and ghosts on the determination of the center of
fiducial images produced by the MBC collimator.

FIG. 20 is an illustration of a portion of the array and a
single fiducial image produced by a single MBC collimated
beam, and the algorithm for calculating the location of the
center of the fiducial image (“centroid” herein).

FIG. 21 is a block diagram of the reconnaissance camera
and peripheral electronics modules for geolocation.

FIG. 22 is a more detailed block diagram of the image
processing unit and the stabilized imaging unit of FIG. 21.

FIG. 23 is a flow chart showing a process for calibration of
the reference projector and determination of distortion cor-
rection coefficients.

FIG. 24 is a more detailed illustration of a process for
estimating or determining the distortion correction coeffi-
cients in the process of FIG. 24.

FIG. 25A is a flow chart showing a process for determining
a direction cosine matrix relating the MBC projector coordi-
nate space to an inertial measurement unit coordinate space.
The direction cosine matrix is used, for example, in a geolo-
cation from imagery application of the invention.

FIG. 25B shows step (2) of FIG. 25A in more detail.

FIG. 26 shows a process for geolocation using the camera
of FIGS. 6-18.

FIG. 27 is a schematic illustration of an imaging device in
which a pixel of address (x1, y1) is of an object of interest, and
showing the parameters r and 0 in the relationship 6=arctan
(t/f), wherein r is a scalar distance from the center of the array
coinciding with the optical axis of the optical system to the
pixel of interest, fis the focal length of the optical system, and
0 is the ray angle from the camera optical axis to the point in
the scene corresponding to the target pixel (x1, y1). FIG. 27
also includes the parameter ¢, which is the rotation angle in a
2 dimensional polar coordinate system that identifies the
angular position of the target pixel in the coordinate system
for a given value of r, with ¢ determined from the pixel
address.

DETAILED DESCRIPTION

A. Introduction and Overview

An aerial reconnaissance camera will be described in detail
below that includes features for both characterization of opti-
cal system performance and compensation for errors such as
distortion in the optical system, and for providing improved
methods for geolocation of objects of interest from imagery.
It will be appreciated that the features for characterization of
optical system performance and compensation for distortion
errors can occur independently of the feature of geolocation
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of objects of interest. The feature of improved geolocation of
objects of interest is directed to an embodiment in which an
inertial measurement unit (IMU) is incorporated into the
camera housing and coupled to a reference projector. Usage
of an inertial measurement unit would not be necessary in an
aerial reconnaissance or surveillance camera which does not
perform geolocation. In such embodiment, the camera
includes features for characterization of optical system per-
formance and compensation for distortion errors, which is
highly valuable in and of itself. Usage of an inertial measure-
ment unit would not be necessary in other embodiments
where characterization of optical system performance and
development of compensation coefficients were all that were
desired, such as in a telescope or microscope embodiment.

FIG. 1 is an illustration of a high performance optical
imaging system 10, which may take the form of a camera
(e.g., reconnaissance camera), telescope, microscope, an
optical targeting system for a weapon such as a precision
guided munition, or other type of system. The imaging system
captures an image of a scene or subject 11, which could be any
subject matter. The optical system may include various opti-
cal components, the details of which are not important, such
as an objective lens 12, a mirror 14, relay or focus optics 16,
and possibly other components such as filters, beam splitters,
additional mirrors, lenses, a shutter, etc.

The system 10 further includes a reference projector 18
projecting collimated beams of light into the entrance aper-
ture of the optical system. The beams are imaged onto an
image recording device 24 positioned at a focal plane 22. The
collimated beams are shown in dashed lines 20. The imaging
recording device 24 records the images of the beams 20 as
well as the scene or subject matter 11 imaged by the optical
system components 12, 14, 16. The image of the collimated
beams 20 produced by the imaging device can take several
forms, one of which are small circular spots. The image of the
collimated beams are referred to herein as “fiducial images,”
and their usage for optical system characterization is
described at length below.

The image recording device 24 is preferably an electronic
(electro-optical) imaging device such as a CCD imager,
CMOS imager, photodiode imager, multi-spectral or hyper-
spectral imager, or variant thereof either now known or later
developed, that includes a plurality of pixel elements arrange-
ments arranged in an array of rows and columns of pixel
elements. In a typical electro-optical imaging embodiment,
the pixel elements accumulate an analog voltage pixel signal
proportional to incident radiation impinging on the pixel.
This signal is represented in analog form in the array 24 and
converted to digital form by an analog to digital converter 26
either coupled externally to an output register of the device 24
or built into the device 24. This is conventional in the art of
electronic imaging devices. The digital pixel values are fed to
an image processing unit or module 28. The module 28 con-
sists of a processor and memory storing software instructions
for performing certain calculations as described in detail
herein, including calculations for determining the centers of
the fiducial images, and for characterizing the optical system
performance and obtaining distortion correction data, e.g., in
the form of coefficients which can be applied to the image or
portion thereof.

The location (pixel address) of the center of where the
fiducial images are imaged on the image recording device is
determined by an image processing module 28 using a cen-
troid location algorithm. The image processing module uses
such locations, and comparison of such locations to locations
where such fiducial images would be imaged in an idealized
or theoretical distortion free optical system, to generate dis-
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tortion correction coefficients which characterize the errors
or distortions in the optical system 10. Such distortion cor-
rection coefficients can be applied to the image or a portion
thereof. One use of such distortion correction coefficients
would be to apply the coefficients to the entire image and
thereby generate a distortion corrected image. Another use
would be to apply the distortion correction coefficients to a
portion of the image (such as pixels representing some object
of interest in the image) to generate either a distortion cor-
rected image of the object of interest, or to obtain distortion
corrected pixel address of the target of interest.

The software in the module 28 includes a module or sub-
routine for determining one or more distortion correction
coefficients which characterize the distortions in the optical
system. There are several possible distortion corrections that
can be performed, including an inverse polynomial transfor-
mation correction which models magnification and distortion
errors of the optical system, a rotation transformation correc-
tion, and a linear transformation correction. Additional cor-
rections that can be applied include an astigmatism correction
and a keystone correction. Preferably, the software includes
modules calculating the inverse polynomial transformation
correction, the translation correction and the rotation correc-
tion. Such corrections can be applied one at a time to the entire
image or portion thereof.

In a preferred embodiment, the reference projector 18 is
mounted within the optical system in a fixed manner and in a
predetermined position with respect to the image recording
device 24. The reference projector 18 is operated to illuminate
the image recording device 24 with the projected beams 20 at
the same time that the optical system is operated to generate
animage ofthe scene of interest. The beams 20 are essentially
superimposed on the scene radiation.

Furthermore, the reference projector 18 preferably projects
radiation in a wavelength which is selected such that it is
outside of the band where useful scene information is nor-
mally imaged by the image recording device, so as to mini-
mize the effect of the fiducial images on the obtaining of
useful scene information. In other words, the wavelength
chosen for the optical projector 18 can be outside the normal
imaging band for the camera. This takes advantage of band
limiting filtering in the optical system. In one typical embodi-
ment, the optical system in the form of a reconnaissance
camera operates from 500 to 900 nanometers, and includes an
interference coating that passes a small fraction of 920 mm
energy. The projector projects the collimated beams at 920
nm. The loss due to the interference coating can be overcome
by increasing the projector beam power, or increasing the
on-time for the projector.

In one possible embodiment, the projector 18 projects an
array of individual collimated light beams. The projector is
designed to project the collimated light beams onto the
periphery of the image recording device. The fiducial images
are superimposed on the scene imagery, but at the periphery
of the imagery. In some embodiments, particularly where
multiple images are generated of a scene (such as in aerial
reconnaissance) the loss of scene information in this periph-
eral area, where the beams are imaged, is of little or no
consequence. To more fully characterize the optical system
(including the performance closer to the central optical axis)
at least some beams are preferably directed onto the central
portion of the image recording device. By making the beams
sufficiently small in size, and by judicious selection of the
projection pattern of the collimated beams, complete charac-
terization of the optical system without appreciable degrada-
tion in optical system performance is obtainable. A wide
variety of projection patterns for the beams from the projector
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18 are possible. A specific example consisting of three rows of
beams in a fan configuration is described in detail below.

The illumination source for the projector 18 can take a
variety of forms. A preferred embodiment is a laser that is
coupled to a set of single mode optical fibers. A detailed
description of a preferred projector 18 in the form of a multi-
beam collimator is set forth below in conjunction with FIGS.
10-20.

To summarize, the embodiment of FIG. 1, and in particular
the incorporation of the reference projector and the software
routines in the image processing module as described herein,
provide a facility by which the performance of the optical
system 10 can be characterized and wherein compensation
for distortion in the optical system can be performed auto-
matically.

In particularly preferred embodiments, the distortion cor-
rection software includes routines that determine the location
of the centers of the fiducial images from the projector 18 in
the captured images, and compare such locations to the loca-
tions where such beams would have been imaged in the imag-
ing device if the system were aberration and distortion free.
Determining the locations where the beams would have been
imaged if the optical system were aberration and distortion
free is facilitated by an initial calibration step and storage of
calibration data in a table, as described subsequently. From
the fiducial images, distortion coefficients are then deter-
mined which map the actual location to the theoretical loca-
tion. The distortion coefficients may perform translation,
rotation or other transformations to the image, and such trans-
formations can be applied in series to the image. The appli-
cation of the distortion coefficients to a pixel location an
object of interest results in a new, corrected pixel location. In
alternative embodiments, the correction process could be
applied to the entire image to generate a new corrected (undis-
torted) image. Examples are described below of various dis-
tortion correction processes, including 1) an inverse polyno-
mial transformation correction modeling magnification and
distortion errors of the optical system, 2) a rotation transfor-
mation correction, and 3) a linear transformation correction.
Other corrections could be performed, including a “keystone”
correction, “anamorphic distortion” correction, or others.

Note further that the reference projector 18 is preferably
built into the precision optical system such that the projector
projects the beams onto the imaging device at the time of each
exposure of the imaging device. Therefore, the process of
obtaining distortion correction coefficients can be performed
in each image. Moreover, dynamic variation in optical system
parameters which cause distortion errors, such as due to
changes in temperature, pressure, misalignment due to vibra-
tion, can be compensated for automatically in every image.

The method of compensating for distortion errors in a
precision optical system can be expressed as series of steps, as
follows:

a) determining the location of where collimated beams
from a projector 18 would be imaged by an image recording
device 24 incorporated into the precision optical system if the
optical system were distortion free;

b) obtaining an image of a scene along with the images of
the collimated beams projected onto the image recording
device by the projector and determining the location of the
collimated beams in the image;

¢) determining transformation coefficients that map the
locations of the images of the collimated beams determined in
step b) to the locations determined in step a); and

d) applying the transformation coefficients to at least a
portion of the image of the scene in step b), such that the
optical system distortions are corrected.
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A detailed explanation is provided below for determining
transformation coefficients when the fiducial image locations
(actual and theoretical) are expressed in a pixel address space.
A similar methodology can be derived for determining the
transformation coefficients when the fiducial image locations
are translated from pixel locations into ray angles. Such a
modification from the specifics of disclosure below is con-
sidered well within the ability of persons skilled in the art.
Thus, the method for compensation of distortion errors can be
expressed as follows:

a) obtaining an image of a scene along with an image of
collimated beams of light projected onto an image recording
device by a projector;

b) determining the locations on the image recording device
of'the collimated beams in the image and the associated true
ray angles for the collimated beams;

¢) determining the apparent incoming ray angles 6 of the
collimated beams from the locations on the image recording
device (i.e., the ray angles that would occur if the optical
system were distortion free) using the relation 6=arctan (r/1),
where r is a scalar distance from the location of the beams to
the center of the image recording device and f is the focal
length of the optical system;

d) determining transformation coefficients that map the
true incoming ray angles determined in step b) to the apparent
incoming ray angles determined in step ¢); and

e) applying the transformation coefficients determined in
step d) to at least a portion of the image to thereby correct
optical system distortions.

The embodiment of FIG. 2 shows another embodiment in
which an inertial measurement unit (IMU) 52 is incorporated
into the camera and rigidly coupled (i.e., fixed) relative to the
reference projector 18. For example, a metal bracket 53 is
provided which has one end to which is fastened the reference
projector 18 and another end to which is fastened the IMU 52.
The bracket 53 is kinematically mounted to the optical system
housing. The incorporation of the IMU 52 in a fixed, stable
relationship to the reference projector 18 is particularly
advantageous in an aerial reconnaissance embodiment. The
projector 18 is used as explained above to generate beams
from which fiducial images are obtained, and such fiducial
images are used to generate performance characterization
data and distortion correction coefficients. The projector 18
performs a second function, that is, to provide a reference
coordinate system by which the angles in the projector coor-
dinate system can be related to the position and orientation
coordinate system of the IMU 52. The derivation use of such
relationships between the coordinate systems, and compen-
sation of distortion errors in the optical system, allows for
increased accuracy in object geolocation from imagery.
These aspects will be described in further detail in conjunc-
tion with the camera embodiment of FIGS. 6-9 and 21-26.

FIG. 3 is an illustration of the image recording device 24 of
FIG. 1 or FIG. 2 in the form of an electro-optical imaging
array (also referred to herein as focal plane array or FPA) that
is arranged as a plurality of pixels in rows and columns of
individual pixel elements 30. The fiducial images 32 are spots
imaged by the array 24. Each fiducial image 32 is produced by
asingle collimated beam projected by the projector 18 of FIG.
1 or2. There are a multitude of such fiducial images due to the
fact that the projector 18 is designed to project a multitude of
beams 20 (FIG. 1). As shown in FIG. 3, the fiducial images are
preferably imaged at the edges of the array 24. Additional
fiducial images are also preferably provided elsewhere (e.g,
in the center) of the array 24 in order to obtain characteriza-
tion information in the central portion of the optical system.
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The array 24 further includes a clock 34 developing elec-
trical pulses which are provided over clock lines 36 in order to
shuftle accumulated charge (pixel information) from the pix-
els 30 through the array to an output register 38. Pixel data for
the rows of the array are read out into the output register 38.
The pixel data is fed to the A/D converter 26 (typically with 8,
12, or 16 bit quantization) and provided to the image process-
ing unit 28. This is conventional in the art of electronic imag-
ing devices. The IPU 28 executes routines coded in software
for determining the centroid locations of the fiducial images
32, compares such centroid locations to locations where such
fiducial images would be if the optical system 10 was in an
idealized (distortion free) condition, and derives distortion
correction coefficients that characterize the performance of
the optical system and, when applied to the entire image or a
portion thereof, compensate for such distortion.

In both the embodiment of FIG. 1 and the embodiment of
FIG. 2, the exact position of each fiducial image 32 (FIG. 3)
depends upon:

A) The ray angle of the collimated beam relative to the
optical system optical axis.

B) The focal length, distortion, and flat mirror angles
within the optical system.

C) The angle of a pointing mirror gimbal (if present in the
optical system).

D) The position of the projector relative to the optical
system.

By comparing the known relative angles between the vari-
ous beams emitted by the projector 18 to the relative positions
of their respective fiducial images formed by the image
recording device 24, the magnification & distortion of the
optical system can be deduced. The optical projector 18 can
be constructed to produce as many collimated beams as are
required to measure the various distortion effects. The beams
could take the form of lines or points in a wide variety of
possible configurations.

The overall position and rotation of the fiducial image
pattern relates the orientation of the optical system (e.g.,
camera) and its pointing gimbal to the inertial measurement
unit 52.

The relationship between the collimated beams 20 emitted
by the optical projector 18 and the inertial measurement unit
52 reference axes needs to be determined for the situation
where the characterization methods are being used for appli-
cations such as geolocation, mapping, navigation or passive
targeting of weapons. This relationship may be determined by
using the system 10 to record images of multiple surveyed
targets, i.e., targets of precisely known location on the earth,
such as a building, or surveyed location provided with a
marker which can be detected in a reconnaissance image. The
generation of such an image can be done in an initial flight test
of the optical for calibration purposes, for example, in an
aerial reconnaissance. embodiment. The orientation and posi-
tion of the optical system itself is measured by the inertial
measurement assembly 52. The optical projector 18 is held in
a fixed orientation with respect to the inertial measurement
unit 52 (by means of bracket 53), hence the relative ray angles
of the beams emitted by the optical projector 18 are known.
The relationship between ray angles and image positions are
known (i.e. magnification & distortion), thus the relative posi-
tions of the various fiducial images 32 to the images of the
surveyed targets reveals the ray angles to the targets relative to
the ray angles of the beams emitted by the optical projector.
Because the position of the surveyed targets is known (they
were surveyed) and the position and orientation of the inertial
measurement unit is known, the ray angles to the target are
known relative to the inertial measurement unit. Thus, the ray
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angles of the beams emitted by the optical projector can be
determined in the coordinate system (i.e. relative to the ref-
erence axes of) the inertial measurement unit 52.

Because the inertial measurement unit 52 and the optical
projector 18 are preferably mounted in a stable relationship
by the measurement assembly using appropriately rigid
mounting arrangements (bracket 53), the calibration of this
relationship only needs to be done infrequently, perhaps only
once, for example in the initial flight test mentioned above.

Note that the angular relationships among the various
beams 20 emitted by the optical projector 18 and their angu-
lar. relationship to the mounting of the optical projector rela-
tive to the inertial measurement unit 52 and bracket 53 ideally
are stable, as well.

Once the calibration data described above is available, any
image thereafter generated that contains fiducial images,
along with the inertial measurement unit position and orien-
tation data, where the image includes any target of potential
interest, the ray angle from the target to the camera can be
accurately calculated according to equation O=arctan (r/f),
where f is the focal length of the optical system, r is a scalar
distance from the center of the image recording device 24
(coincident with the center of the optical axis) to the pixel of
interest associated with the target. See FIG. 27, for an
example of pixel of address (x1, y1). The pixels of the image
device 24 are given an addressing convention, e.g., a Carte-
sian coordinate system with pixel of address (0,0) being at the
center. FIG. 27 also includes the parameter ¢, which is the
rotation angle in a 2 dimensional polar coordinate system that
identifies the angular position of the target pixel in the coor-
dinate system for a given value of r, with the parameter ¢
obtained by converting the Cartesian pixel address to a rota-
tion angle with 0 degrees predefined, for example, as the
direction from the center of the array to pixels having a 0 x
value and positive y values. The parameter ¢ gives a unique 0
for a given value of r.

In the embodiment of FIG. 2, the fiducial images associ-
ated with the beams 20 act as stars or surveyed monuments, as
they can be related to inertial measurement unit position and
orientation after the initial calibration is completed. The fidu-
cial images are also used to characterize the performance of
the optical system and used to derive distortion correction
coefficients, as explained herein.

Because camera images formed by a tens are two-dimen-
sional, only the ray from the camera through the target is
determined by a single image. The target’s position along that
ray (indicating its precise location in three dimensions) can be
determined with a second camera image of the target, taken
from a different camera position and orientation known from
inertial measurement unit 52 data. The second image also
includes fiducial images 32, and a second ray from the second
camera position to the target can be determined.

Because both rays intersect at one point (the target), the
position of the target can be determined. To be precise, the
rays may not intersect exactly, due to measurement and cal-
culation errors. In that case, the closest approach between the
two rays approximates the target position.

The techniques as described above can be applied in many
areas—determination of target coordinates in reconnaissance
camera images, passive determination of range from a camera
to a target, elevation & azimuth measurements for weapons
sighting, and remote mapping (without establishing ground
reference points). The system could be “reversed”, where
known monuments could be imaged, and the camera posi-
tions and orientation are deduced, to navigate (i.e., determine
the location of a vehicle carrying the optical system), or to
calibrate a navigation system.
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Other forms of navigation devices can be used to determine
camera location or attitude, such as celestial navigation. Like-
wise, other means could be used to determine camera orien-
tation.

Similarly, the optical projector 18 could emit a collection
of unidirectional beams that image as approximately circular
spots. These beams can be arranged in various patterns to
measure camera distortion, magnification and pointing. Or,
the optical projector 18 could emit fanned beams, that image
as lines, again arranged in various patterns.

The optical system of FIG. 1 or 2 can use any imaging
technology—reflective, refractive, or both. Images can be
recorded on film or electro-optical arrays, or by any other
image recording means.

B. Optical System Characterization and Distortion Correc-
tions

Before describing the illustrated embodiments further, a
brief explanation will be provided of the optical system char-
acterization and distortion correction that is made possible by
the use of the optical reference projector 18 and the capturing
and processing of fiducial images as explained herein. The
term “distortion” is used in a general sense to refer to any of
a variety of errors, including magnification or focus errors,
translation errors, rotation errors, radial distortion errors, or
otherwise, the cause of which (whether mechanical, e.g.,
misalignment, optical, or environmental) is not particularly
important.

With reference now to FIG. 4A, a focal plane array 24 is
shown with a rectangular boundary 40 indicating the perim-
eter of an image that would be generated from the array if the
optical system were entirely free of distortion errors. Point 44
indicates the center of the array 24 and is coincident with the
optical axis of the optical system 10. Element 46 represents an
arbitrary region in the image, and could for example represent
the area where a fiducial image occurs representing a single
beam from the projector 18 of FIG. 1. As shown in FIG. 4A,
magnification errors can be introduced into the image,
whereby the boundary of the image is enlarged to the position
42. This moves the location of the element 46 up and over to
the left slightly. The amount of magnification error is typi-
cally the same through the focal plane and extends outwardly
from the center 44.

FIG. 4B shows an example of a translation error. The center
44' of the image 42 is moved down and to the left by the
amount Ax and A 'y. Similarly, the element 46 is moved down
and to the left as indicated at 46'.

FIG. 4C shows an example of a rotation error. The center 44
remains the same by the image 42 is rotated clockwise. The
element 46 is moved over and up to the right as indicated at
position 46'.

FIG. 4D shows an example of radial distortion. With radial
distortion, the magnification varies as a function of the radial
distance away from the center 44. The location of the element
46 is moved slightly inward from the ideal position as indi-
cated at 46'.

FIG. 4E shows an example image 42 which includes all of
the errors illustrated in FIGS. 4A-4D. The errors may typi-
cally exist independently from each other and can be summed
together to get the composite or total image distortion as
shown in FIG. 4E. As noted above, a complex optical system
such as amicroscope, telescope or aerial reconnaissance cam-
era may have multiple degrees of freedom and possible
sources of errors (optical imperfections, alignment errors,
errors due to temperature, humidity, expansion or contraction
of components, etc.) but the present inventive concepts do not
need to identify the source of such errors. Rather, the total
cumulative effect is determined—by determination of the
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location of the fiducial images in an image generated by the
imaging device and by comparison of the location of the
fiducial images to the location where such images would have
been imaged had such errors not been present (determined in
an initial calibration step). Now that the optical performance
has been characterized, it is possible to calculate transforma-
tion coefficients (or, equivalently transformation relation-
ships) that can be applied to map or move pixel addresses
from actual addresses to ideal address representing a distor-
tion free optical system which, when applied to the image or
aportion thereof, essentially remove the net distortion effects
shown in FIG. 4E.

FIG. 5A shows three types of distortion correction trans-
formations that can be derived from the fiducial images as
explained herein. The first one (FIG. 5A) is an inverse poly-
nomial transformation. The transformation is centered at a
given pixel with coordinates (x0, y0) (which need notbe at the
origin or center of the imaging device.) The transformation
moves points 30A, 30B, 30C and 30D outward away from the
pixel (x0, y0) to new locations 30A", 30B', 30C' and 30D'. To
find the inverse polynomial transformation, an initial trans-
formation function PT is computed as follows:

PRI
PT(x, ¥}, {0, Yob {0, a1, ... ax}) = {xo, ¥o} +( oyl ];; art

where a,, a,, a,, . . . are coefficients representing radial dis-
tortion and r is distance from a selected pixel to the optical
axis.

The inverse is then computed by the following relation:

[{X’, ¥} —]
{0, Yo}

s an}) = {x0, Yo} + —;
Xt
=0

IPT(Y', y'}, {x0, Yol {ao, ai, ...

The even order terms in the inverse transformation model the
magnification and distortion in the optical system.

A second transformation is shown in FIG. 5B. This is a
rotational transformation of pixel addresses about the center
of'the array by an amount equal to the rotational angle 6. The
pixels with addresses 30A, 30B, 30C and 30D are moved to
new locations 30A', 30B', 30C', 30D'. The transformation
models the rotation of the image with respect to the focal
plane array 24. The rotation transformation is given by the
expression:

ROT({x,y},0)={x cos 6-y sin 6,+x sin 6+y cos 6}

A third transformation is shown in FIG. 5C. This is a linear
transformation in X andY directions and models linear trans-
lation of the image with respect to the focal plane array 24.
The transformation is given by the following relationship:

LT({xy} {Ax Ay ={xp}+{Ax Ay}

The derivation of the transformation coefficients for the
transformations of FIGS. 5A-5C will be explained later in
conjunction with FIG. 24. A further explanation is also
attached as an Appendix. These explanations are provided for
the situation where fiducial image locations are expressed as
pixel coordinates. As noted above, such locations could be
translated into ray angles (using the relation 6=arctan (r/f) and
a similar set of transformation coefficients obtained in the ray
angle space.
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In the embodiment of FIGS. 1 and 2, the mirror 14 (or other
component) may be subject to controlled movement during
generation of images by the image recording device. This
mirror 14 may for example be a mirror that scans in an
azimuthal direction for purposes of forward motion compen-
sation in an aerial reconnaissance camera embodiment. Ide-
ally, the initial calibration data for the theoretical position of
the fiducial images in an idealized, distortion free optical
system is obtained for a multitude of incremental positions of
this moveable element. This way, when a given image is taken
and one wishes to determine the optical system characteriza-
tion and compute the distortion correction coefficients, one
can ascertain the position of the azimuthal mirror 14 at the
time of the exposure and use the associated calibration data of
the fiducial images at that azimuthal mirror position. Hence,
during the initial calibration event, when theoretical positions
of'the fiducial images is determined, such positions are deter-
mined for all of the available azimuthal mirror 14 positions
(or a sufficient subset of positions whereby interpolation is
possible) and such position data is stored in memory (e.g., in
a memory associated with the image processing unit 28 of
FIG. 1). Then, when the distortion correction coefficients are
derived, they are related to the data set associated with the
current azimuthal mirror position. Obviously, this technique
of obtaining calibration data for multiple positions of a move-
able element can be extended to other types of moveable
elements.

Alternatively, fiducial image positions can be determined
by measuring the angular relationships among the MBC
beams, and then predicting where the beams would form an
image, given the position of any azimuthal mirror or other
adjustable element position, with the assumption that the
camera imaging is undistorted and of known focal length.

The distortion compensation transformations of FIG.
5A-5C can be applied one at a time to an image or a given
pixel address. In some embodiments, only one or two of the
three transformations may need to be performed and the
software routines in the image processing module may only
contain instructions for one or two of the transformations. In
other embodiments, all three transformations are performed.
Still other transformations could be obtained from the fiducial
image data, including a keystone transformation (due to tilt in
the image recording device towards or away from the focal
plane), an “anamorphic distortion” correction transforma-
tion, and still others.

First Reconnaissance Camera Embodiment

The reader’s attention is now directed to FIGS. 6-9 and the
following discussion of an aerial reconnaissance camera that
includes both the reference projector 18 and an inertial mea-
surement unit 52 and implements the features describe above
in conjunction with FIG. 2.

FIG. 6 is a perspective view of a portion of an optical
system 10 taking the form of an aerial reconnaissance camera.
The optical system includes a set of optical elements, lenses,
and other components for imaging e.g. in the visible or infra-
red spectrum, such elements are indicated generally as box 12
and are not shown in FIG. 6 in order to better illustrate the
other components of the camera. Similarly, an electro-optical
focal plane array 24 is included in the camera, but is not
shown in FIG. 6. These details are not particularly important,
and the reader is directed to U.S. Pat. No. 6,826,358, which is
incorporated by reference, for a further description. The cam-
era could also be of a hyperspectral design as disclosed in
U.S. Pat. No. 6,831,688, also incorporated by reference
herein. U.S. Pat. No. 5,668,593 discloses another aerial
reconnaissance camera optical system which could be
adapted for use in the present invention. The concepts of this
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disclosure apply generally to reconnaissance cameras and the
specific camera design is not critical.

The illustrated embodiment of FIG. 6 includes roll motors
56 which rotate the camera about a roll axis of a reconnais-
sance vehicle. The camera includes a camera housing 50,
frame rails 54 extending between the roll motors 56, an iner-
tial measurement unit 52, an azimuth mirror 14, and a refer-
ence projector 18 in the form of a multi-beam collimator
(MBC). The optical system 10 further includes an objective
optical system (not shown) which may be of a Cassegrain or
Catadioptric type. The azimuth mirror 14 directs scene radia-
tion into the optical components indicated at 12. The azimuth
mirror 14 may move as described in U.S. Pat. No. 6,826,358
to perform forward motion compensation (FMC), or, alterna-
tively, FMC may be performed electronically “on-chip”, in
which case mirror may not move or move in some other
manner, e.g., for purposes of camera pointing. MBC projector
18 is positioned in the optical path such that the beams from
the projector 12 likewise are directed into the optical compo-
nents 12 and are imaged on the array 24.

The inertial measurement unit 52 is rigidly coupled to the
MBC reference projector 12 and both units are incorporated
into the camera housing by suitable mounting arrangements.

FIG. 7 is a bottom plan view of the reconnaissance camera
of FIG. 6. FIG. 8 is another perspective view of the recon-
naissance camera of FIG. 6. The IMU 52 and the MBC
projector 18 are rigidly coupled to each other by means of
their mutual mounting to a common bracket that is fastened
securely to the frame rails 54. The bracket 53 is shown iso-
lated in FIG. 9. The bracket 53 includes a body 60, made from
a suitable material such as steel or aluminum alloy. The body
60 has mounting holes 62 for fastening to the frame rails 54.
The body 60 includes a first arm 66 having a peripheral
portion 64 to which the MBC projector 18 (shown in dashed
lines) is rigidly fastened. Similarly, the body 60 includes wing
elements 68 and 70 which are used as a feature to attach the
inertial measurement unit 52 (shown in dashed lines).

The reconnaissance camera of FIG. 6-9 can be used for any
reconnaissance purpose. One preferred embodiment issued
for capturing images of the earth from a moving aircraft and
performing geolocation of objects of interest in the scene
imaged by the imaging device 24. As such, the camera
includes the inertial measurement unit 52 for purposes
described previously.

To perform such geolocation, the projector 18 is assigned a
coordinate system for describing the angles of various beams
that exit the projector, and a process is described below for
converting pixel locations for the beams in an image to angles
in this coordinate system. The inertial measurement unit
(IMU) 52 likewise includes a reference coordinate system for
describing its position and orientation in space. The IMU has
the ability to measure both its position and its orientation in
space. As provided by the bracket 53 of FIG. 9, the projector
18 is rigidly, mechanically coupled to the IMU 52, and thus a
fixed relationship is established between the coordinate sys-
tems of the IMU and the projector.

This relationship between projector and IMU coordinate
systems can be expressed mathematically as a direction
cosine matrix. This matrix allows an angle, expressed as a
vector in one coordinate space (the projector 18 coordinate
space), to be transformed to the other coordinate space (the
IMU 52 coordinate space). Thus, for a camera in accordance
with this construction, one can calculate the angle to the
unknown target in the projector coordinate space using the
relationship 6=arctan (r/f), multiply this angle by the direc-
tion cosine matrix that transforms from the projector to IMU
coordinates, and the result is the angle to the target in the IMU
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coordinate space. This angle is useful for determining the
location of the target is on the surface of the earth. Two such
angles from two images captured at two different camera
positions determine the target location as the intersection of
the two angles.

The direction cosine matrix can be ascertained by what is
referred to herein as a boresighting process. The process is
shown in FIG. 25A. The first step 430 in the boresighting
process is to capture an image that contains two monuments
(or targets) on the ground whose positions have been deter-
mined with suitable accuracy. The term “surveyed” means
that the position is known in the position coordinate system of
the IMU. This position coordinate system could be expressed,
for example, in a spherical coordinate system, such as lati-
tude, longitude and elevation above sea level, as in the case of
a GPS satellite navigation system. Because the IMU 52 mea-
sures the location and orientation of the camera when the
image of the monuments is captured, and the monument
positions are known, the angle between the IMU 52 and one
of the monuments on the ground (the first monument) is also
known, in the angular coordinate space of the IMU.

The second step 432 is to determine the angle to the monu-
ment in the projector coordinate space. This can be done by
capturing the image of the monument, measuring camera
distortion (as explained above using the fiducial images),
compensating for the distortion (e.g., by performing the dis-
tortion correction processes of FIG. 5), and converting the
pixel positions of the monument in the image to a ray angle in
the projector coordinate space using the relationship 6=arctan
(/o).

The next step 434 is to determine the angle to the first
monument in the IMU coordinate space.

Now, at step 436, for the camera imaging the surveyed first
monument, we have the same ray, described in the IMU
orientation coordinate space, and described in the projector
coordinate space. The difference in the ray descriptions is
necessary, but not sufficient data to describe the coordinate
transformation between IMU orientation coordinate space
and projector coordinate space, because the relative rotation
around the ray between these coordinate spaces is not speci-
fied. The direction from the first image to the image of the
second monument (after correcting for the camera distortion
using the processes of FIG. 5) gives the angle normal to the
first monument ray in the projector coordinates. Likewise,
using the known surveyed position of the second monument
and the IMU position and orientation, a second ray from the
camera to the second monument can be described in IMU
orientation coordinate space. By comparing the direction
from the first monument ray to the second monument ray, the
angle toward the second monument ray that is normal to the
first monument ray is known in IMU orientation coordinate
space. Because this normal direction angle from the first
monument ray to the second monument ray is known in both
coordinate spaces, the amount of rotation around the first
monument ray is measured, and sufficient information is
known to unambiguously translate between the IMU orien-
tation coordinate space and the projector coordinate space.

A direction cosine matrix that transforms from the projec-
tor 18 to the IMU 52 space can now be calculated directly.
Thereafter, for any image of the earth generated by the cam-
era, the direction cosine matrix can be used to translate from
the angle to the object of interest from the projector coordi-
nate system to the IMU positional coordinate system and
therefore the position of the object on the ground in the IMU
positional coordinate system can be determined.

Step (2) in FIG. 25A, determining the angle to the surveyed
monument in the MBC projector 18 coordinate space is
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shown broken down into sub-steps in FIG. 25B. The process
includes a first step 438 of measuring the camera distortion
coefficients (inverse polynomial, rotation, translation and
possibly others) from the fiducial images and comparison of
such images to fiducial image locations in an ideal, distortion
free optical system. The next step 440 is to locate the target
(monument) in the image and obtain the pixel address of the
target. At step 442, the distortion coefficients are applied to
the pixel address of the target and a new, corrected pixel
address is calculated. From this, the scalar distance r is deter-
mined. At step 444, the relationship 6=arctan (r/f) is applied
resulting in ray angle in the MBC projector reference coor-
dinates system. Then, at step 446, angle 0 is rotated about the

Azimuth mirror resolver reading. The second monument is

captured in the same scene image to resolve the ambiguity of

rotation around the ray to the first monument.

One embodiment of a reconnaissance camera as shown in
FIG. 6-9 is predicted to achieve a 5 meter positional accuracy
with a 20 km standoff range to the reconnaissance camera.
That is, the system is expected to determine target position to
within 5 meters in all dimensions, from a range of 20 kilome-
ters, using an aspect angle of approximately 5 degrees
between two images. This performance requires an overall
system accuracy of about 40 microradians (error in aspect
between the two target rays).

This error budget is divided between the inertial measure-
ment unit 52, errors in designating the target (identifying
pixel addresses of the target), and camera measurement
errors. For the exemplary system described herein, the cam-
era measurement budget is approximately 10 microradians.

Camera measurement errors include the following compo-
nents:

a) Changes in the relative orientation of the optical projector
18 and inertial measurement unit 52.

b) Changes in the pattern of beams emitted from the optical
projector 18.

¢) Changes in the orientation of the measurement assembly
(IMU+projector) relative to the camera housing 50 that
occur during the exposure of a single image.

d) Measurement accuracy of fiducial image positions in an
image recorded by the image recording device 24.

e) Accuracy of the distortion and magnification model.

) Scene clutter interfering with fiducial images, degrading
the fiducial image position measurements.

g) Accuracy of timing relationships between scene image
exposure, fiducial image exposure, and inertial measure-
ment unit position and orientation data.

Camera measurement error component (a) is addressed by
using a very stift mounting for the measurement assembly
(bracket 53 plus attached MBC projector 18 and IMU 52).
This must be stable over time and all operating conditions
(camera orientation, gravity, altitude, temperature, etc.).

Camera measurement error component (b) is addressed by
making the optical projector 18 stable. This is done in optics
by choice of mounting materials, choices of optical glasses,
and orientation of surfaces where air pressure varies. The
stability of the reticle in the projector that creates the beam
pattern in the projector must also be considered as part of the
optical projector design.

Camera measurement error component (c) is addressed by
astable, kinematic mount of the measurement assembly to the
camera structure. Also, any vibration sources (such as
mechanical dither of ring laser gyros contained in the inertial
measurement unit 52) must not distort the measurement
assembly.

Camera measurement error component (d) is addressed in
an electro-optical camera with a relatively large instanta-
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neous field of view for each pixel of the image recording
device (e.g., 22 microradian instantaneous field of view per
pixel), by using large fiducial images relative to the image
detector pixel size. These large fiducial images allow pixel
spatial quantization errors to be averaged out by calculating
the centroid location of the fiducial image. The centroid loca-
tion is calculated by ignoring dark pixels, below a minimum
threshold, and the remaining pixel positions are weighted by
their brightness and averaged. Large (15-20 pixel diameter)
fiducial images are preferred over small, sharp fiducial
images, in electro-optical applications, or other applications.
One means of providing large fiducial images is by introduc-
ing diffraction.

Camera measurement error component (e) is addressed by
considering all of the potential sources of distortion-(geo-
metrical distortion, focal length/magnification, keystone dis-
tortion, position of lens optical axis on the focal plane, and
flat-mirror angles in collimated space). Sufficient fiducial
images, each with 2 degrees of freedom, must be present in
each image to allow calculation of a sufficient number of
parameters to describe each effect with the required accuracy.

Camera measurement error component (f) is a concern
because of the large fiducial image size. Adding scene clutter
to part of the fiducial image skews (introduces error into) the
centroid calculation. This is addressed by using a single light
wavelength to project from the optical projector. This is used
to advantage in several ways

1. Bandpass filtering, that passes only the wavelength from
the optical projector 18, is incorporated at the focal plane (or
just in front of the focal plane), in the areas where fiducial
images are expected. Other areas of the focal plane are not
bandpass filtered, to allow unfiltered imaging of target scenes.
The effect of the bandpass filter is to exclude most of the light
from the target, which will ordinarily be broad in spectrum.
Only scene illumination at the bandpass wavelength will
cause clutter. If the bandpass filter is sufficiently narrow, this
scene clutter will be minimal.

2. The wavelength chosen for the optical projector 18 can
be one that is not normally contained in the scene. For
example, the illustrated reconnaissance camera embodiment
uses a projector 18 of a wavelength of 920 nm, which is also
an absorption line for water.

3. The wavelength chosen for the optical projector can be
outside the normal imaging band for the camera. This takes
advantage of band limiting filtering in the camera. In one
typical embodiment, the camera operates from 500 to 900
nanometers, with optics that include an interference coating
that also passes only a small fraction of 920 nm energy. The
projector projects the fiducial beams at 920 nm. The loss due
to the interference coating can be overcome by increasing the
beam power, or increasing the on-time or duty cycle for the
optical projector 18.

Camera measurement error component (g) is also
addressed in the preferred embodiment. In particular, there is
some degradation of accuracy due to the time quantization of
the shutter timing signal. The subject camera uses a digitally
controlled shutter having a pair of moving slits that pass over
the focal plane array. See U.S. Pat. No. 6,510,282 for further
details. This error component is addressed by reducing the
quantization error of the shutter timing signal to a minimum
amount that is feasible. The timing of the shutter slit passing
over the array dictates the timing of the exposure of the array
to image the target in the scene. The quantization of the
shutter timing results in uncertainty of the timing of the expo-
sure of the camera when the imaging of the target is captured,
and resultant resulting position of the camera. The shutter
digital signal processor outputs timing signals with 256
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microsecond quantization error in a representative embodi-
ment. Thus, the timing error is roughly 0-256 microseconds
late. At a camera velocity of 200 kts, 256 microseconds in
shutter error results in 2.6 centimeters position error, which is
acceptable.

The reconnaissance camera of FIGS. 6-9 and associated
peripheral electronics units is shown in a block diagram form
in FIG. 21. The system includes the camera 200, which
includes an image processing unit 28 and a stabilized imaging
unit 230. The image processing unit 28 may take the form of
a computing device with suitable microprocessor and
memory for storing software routines as described herein for
operating on captured images to perform such functions as
centroid calculation, calculation of a direction cosine matrix,
and calculation of distortion correction coefficients. The
image processor includes a camera controller 220 and an
image processor 222.

The stabilized imaging unit 230 includes a visible sensor
module 232 (including the focal plane array (image recording
device) 24 and associated electronics, clocks, cooling sys-
tems, etc.), the inertial measurement unit 52, and the multi-
beam collimator reference projector 18 and its associated
optics described in further detail below.

The system further includes a position and attitude data
system 202 which includes a real-time navigation unit 234, a
navigation and per image data store 236, a target data store
238, and a target position estimator 240. Module 234 may
receive data from an aircraft navigation system. Data stores
236 and 236 may take the form of hard disk or other memory
modules. Target position estimator may take the form of a
processing unit and software that receives ray angles from the
imaging device 24 and performs geolocation calculations as
explained herein.

The system further includes a reconnaissance management
system 204 including a controller 250 supplying inputs to a
camera controller 220. The image processor provides uncom-
pressed images to cockpit display controller 252 which can
store several images and present them in a waterfall display.
The uncompressed images, along with navigational, posi-
tional, or other annotation data can be also be supplied to
image storage devices, and downlinking devices. The man-
agement system 204 further includes a data link 254 coupled
to an antenna 255 for transmission of image and annotation
data to a ground station over an RF air interface. Compressed
images are further supplied to a solid state recorder 256 which
stores images with annotation data (e.g., resolver positions,
centroid locations, navigation or position data from the IMU
etc.)

The system may also include an exploitation system 208
including an array of disk media storage devices 260 where
uncompressed images along with annotation data can be
stored. A target identification and display control module 212
accesses the uncompressed data in the storage devices 260.

The modules 200, 202, 204, and 208 are preferably linked
via ahigh speed computer network or bus, such as a 100baseT
(Fast Ethernet) network.

FIG. 22 is another illustration of the modules 202, 28 and
230 of FIG. 21. When an image is triggered for capture by the
camera, the camera controller 220 issues an imaging com-
mand to the visible sensor module 232. The visible sensor
module 232 issues a shutter trip pulse to a shutter digital
signal processor 306. The shutter uses the light sensor 80 to
determine the appropriate exposure time and then accelerates
the shutter curtains to expose the focal plane array to incident
radiation. The inertial measurement unit 52 provides posi-
tion, time and attitude data during. the exposure to the real
time navigation module 234. GPS data from the aircraft navi-
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gation system is also provided to the module 234. Azimuth
mirror position is obtained from an azimuth mirror resolver
302. A stabilization system DSP 304 also receives azimuth
gyro signals from an azimuth gyro 300 that is mounted to the
azimuth mirror 14 (FIG. 6). The focal plane array is exposed
to the image and resulting pixel data is converted to digital
form and provided to the image processing unit 28. The image
processing unit includes software modules (compute engines
222) which operate on the captured images to calculate fidu-
cial image centroids and distortion correction coefficients as
explained herein.

The details on the implementation shown in FIGS. 21 and
22 are not particularly important to the inventive concepts
disclosed herein and the description of FIGS. 21 and 22 is
offered by way of illustration and not limitation. Furthermore,
persons skilled in the reconnaissance camera art are familiar
generally with the modules 202, 204, 206 and 208 (or their
equivalents) and therefor a detailed description is omitted to
avoid obfuscation of the inventive aspects of this disclosure.

Second Reconnaissance Camera Embodiment

A second embodiment of a reconnaissance camera
includes the features and structures and modules of the first
camera embodiment described above, except that an IMU
unit rigidly coupled to the reference projector is not present.
The camera includes the reference projector 18 and the image
processing module to determine optical system characteriza-
tion from fiducial images and perform distortion correction as
explained herein. For example, the image processing module
captures the images of the scene and the fiducial images,
compares fiducial image locations to locations where such
images would have been imaged had the camera optical sys-
tem been distortion free and obtains distortion correction
coefficients which map the actual fiducial image positions
back to the positions in the idealized condition. Alternatively,
such calculations are done in ray angle space instead of pixel
location space. Such distortion correction coefficients can be
applied to an entire image to thereby create a distortion cor-
rected image. Alternatively, the distortion correction loca-
tions can be applied to a pixel or group of pixels representing
a target and thus corrected pixel locations could be obtained
for the target. In this regard, this second reconnaissance cam-
era embodiment includes the same features and functionality
as the first camera embodiment. However, since the second
camera embodiment does not include the IMU rigidly
coupled to the reference projector, it does not include the
same geolocation feature that the first camera has. Further-
more, the second camera embodiment would not need to go
through a boresight calibration process or determine a direc-
tion cosine transformation matrix to relate a reference pro-
jector coordinate system to an IMU coordinate system. The
mechanical and optical details of the airborne camera are not
particularly important and the principles. are applicable to
airborne or other types of cameras generally.

MBC Projector 18

The construction and operation of a presently preferred
MBC projector 18 of FIG. 6 projecting collimated beams of
light onto the imaging device will now be described further in
conjunction with FIGS. 10-20.

FIG. 10A is a schematic view of a focal plane array 24
(image recording device) used in the reconnaissance camera
10 of FIG. 6, showing the fiducial images 32 from the MBC
collimator 18 imaged in the periphery 74 of the array while
scene information is primarily imaged in the center portion 72
of the array. As noted above, bandpass filtering that passes
only the wavelength from the optical projector 18 is incorpo-
rated at the focal plane 24 (or just in front of the focal plane
24), in the areas 74 where fiducial images are expected.
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FIG. 10B is a schematic view of the MBC collimator 18,
showing it projecting a set of spot beams 20 in a fan arrange-
ment. The beams are reflected off of an azimuth mirror 14 into
the optical path of the optical system and imaged onto the
focal plane array (image recording device) 24 of FIG. 10A.
Each beam 20 is imaged as separate fiducial image 32 (FIG.
10A). The collimator includes a transmissive refractive ele-
ment 76 shown in greater detail in FIG. 11. In one presently
preferred embodiment, the MBC uses purely refractive optics
to project beams from multiple reticles formed from the ends
offibers. A less preferred embodiment would use a diffractive
element to split a single beam into multiple beams, but the
feasibility of using diffractive elements is limited by the capa-
bility of diffractive optics to produce a pattern without radia-
tion at unwanted angles.

FIG. 11 is a block diagram showing the construction of the
MBC collimator 18 and its relationship to external circuitry
and optical system components in the camera embodiment of
FIG. 6. The camera includes a light sensor 80 which supplies
an input signal to an analog intensity scaling circuit 82. The
circuit 82 supplies an input signal to a laser diode controller
84 which turns on and off a 920 nm wavelength laser diode 86
which acts as a light source for the projector 18. The input
signal to the laser diode controller is used by the controller 84
to adjust the illumination intensity or dwell time of the laser
light source 86. The output of the laser source 86 is directed in
free space to a coupling 88 which couples the light to a single
mode fiber optic fiber. The light signal travels along the fiber
89 to a fixed attenuator 90, if required, and along fiber 89 to a
first stage splitter 92. The light is further directed to a plurality
of second stage splitters 94. A set of absorbers 96 absorb
unused splitter outputs along fiber 95. The light signals to be
used for the fan beams are directed along fibers 97 to equal-
izing attenuators (if required) and then to a reticle 100 formed
by polishing the ends of the fibers. The light beams 20 in free
space pass through the MBC refractive optics 76. The colli-
mator 18 has a 4 mm diameter exit pupil at 1/e* intensity. The
beams have a Gaussian intensity distribution.

FIG. 12 shows the projector 18 reticle 100 in an end view.
The single mode optical fibers 97 are sandwiched between
fused silica blocks 106. The ends of the fibers 97 are polished.

FIG. 13 is an illustration of the telecentric lens 76 (MBC
refractive optics) positioned in front of the reticle of FIG. 12
and showing the exit pupil of the MBC collimator. FIG. 14 is
a perspective view showing the fan arrangement of the spot
beams 20 produced by the MBC collimator. There are three
fans of beams 20A, 20B, 20C, with beam 20A and 20C
separated from the middle beam 20B by a three degree angle.
Within each fan of beams, the individual beams 20 are sepa-
rated from each other by a one degree angle. The total spread
of the fan beams is 26 degrees. Wide variation is possible in
the design of the MBC collimator 18 and the beam arrange-
ment produced by the collimator, consequently the descrip-
tion of the collimator design in these figures is offered by way
of illustration and not limitation.

Referring back to FIG. 11, the fan beams 20 are reflected
off of the azimuth mirror 14 and other mirror elements and
through the camera lens, off of a mirror 132 and onto the focal
plane array 24. As shown in the lower left hand portion of the
Figure, the fiducial images 32 are imaged at the peripheral
areas of the array 24. The beams in the middle fan 20B (FIG.
14) are imaged in the center of the array 24 by virtue of the
rotation action of the azimuth mirror 14 about its axis.

FIG. 15 is a schematic representation of where the fan of
beams (FIG. 14) produced by the MBC collimator 18 are
projected onto the focal plane array and adjacent regions. The
fiducial images 32B produced by the middle fan beam (20B,
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FIG. 14) are initially displaced to one side of the focal plane
array 24. The rotation of the azimuth mirror 14 causes the
arrangement of fiducial images 32A, 32B and 32C shown in
FIG. 15 to translate from left to right, which results in the
beams in the middle fan beam being imaged roughly in the
center of the focal plane array. For example, at one end of the
azimuth mirror rotation, the fiducial images 32A, 32B and
32C are imaged as shown in FIG. 16. At the other end of the
azimuth mirror’s rotational, the middle row 32B of fiducial
images would not be imaged as it would be at one side, off of
the array 24 as shown in FIG. 15.

FIG. 17 shows the peripheral area of the array (shaded
portion) for which distortion correction in the optical system
can be determined from the fiducial images along the edges of
the focal plane array. The portion of the image plane in the
center of the array is not measured in this situation, hence the
desirability of providing at least some fiducial images in the
center of the array. The fact that the middle fan beams are
imaged in the center of the array (at least from some values of
azimuth mirror rotation) as shown in FIG. 16, permit a more
complete characterization of the optical system performance,
including portions closer to the center of the optical axis. The
middle fan row (20B) only contains beams that are imaged for
a limited range of azimuth mirror positions, so that images
may be captured with or without these middle fiducial
images.

FIG. 18 is a perspective view of the optical path between
the exit pupil of the MBC collimator 18 and the focal plane
array 24 (image recording device). The beams 20 are reflected
off of the azimuth mirror 14 and through the camera lens 16,
through a short pass filter 130 and off mirror 132 and onto the
image recording device 24.

The MBC/fiducial image pattern as shown in FIG. 14 has
several advantages. It provides for the full range of coverage
for azimuth mirror 14 motion. The appropriate location of
fiducial images, and the particular collimated beam associ-
ated with a particular fiducial image can be identified using
the angle of the azimuth mirror (as approximately measured
by a resolver), and the calibration data for the MBC/optical
projector beam pattern.

Another advantage is that the fiducial images are grouped
in a line at the top of the image, and another line at the bottom,
as shown in FIG. 15. This leaves the center area of the focal
plan array unobstructed for capturing scene/target imagery.
The loss of area coverage due to the dedication of the upper
and lower portions of the array for bandpass filtering/fiducial
imaging can be compensated for by generating additional
views of the scene. For example in a step-frame type recon-
naissance camera, by a slight decrease in the cross-line of
flight step size.

As shown in FIGS. 15 and 16, a partial third row of fiducial
images 32B is provided with the azimuth mirror all the way
over to one side, fiducial images are available over the full
range of camera angles, from the center to edge to corner of
the FPA. The current embodiment provides a third row of
collimated beams, that will cover image radii from the optical
axis to the edge of the focal plane. This allows measurement
of the imaging system distortion at these smaller radii. This
allows us to confirm that only the measurement at larger radii
are needed to accurately characterize distortion over the full
focal plane.

With reference to FIG. 17, interior radii distortion might be
inferred from lab distortion data and distortion measurements
from outer radii (fiducial images at the upper and lower
edges). Outer radii should give more accurate data on high-
order coefficients of geometrical distortion polynomial.
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Lower order coeficients in the geometrical distortion poly-
nomial are obtained from fiducial images generated more in
the middle of the array.

Generating light of sufficient intensity to create fully
exposed fiducial images presents some challenges. Because
the emitting spots in the reticle 100 needs to be very small,
any attempt to create a reticle by masking a Lambertian
source will fail, because there are no light sources at 920
nanometers of sufficient intensity. Also, such a reticle will
need to be imaged with an optical system that requires a
physical stop, which is a limitation for some optical system
applications.

The design chosen for the MBC reticle (FIG. 12) uses a
light radiated from the end ofa single-mode optical fiber 97 to
form a beam. The radiation pattern from the end of the optical
fiber is Gaussian, and can be collimated to a parallel beam
without a physical stop for controlling the diameter of the
beams.

The radiation from the end of the fibers 97 is characterized
by a numerical aperture. The MBC refractive optics 76 are
designed to an f-ratio that matches this numerical aperture.
The focal length of the refractive optics then defines the beam
diameters and the ratio of angular beam spacing to the fiber
reticle spacing.

The reticle 100 is constructed by laying individual fibers in
grooved material (fused silica), and then adding another layer
of fused silica, then fibers, etc. until three rows are built up, as
shown in FIG. 12. The three rows of fiber are fully populated,
so that the three rows are parallel and evenly spaced. Only the
fibers that correspond to necessary beams 20 will be illumi-
nated.

The fused silica was chosen because it had a lower coeffi-
cient of thermal expansion than; crystalline silica. Fused
silica is an “oddball” material for mounting optical fibers in
this way. The telecommunications industry uses crystalline
silicon, with v-grooves etched along crystal planes, to mount
fibers in arrays for making multi-fiber connectors. An alter-
native to the illustrated embodiment would be to design the
MBC refractive optics 76 to compensate for the thermal
expansion coefficient of crystalline silicon, rather than fused
silica. This would sharply reduce the cost of this reticle.

The reticle is illuminated by a 920 nanometer wavelength
laser diode 86 (FIG. 11). The laser diode 86 is thermally
regulated to stabilize its wavelength. This eases the require-
ment for chromatic aberration or “lateral color” for the MBC
refractive optics 76.

The laser diode light source 86 for the MBC projector 18 is
coupled to a single-mode optical fiber 89 (FIG. 11). The fiber
is coupled to a set of two-way splitters 92 and 94 that divide
the laser power among 64 individual fibers. The splitter is a
six-level binary tree, where each node is a two-way fiber optic
splitter. Each splitter is chosen for balanced splitting of
energy, so that all 64 beams are matched in power output
within 2 decibels.

To couple the splitters 92 and 94 (FIG. 11) to the reticle,
corresponding fibers are spliced together, using standard
single-mode fiber splicing techniques used in the telecom
industry.

A power balance is required to allow each fiducial image to
be fully exposed, without saturating the camera focal plane
array detector for the brightest image. This is required for
centroid calculation accuracy. Improvements in splitter tech-
nology that provide better power balance could improve cen-
troid calculation accuracy. Power balance is achieved by
equalizing attenuators 98 of FIG. 11.

Exposure control of the fiducial images can be done a
couple of ways. One way is to control the intensity of the laser
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86 via the same light sensor 80 that controls the shutter. This
is difficult, as it requires considerable range of control (20:1)
for laser output power. Another exposure control method is to
pulse the laser for a brief interval, to control the amount of
energy. These pulses need to be synchronized with the focal
plane shutter, and need to be shorter than the minimum expo-
sure time. Synchronization and pulse width are easily handled
with an inexpensive microprocessor. This is a presently pre-
ferred method.

As mentioned earlier, the MBC contains refracting optics
76 (FIGS. 11, 13) that projects the reticle patterns as a set of
beams. The f-ratio of the optics 76 matches the numerical
aperture of the single-mode fiber used to construct the reticle.
The focal length of these optics determines the diameter of
each collimated beam, as well as the spacing between beams.

The MBC refracting optics 76 are based on telecentric
imaging. This means that light from the reticle 100 enters the
lens 76 parallel to the optical axis, and that the pupil is located
in space beyond the MBC optics, as shown in FIG. 13.

Because the pattern emitted from the reticle 100 is Gauss-
ian, no physical stop is required to control the beam diameter.
Thus, a reflecting surface can be interposed between the tele-
centric lens and the pupil. This allows the MBC projector 18
pupil to be moved closer to the camera optical system
entrance pupil while mounting the MBC in the camera aper-
ture.

Because the collimated beams 20 diverge from the pupil of
the MBC 28, ifthe beam misses the camera ray bundle that is
atthe same angle as the collimated beam, the collimated beam
will fail to image, as it fails to enter the camera pupil.

This effect is most pronounced at the corners of the focal
plane. The illustrated embodiment of the camera design has
the azimuth mirror 14 placed at approximately the distance
from the camera pupil where the corner ray bundles finally
diverge. Thus, the telecentric design of the MBC projector 18
allows all the MBC beams to reflect off of the steerable
azimuth mirror 14, and still be able to reach far into the
corners of the FPA. Depending on the camera configuration,
this may result in awkward mounting of the MBC projector
18, as it needs to be placed as close to the steerable azimuth
mirror 14 as mechanically permits.

Other reconnaissance cameras could use a lower f-ratio
lens (larger aperture) or a longer focal length to ease this
problem. This could allow the MBC projector 18 to be
mounted further from the camera pupil, in a more advanta-
geous position, where its mounting stifthess can be increased.
Off-center mounting could be done, minimizing obscuration
of the camera aperture.

The MBC projector generates collimated beams 20 that are
4 millimeters in diameter. With respect to the camera focal
length of 18 inches, the MBC beams are imaged at an f-ratio
of approximately f-114. Thus, these beams will image as
large Airy disks, approximately 150 microns in diameter. This
is an approximately 15 pixel-diameter image. Accordingly,
the centroid of the fiducial images can be calculated with
great precision (with sub-pixel resolution).

Centroid Calculation

The process of characterizing optical system performance
and obtaining distortion correction coefficients requires
determining the precise location of the fiducial images 32 of
FIGS. 3, 10A, 11, 16. As stated above, such fiducial images
are obtained simultaneously (in the same exposure) as a scene
image. FIGS. 19A, 19B and 19C illustrate the effects of noise,
scene clutter, and ghosts, respectively on the determination of
the center of fiducial images produced by the MBC collima-
tor. Such noise, scene clutter and ghosts are present in an
image 140 generated by the imaging device 24.
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Two types of noise can affect the centroid calculation—
background and signal noise. Non-zero background noise
indicated by the spot 141 in FIG. 19A tends to pull the
centroid calculation towards the center of the image. Signal
noise produces random displacement of the centroid. Back-
ground noise is preferably reduced by the threshold process-
ing done as part of the centroid location calculation. Signal
noise is reduced by designing the imaging device to have a
large signal to noise ratio.

Scene clutter (FIG. 19B) is unwanted scene content in the
region where the centroid calculations will occur. Clutter that
overlaps the fiducial image can displace the centroid. Scene
clutter is reduced by using a narrow passband filter that rejects
scene illumination other than at the wavelength of the projec-
tor 18 laser illumination source (e.g., 920 nm).

Ghosts (FIG. 19C) are spurious reflections from lens and
filter interfaces. Such ghosts may be strong enough to cause a
displacement of the centroid. The ghost effects tend to be on
a scale several orders of magnitude greater in size as com-
pared to the fiducial image spot size, and the ratio of ghost size
(on the order of millimeters) to fiducial image spot size (on
the order of microns) is sufficiently small that it is not an
appreciable source of error, and in fact may be undetectable
with a 8 bit quantization of pixel values.

FIG. 20 is an illustration of an image 142 from portion of
the array and a single fiducial image 32 produced by a single
MBC collimated beam. The image processing module or unit
28 (FIG. 1) includes an algorithm for calculating the location
of the center (centroid) of each fiducial image. The calcula-
tion of the center is given by the expression shown in FIG. 20.
The image processing unit 28 of FIG. 1 includes instructions
encoding this expression and applying the expression to pixel
values in regions where the fiducial images are located.

The calculation is performed for each fiducial image. A
correlation between the fiducial images and the individual fan
beams 20 from the projector 18 is possible since the rotational
position of the mirror 14 is known at the time of the exposure,
and the area where such fan beams are approximately going to
be imaged by the array (i.e., the idealized position) is known
in advance from the initial calibration of the optical system.
The centroid position calculation of FIG. 20 is performed in
each region where the fiducial images are expected to be
imaged. The coordinates for the centroid locations are then
stored for use in determination of the distortion correction
coefficients, and specifically compared with the pixel coordi-
nates of the areas where the corresponding fiducial images
would be expected to be imaged in a distortion free optical
system. From this comparison, transformation coefficients
are obtained to map the actual pixel locations to the theoreti-
cal pixel locations.

The centroid calculation of the fiducial images, both in the
initial calibration and in the generation of imagery, will ordi-
narily be with sub-pixel resolution both in the X and Y direc-
tions.

Initial calibration of the MBC projector 18, and subsequent
obtaining distortion correction coefficients will now be dis-
cussed further with reference to FIG. 23. The process 400 is
shown in flow chart form. At step 402, an initial calibration is
performed in which a measurement of the angles of the MBC
projector 18 beams is made using a rotation stage and a low
aberration, long focal length camera. A common, stable
mounting is provided for the index table, an autocollimating
theodolite, and the imaging device, in a thermally stable
environment. The MBC projector is mounted on the index
table, tilted so that one set of collimated beams is parallel to
the plane of rotation of the index table. By selecting one
beam, and using the index table to move it through the camera
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image in 15 arc-minute intervals, the distortion in the center
area of the FPA can be determined from image centroid cal-
culations. For each beam in the set, an adjustment to the index
table is made to place it at the setting that places it closest to
the center of the FPA. The index table setting is used to
measure its angle. This process is repeated for the other set of
beams, and with the MBC rotated 90°, the across-width spac-
ing can be measured for each pair.

At step 404, an image is acquired with the camera and the
position of the azimuth mirror location and shutter direction
is recorded. The azimuth mirror position can be recorded
before and after the image is recorded in case of movement
during the image capture. The image includes the fiducial
images plus scene imagery.

At step 408, a calculation is made of the focal plane array
position where each beam of the MBC projector would fall if
the optical system were aberration and distortion free. This is
done by assuming that the MBC projector 18 is rotated rela-
tive to the camera by twice the rotation of the azimuth mirror.
This assumed rotation is carried out by subtracting this
doubled rotation angle from the azimuth calibration angles
for each of the MBC beams. The subset of MBC collimated
beams that fall within the camera field of view can be
selected. The imaging locations of these beams can be calcu-
lated by applying the relation R=ftan (8), and the determina-
tion and inversion of the beam rotation angle, ¢, relative to the
camera axis.

Now, with such calculations performed and stored in
memory, the camera is able to characterize the optical system
performance and obtain distortion correction coefficients. At
step 410, the centroid of each of the fiducial images is calcu-
lated using the procedure of FIG. 20. From the calculation in
step 408, it is preferable to search for the fiducial images in
approximately the same region as their theoretical position or
to establish a boundary, say a square of 50 pixels by 50 pixels,
where such fiducial images are expected to be located for a
given value of azimuth mirror rotation. The centroid calcula-
tion then executes on each of the areas. The centroid locations
are determined with subpixel resolution and the results stored
in memory in the image processing unit.

At step 412, a determination is made of the coefficients for
distortion correction. Step 412 is shown in greater detail in
FIG. 24. At step 414, a least squares fit process is performed
to find the transformation coefficients that map the measured
centroid locations in step 410 back to the theoretical locations
determined in step 408 of FIG. 23. This process will typically
be performed initially for one of the possible distortion cor-
rection transformations of FIG. 5A-5C, such as a translation
transformation. Then, at step 416, a least squares fit process is
performed for any other transformations, such as rotation
transformation and inverse polynomial. At step 418, the fit
quality of the least squares process is examined to determined
whether the quality or closeness of the fit for the three trans-
formations is acceptable. If not, the process loops back to step
414 and the results of the first pass are fed back into the least
squares fit process and new transformation coefficients are
obtained in steps 414 and 416. The process is iterative and
repeats until a fit quality is good enough for the desired
transformations. The coefficients for the transforms are then
saved into memory. A further discussion of one specific
embodiment of step 412 is set forth in the Appendix.

The transformation coefficients obtained in step 412 can be
applied to the image as a whole or to any portion of the image.

The steps 404, 408, 410, and 412 can be performed for
every image during operational use of the optical system to
thereby derive distortion correction coefficients with every
image. This feature enables dynamic variations in optical
system distortion to be detected and compensated for. Step
402 of FIG. 23 is the only initial calibration step. Steps 404,
408, 410, 412 can be done at the time of scene imaging or later
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on when target designation or geolocation is performed.
Accordingly, these steps do not need to be done necessarily in
real time, and instead can be done at a later time. Hence,
preferably when images are captured and stored, the images
are stored along with a file of annotation data such as azimuth
mirror resolver position, and fiducial image centroid loca-
tions, to allow such calculations to be done “off-line”, e.g., by
a ground station in an aerial reconnaissance embodiment, or
any computer with access to the images and the annotation
data and with appropriate software.

FIG. 26 is a flow chart showing a method 500 for geoloca-
tion from imagery using a reconnaissance camera with refer-
ence projector and inertial measurement unit as explained
above in FIGS. 3 and 6-9.

At step 502, an image is generated and camera distortion is
measured. This step includes the steps of predicting the loca-
tion of the fiducial images, calculating the image centroids for
fiducial images in the captured image, and using the predicted
and actual locations of the beams to estimate or calculate the
distortion correction coefficients. Step 502 basically consists
of the looking up the calibration data obtained in steps 404
and 406 of FIG. 23, performing the centroid calculation of
step 410 (and FIG. 20) and the coefficient determination step
412 of FIGS. 23 and 24.

At step 504, the target of interested is located in the image
and its pixel address(s) extracted.

At step 506, the distortion correction parameters calculated
in step 502 are applied to the pixel address and a new, distor-
tion corrected pixel address is calculated using the distortion
correction transformations (FIGS. 5A-5C). The scalar dis-
tance r from the new pixel address to the center of the focal
plane array is determined.

At step 508, the ray angle relative to an idealized camera
axis is determined using the relationship 6=arctan (r/f).

At step 510, the target ray direction obtained in step 508 is
translated into the MBC projector coordinate space by rota-
tion of the angle determined in step 508 by the azimuth
resolver reading.

At step 512, the target ray obtained in step 512 is translated
to the inertial measurement unit coordinate space using the
boresight direction cosine matrix explained previously in
conjunction with FIGS. 25A and 25B.

Uses and Applications

The inventive concepts of this disclosure have a number of
different uses in a variety of different types of optical systems.

1. Real Time Characterization of Optical System

A first use of the characterization and calibration methods
described herein is in real-time characterization of the per-
formance of the optical system. What this means is that, for
every image generated by the optical system, information can
be generated that quantifies the distortion, misalignment,
aberration and other errors in the optical system. This infor-
mation can be fed to an algorithm that processes pixel infor-
mation representing the image to essentially un-distort or
correct the image. The technique is generally applicable to all
types of optical systems.

2. Geolocation from Imagery

A second use of the characterization methods is in
improved geolocation of terrestrial objects from imagery cap-
tured by the optical system. This is described in detail above.
While geolocation from imagery is not specifically new, the
characterization features of this invention allow for more
precise geolocation to be achieved, since the data character-
izing of the performance of the system can be applied to the
image to un-distort or correct the image and thereby provide
pixel coordinates to a geolocation algorithm that more closely
reflect that actual ray angle from the camera to the terrestrial
object.






