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SECTION 1

j SUMMARY 
, / ,  

~ ~~ 
~
. WV’.

This document reports on the work done by Honeywell Radiation Center
for the Honeywell Systems and Research Center under Phase I of their contract
DAACS3—76—C—0l95 with the U.S. Army Night Vision Laboratory.
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.~ Section 2 covers the primary image processing functions (in a second

generation FLIR) for the derivation of a video signal, free of ar tifac ts, from

I the detector array . To illustrate the signal processing functions (multiplexing ,
time—delay—and—integration , anti—blooming , background cancellation , gain
equalization) a representative second generation array of 750 x 3 elements
is assumed . Relevant aspects of the CCD technology (e.q. dynamic range)

I associated with these processing functions are included .

I 
•.2x Section 3 deals with interframe processing . It is shown how

successive frames of moving FLIR video may be put into registration——making
possible any of a number of useful interframe processing function~, For

I 
examp le , integration for improved signal—to—noise ratio (i.e., improved
thermal sensitivity) as illustrated in Figure 1.1. (A 256 x 256 pixel , 60 fps
real— time, moving image integrator is being constructed in 1977 at the Honeywell
Radiation Center on internal funds.)

_.-Auto—focus is covered in Section 4. The various factors which can

I 
cause a FLIR to be defocused are discussed . In particular the (operator ’s)
“focusing difficul ty,” in correcting defocus due to variations in object range ,
is quantified . Three widely different focus—correcting techniques are described
and it is shown how their applicability , in any particular case , depend s upon$ the basic cause of defocus in each case.

I ~~~ø*Ifl Section 5 two approaches to the problem of contrast enchanceinent
are presen ted .
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I a) NOISY LLLTV IMAGE (STANDARD 525-LINE, 30 FPS)

A:
v~I

~~~~~

~~~~ pr

I
b) AFTER 2 SECONDS REAL-TINE INTEGRATION IN DIGITAL

I MEMORY (256 x 256 PIXEL)
Figure 1.1 SIGNAL-TO—NOISE IMPROVEMENT THROUGH REAL-TIME INTEGRATION

1—2
77—5— 1

_ _ _ _ _ _ _ _  -
- 

—
~~~---~~~~~

:- —7--



I
r SECTION 2

PRIMAR Y PROCESSING FUNCTIONS

Firs t generation FLIRs utilize relativel y small numbers of detectors.
For a number of reasons , i nc l uding , for  examp le , the need for hi gher sensi tivity

I and a hi gher field—of—view/resolution ratio , a la rge number of de tec tors mu st
be used on the focal p lane in a second generation FLIR . A representative app lica-
tion mi ght call for 2250 detectors arranged in a 750 x 3 format. A one dimen—

I si onal pa ra l l e l  scan wou ld genera te a 750 x 1000 elemen t p ic ture at 30 frames
per second (Figure 2 .1) . The three elemen ts in the scan direc t ion would be
used for a TDI (time delay and integration) function , to improv e sensi t ivi ty
and allow adequa te responsivity to be maintained in the event that a few isolated

I detector elements were defective .

To obtain useful video information from this focal p la ne , cer tain

I signal proces sing functions must be implemented. These include signal multi-
p lexing , an t iblooming, and gain equalization . In addition , depending on the
system design , back ground cance l l a t ion may be necessary . These signal processing

I 
functions , termed primary processing func t ions , wi l l  give a video output from
the focal  p lane which is free of spurious image artifacts and has a minimum
noi se level. This output will be suitable as an input to the more advanced
si gnal processors which could include contrast enhancement , resolution restora—

I t ion , and others .

The division of the primary processing func tions between on—focal—

J p lane and off—focal—p lane locations is mainly dic tated by the state—of—the—
ar t of focal plane technology. Presently ,  the use of a charge coup led device
(CCD) is the only feas ib le  way to imp lement several of the primary processing
functions. Therefore , the discussion of the imp lemen ta t ion of the func t ions

J given below will be direc ted towards designs which use CCDs.

2 .1 FOCAL-PLANE PROCESSING

In pr inci p le , each of the 750 detector signal lines could be directed
to its own LED (also on the focal plane) via individual (low frequency) gain ,
offse t and antiblooming circuits. The LED would be viewed by re f lec tion in
the scan mirror. However , the mechanical and electrical comp lexi ty of such
an imp lementation preclude its use in a practical system .

To avoid the necessity for 750 individual signal line s from the focal
p lan e, the detector outputs must be multi p lexed i nt o a sing le video signal .
The multi p lexi ng function may be rea l ized  by using a hybrid PV detector/silicon
CCD focal  p lane structure. A typ ical configura t ion is shown in Fi gure 2 . 2 ,
which shows a staggered linear array with two stages of TDI.

— The de tec tor array is moun ted adjacen t to , or on the silicon CCD.
Interconnects are fabricated by photolithographic technology .
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2. 1 .1 Detector Coup l i ng

The detectors are to be multi p lexed by parallel injection of det~~~’or
si gnal s into a CCD shift reg ister. To maintain the detector S/N performanc e ,
the CCD input , transfe r , and output electronics must not introduce any excess
noise. The CCD noise is predominantl y due to the input of the detector signal
into the CCD storage well; therefore , an anal ysis of the input circuit electronics
is sufficient to predict the performance of the entire detector/CCD circuit.
Depending on the specific system operational requirements , either ac or dc
coup ling of the detectors to the CCD may be used.

For back ground limi ted (BLIP) photovoltaic detectors , direc t co up l i ng
of zero biased detectors will give no noise peformance degradation (Reference 2.1).
In this c ase , all of the detector current due to signal and backgro und f lows
i nto the CCD . 

-

For non—BLIP photovoltaic detectors , the signal may be directl y coup led
to the CCD with no excess input noise if the detectors are operated with a
mode rat e reve rse bias , in the neighborhood of 50 mV (Reference 2.1). Then ,
the CCD input current consis ts of signal and back ground current along wi th
the detector saturation current.

Under certain conditions of spectral sensitivity ba nd , bias , and
integration time , it may be diffic ult to accommodate all of the charge inte-
grated in the storage well in the CCD shift reg ister. For that case , if S/ N
considerations discussed below allow it , a background subtraction circuit may
be used to reduce the required charge handling capacity of the CCD. This circuit
may be imp lemented by special structures on the focal p lane. The app lic ability
of a back ground subtraction circuit is discussed in Section 2.1.2.

For systems using both BLIP and non—BLIP detectors , ac coup ling co u ld
relieve the problem of too high CCD input current and the associated short
integration times without being li mited by the background subtrac t ion capabili ty .
However , there are serious problems wi th ac coupli ng at the CCD input fo r advanced
FLIR app lica tions discussed below , which limit its usefulness.

2.1.1.1 S/N and Dynamic Range Considerations for Direct Coup led BLIP Detectors

Assuming that the detectors operate with BLIP performance , and tha t
no excess noise is in troduced by the CCD inpu t circuit , the required integra t ion
well capaci ty may be direc tly related to the detector NETD and operating wave-
leng th .

The integrated input charge in the CCD is due to the background ,
and is g ive n by:

Q =

The si gnal charge due to a target t5T is g iven by t~Q, where :

~
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I
I where A(\ ,T ) is the contrast function. Values of A(A ,T ) are given in Table 2.1

for se1pc~ ed°value s of A and T (background temperatur~ ).°

I Table 2.1

A —\ A ( A —A , T )

1 1 2  1 2 0

T = 250 K T = 300 K T = 350 K

I 0 0 0

3 — 4.2 pm 0.058 0.041 0.029

3 - 5 . 5  pm 0 .052 0.037 0 . 0 2 2

I 8 — 14 pm 0 .02 1 0 .015 0 .0075

I Because the detector is operating at BLIP conditions , and there is
no excess CCD noise , the  cha rge  noise  (t ~Q) in the  CCD i n p u t  w e l l  is the  s t a t i s -
t i c a l  f l u c t u a t i o n  in the number of electrons in the well and is , therefore ,
equal to the  square  root of the charge . L e t t i n g  AT N equal  the t a rge t  t e m p e r a t u r e
change a t which the S/N is one , we hav e :

( ~~ N ~~~~~~~~~

Then , the minimum storage well size for the desired T
N 

is giveu by:

Q 1
m 

A
2(A , T ) ~T 2

c o N

Usi ng values A(A ,T ) g iven in Table 2.1 , we find the minimum inte-
gration well capacities shSwn°in Figure 2.3 for the several wavelength bands
and back ground temperatures of interest in order to obtain the required NEAT
of 

~
T
N
.

The maximum si gnal—t o—noise (S/N), or dynamic range , for the minimum
wel l  siz e and for no back ground subtrac t ion is give n simp ly by:

- 

DR A (A ,TT h TN

The system with the smallest T
N 

has the largest dynamic range , and
(from Fi gure 2.3) also required the largest CCD well size.

2—S
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2 . 1 . 1 . 7  S/N ~ind Dynamic Range Considerations for Non—BLIP Direct Coup led
Detectors

For non—BLiP detectors operated at  reverse bias t o  optimize detector/CU)
S/N , the total CCD input current is:

1 = 1  + 1 + 1
s B s a t

The tot al integrated charge , in the abse nce of si gnal , is:

= 

~~ B 
+ I

sa t
)
~
t

i 
= ~~~~~~~~~ + I

sat
T
I

Ihe m a g n i t u d e  of I w i t h  respec t  to I d e t e r m i n e s  how c lose  to
- Sat  BB L I P  the d et e c t o r  w i l l  o p e r a t e .

A convenient measure of the closeness to BLIP operation of the detector
is the ratio a of twice the saturation current to the backgro und curren t :

2 1
sa t

Fo r ideal  PV de tect ors I = ~
-
~~~

— , so we hav e :
sat qR

0

2kT
a 2

q ~?~ BR oA d

Then , for  the d e t e c t o r  a lone , ope ra t ed  a t zer o bias ,

* — 
D* ( BLIP )D 

1/2( 1+a)

The t o t a l  i n t e g r a t e d  CCD cha rge  from a reverse b iased  PV d e t e c t o r
is  t hen g iven b y:

a
= ( I  +

For non—BLIP detectors a > 1 and the CCD charge for reverse bias
det ectors is greater than that ror BLIP detectors under t h e  same background
condi Lions.

The CCD input circuit still introduces no excess noise , so the noise
in the i n ( e g r o t i . n  well is s~.i I l  equal to~~i~ , as for BLIP detectors.

However , the si gnal charge for a given AT is a smaller part of Q
than obtained from BLIP detectors. The required minimum well size for a g ive n
AT is derived from setting AQ for a minimum signal equal to the noise in the
we~ l , AQ

N
:

2 — 7
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a 2

giving 
~m 

= 

(A C
:T
~~

AT
N)

~~ r a d e t e c t o r  w i t h  an R A such t h a t  the  d e t e c t o r  D* is  h a l f  BLIP ,o dis over s ix  t i m e s  t h a t  r e q u i r e d  for  a BLIP  d e t e c t o r .

The dynamic range fo r  t he  n o n — B L I P  d e t e c t o r  w i t h  the  m i n i m u m  CCD
well is given b y:

m - 

1 2DR 
~~~~~~~~~ 

— 
A(A ,T T h TN

2 . 1 . 1 . 3  AC Coup led D e t e c t o r / C C D  I n p u t s

The use of ac coup l i n g  be tween  the  d e t e c t o r  and the CCD can reduce
charge handling requirements on the CCD under certain conditions. The princi pal
c o n d i t i o n  is t h a t  si gnal ga in  mus t  be used between the detector and the CCD.
A t y p i c a l  i n p u t  c o n f i g u r a t i o n  is shown in Fi gure 2 . 4 .  Because  of v a r i a t i o n s
in dev ice  p r o p e r t i e s  f o l l o w i n g  the  coup l i n g  c a p a c i t o r  from inpu t  to i n p u t ,
there are gain as well as o f f s e t  v a r i a t i o n s  which mus t  be c o r r e c t e d .  In a d d i t i o n ,
the amp lifier itself introduces additional gain varia t ions . Theref ore , there
i s  no fundamental advantage in the use of ac coup ling to reduce drasti rs il y
the gain and offset correction requirements.

The factor which precludes the use of ac coup ling for advanced ~LI R
app lications is that the preamp lifier and coup ling capacitor dissi pate power
and take up too much area on the focal p lane . For f utu re app lica tions which
may have over 750 detector channels with numerous detectors in a TDI confi gura-
tion for each channe l , it will be impossible to allocate sufficient power to
the focal p lane cooler , and to obtain the necessary high detec tor packing density.

2 . 1 . 2  Back ground S u b t r a c t i o n

The detector output (charge) is dependent on the absolute temperature
of the scene element that is imaged onto the detector and on the amount of
detector bias. The useful scene—structure information is generall y the temperature—

• modulation (contrast) in the scene . Consequentl y, the dc component of the
detector si gnal (corresponding to the minimum scene temperature) contains no
useful informa t ion .

To the extent that this “background” dc sign al may limit dynamic
range , it should be removed. The removal of this background signal direc tly
at the foca 1 p la ne may be necessary to keep the signal wi thin the dynamic range

r - of the focal p lane CCD , but i t can introduce additional artifacts which must
then be subsequentl y corrected. If the background component is removed off—
the—focal—p lane , after the detector signals have been multip lexed into a s ing le
video si gnal , no such artifacts are introduced.

Back ground subtraction can provide increased dynam ic range for a
given well size , or reduce the required CCD size. The amount of background

2—8
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subtraction which may be used depends both on S/N considerations and detector
uniformity considerations. A S/N limitation on the amount of back ground sub-
traction for BLIP detectors which is possible for the different wavelength
bands is derived here. Assuming that the target temperature is AT above
the background , we have the maximum charge due to the signal , Q ’, ~iven by:

Q ’ = Q + AQ Q [
~ 

+ A (A~~ T )AT
]

For optimum back ground subtraction , we retain and inject into the
CCD onl y the charge AQ due to the target AT . The AQ, or CCD capaci ty wi th
back ground subtraction , depends on the maxii~ium target temperature T , the no ise
equivalent temperature T

N , and the spec tral band in a way given by:

AT
AQ = A(\ ,T )Q .~T 

= — 

2c 0 m S A (X ,T ) (A T )c o N

This relation is p lotted in Figure 2.5 for a AT of 0.01°c and T =

300 K . Als o shown is Q , the CCD well capacity determine~ by noise requirements
at AT with no backgroui~d subtraction. Fo r low AT , the CCD well size is decreased
from ~hat required with no background subtraction ~AQ < Q ); while for hi gh

r AT , the CCD wel l  s ize is de term ined by the dynamic rangetmrequirement and back—
gr8und subtraction is of no avail.

For present detectors , detector uniformity capabilities g ive a se cond
l imitation on attainable background subtraction.

For BLIP detectors , the total charge injected into the CCD integrating
well is the background plus signal charge. For detector responsivity variations
of + 5% , th e total injected charge will be in the range given by :

0.95 + 0.95 Q < Q < 1.05 
~B 

+ 1 .05 Q

The back ground subtraction circuit is desi gned to remove a fixed
amount of charge from every input integration well , so that the CCD shift reg ister
does not have to accommodate an excessivel y large charge packet. In order
to not subtr ;ict si gnal from a low responsivity detector ’s i ntegration well ,
t h e  subtracted charge must not exceed e.95 

~B 
Subtracting this amount of

charge will leave 0.1 
~B 

÷ ~~~ Q i n  a hi gh responsivity detector integration
w e l l , a maximum reduction of background charge of 10:1. Even this background
subtraction is onl y of avail when the dynamic range considerations discussed

— above allow it.

For non—BLIP direct coup led de tec tors , back ground subt rac t ion is
ev en more desirable than for BLIP detectors , because the current from the detector
is increased by the diode saturation current , which for non—BLIP detectors
is greater than the background current.

At best , all of the diode saturation current would be subtracted ,
along with the scene  background generated current. Detector uniformity bec omes
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I I
p a critical parameter , because variations in detector saturation current will

now limit the amount of background subtraction attainable. For examp le , for
a ÷ 20 % un i f o r m i ty in saturation current (corresponding to about + 20% in •etector
R Ad, and a + 5% uniformity in detector responsivity, the integrated CCD charge
l’?es in the range g iven by:

0 .95 Q + 0 . 8  
~sat 

+ 0 .95 
~B 

< < 1 .05 Q + 1 .2 + 1 .0 5 Q8
For a detector operating at one—half BLIP D*, 

~~ 
= ~ 

~B
’ so we

h ave:  sa

0.95 Q + ~~~~~~~~~ < Q < 1.05 Q
5 

+ 4 . 6 5

Then , the most charge we can subtract from the integration well is

~~~ Q~
. This  leav es 1 .3 

~B 
remaining in the fullest well ; i.e., there is

an excess charge larger than the background generated charge remaining in the
fullest well , so rio net background subtraction can be achieved.

2.1.3 Antiblooming

Even though the dynamic range of CCD detector combination may be
desi gned to ~u-’er the desired range of scene temperatures , there may exis t
occasional “hot spots” where saturation may be inevitable ; for example , in

viewing ho t eng ine exhausts. For these situations , antiblooming circuitry
must be included in the focal plane in order to localize the effects of a
saturation picture element to that element.

This antiblooming function may be readily incorporated into the
hybrid de tector/CCD structures discussed here . A schematic layout of an anti-
blooming circui t is shown in Figure 2.6a. The detector is connected either
d i r ec t ly  to the source S (dc coupled), or through an amplifier to the inte—

- - gra ting ga te G1 (ac coupled). Charge is integrated into the storage well W,
and then transhrred by gate G into the CCD. The section GA B ,  D is the anti—
blooming circui t , whose operation may be understood by reference to the dog-
leg section through A—A ’ shown in Figure 2.6b. If a hot spot induces too
much curren t flow into the storage well W, the excess will flow into the anti-
blooming drain D rather than into the CCD , because G~~ is set below G

T
. Thib

c ircuit will eliminate blooming for signals up to about 100 times the maximum
signal within the dynamic range. The hot spot will appear only as one satur—
ated spot on the output , and will not affect any outputs from adjacent or
other detectors.
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I
2.1.4 Time Delay and Integration (TDI)

The time delay and integration function is simply implemented c~Jnt’
a CCD . The individual detectors are connected to adjacent inputs on the CCD.
The shif t register rate is adjusted to be in synchronism with the scan rate of
the Image across the detector array. Then, detector signals from the same image
points are summed N times into one moving CCD well. The CCD well capaci ty must
be adjusted to accommodate N times the individual detector charge output. An
improvemen t of ~~N in S/N has been demonstrated using a CCD implemented TDI
focal plane .

2 .1 .5 CCD Geometr ica l  Conside ra t ion s

The minimum integration well and CCD sizes (Figures 2.1 and 2.4)
depend on the spectral sensitivity hands , the req uired T~~(NEAT), and the
dynamic range requirements. The maximum practical well ~Ize is determined

by real estate availability on the focal plane and charge transfer dvnaml
2
cs.

Practical surface channel integration wells can hold 1 x 10 charges/cm
and buried channel CCDs can hold half of that number. Then , reasonable sizes
of integration wells

7
(— ~ 1 x lO 5cm ) can hold enough charge to sat isf y minimum

requirements (I x 10 electrons). The more critical consideration is how long
can the detector current be integrated into the CCD . The integration time to
obtain 0.8 of full well is given, for a BLIP detector by

O . 8Q W
T

1 q17 (I)~A~

Where Q is the charge in the well, 
~ B 

is the incident radiant flux, A
d 

is

the area of the de tector , ~ the det~ctor quantum efficiency and q the electronic
charge . For a well size of 10 5cm , a 0.001—inch square detector with a
quantum efficiency of 0.75 and an f/i optical system , the maximum integration
time is given in Table 2.2. The integration times are shorter for non BLIP,
reverse biased de tec tors by a factor of (1 +

Table 2.2

— 

~
‘2

3 — 4 . 2  pm 3.2 ms

3 — 5.0 pm 0.64 ms

8 —  l4 pm 8.7 ps

For the 8 to 14— pm band , the integration time Is short; so, high
speed CCD would be requIred for readout of a large detector array. Larger
input well sizes could make the 8 to 14-. pm system marginally satisfactory.

— The short wavelength systems have no problems with integration time .
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I
2 .1.6 Summary

In suum~ary , direc t coupling of PV detec tors  to the CCD Is suitable

for focal plane applications so long as wavelength band and integration times

are compatIble with reasonable CCD and integration well sizes. Excellent

noise performance may be obtained . Background subtraction Is of marginal

utility, i f large rang es of back ground temperatures or large dynamIc ranges
are necessary , or i f  large varia tions in l.tpct,-r r~ spnnsiv~ t” mnc’/or saturation
current exist. Ac coup l in g is not practical for future FLIR systems requiring
large numbers of detectors on the focal plane .

2.2 OFF—FOCAL—PLANE PROCESSING

2 .2.1 Gain and Oft set Equalization

The remaining pr ima ry processing functions ;lre gain equaliza~~ on and
l evel equalization. That is , if the intensit y (temperature ) of the ij scene
element is 1.., the orresponding video level is V. . where :

‘3 1~ J 
-

V.. = i . T . .  + b.
13 3 1 .) J

Aft er ideal gain and level equalization :

V .  - = aT. - + b
‘ 1

The gain and level equa lization functions could , in p r i n c i p le , be
performed on the focal p lane. However , with the current state of the focal
p lane technology , it is recommended that these functions be performed off—
the—focal—p lane. Their imp lementation off—the—focal— p lane is relativel y
straig htforward and simp lifie s the focal p lane desi gn.

The requirements for offset and gain compensation are illustrated in
Fi gure s 2 .7 a and b , which show how the CCD input charge mi ght vary from one
detector to another for BLIP detectors (Figure 2.7a) and non—BLIP detectors
wi th reverse bias (Fi gti r . 2.7b).

The choice of wh ich correction (gain or offset) is performed first
and the amount of correction required depend on whether or not the detectors
are BLIP. The two pos sibilities illustrated in Figure 2 .7 w i l l  be disc ussed
in detail.

2.2.1. 1 BLIP PV Detectors Direct-Coup led to the CCD

W i t h  direct coup led BLIP PV detectors (Fi gure 2.7a), the CCD i nput
charge is g ive n by:

Q = ( L
B 

+ l~~~r 1 
= ~~~~~~ + A( A ,T~~~ T~~ T I

- -  
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I
In this case , the nonun i formiti es of the detectors are manifested in

the det ector rospon sivity variations , which enter in t he  above relation in the
produc t i~~ A and in A (\ ,T ) .

Th
~ 

f i rst step in correction is to look at a cool uniform field and
normalize the individual detector outputs for offset (actuall y due to the
et tect ot responsivity variations on the back ground). This normalization takes

f account of r~ - spoiis ivity vari ations , which may range up to + 10%. The precision
of the correct ion must be such that the normalized outputs are equal to within
about half of the NETD . The h )recision is expressed by the ratio of 10% of the
back ground charge to the change due to one—half of the NETD :

- 
0.1 q~~~~~~~A~~~T

1 0.4
Precision = 2 

~O 5  ~~~~~~~~~~~~~~~~~~~ 
= A ( X )T )A T

N

(The factor 2 come s from the necessit y of handling responsivities above and
below the mean responsivity).

From Table 2.1 , for a 3 to 5.5—i’m detector and a AT
N 

o f 0 .05 K , the
precision req .iirod is 216 , or 8 bits in a digital correction system . The
norma lization “ -iv be done either by multi p lication or addition .

Tie soc nd correction is made when the array scans over a second
un if or i~ ~,~-Id a~ ~ temperature T

2 
a small temperature above the background.

The precision required for this gain correction depends on whether multi pli ca—
— tion or subtraction was used for the first correction. Multi p li cative correction

will remove the effect of responsivity variations on the back ground charge , and
then the gain dynamic range correction is reduced to correcting the variations:

AQ = T
1qii~~

A~ A A ( X ,T )A T

to half the noise = ~~~~~~~~~~~~~~~~~~~

This requirement is:

AA(A ,T )
~ T

Precision (2) = 1 

~O .5 A(x ,T T h T
N

The ratio of AA/A depends mainl y on the va riation AX of cutoff
wavelength among the detectors . Using the information of Tabl~ 2.1 and
reasonable ranges of AX , we estimate tiA/A < ± 0.05 for the 3.4—4.2 spectral
band. Then , for a maximum AT of 50 C arid a AT

N 
of 0.05 K , the requirement is:

Precision (2) ~ 200 8 bi ts

In pra ctice , the p re cision of correction may be somewhat reduced , as
the minimum AT

N 
is required mainl y when targets very close to the background

temperat u re are being d i sp l.i ycd. Then AT should be rep laced by the d i f f e r e nce
between the .-n-tu al background and the first reference temperature. This
rep la cem ent can reduce the precision (2) to about 5 bits. Another way of look-
ing at the reduced correction requirement is that the disp lay can onl y accommoda te
abou t 5 bit s of dynamic range ; so, with hotter targets , the ~n i n im um resolved
si gnal will be greater than 

~
T
N
.
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2.2. 1 .2 Non—BLIP Reverse Biased I’V Detectors Direct—Coup led to the CCD

With reverse bias ed PV detectors (Figure 2.7b), t h e  CCD input c h a r g e
is given by:

Q = T
1q77

qi~A~ (I + A(X T )AT ) + T
I
l
sat

Detector atm n ir nifor in ities are in respons ivity (
~~~B

A
d
) contrast

[A (x ,T )] and satur ot ion current (I The first correction is an offset
corr~ ct?on , which subtracts t he  dc I~~~e1 due to I and responsivity variations.
For a concrete examp le of the precision required ,~~~~nsider a detector which is
h a l f  B L I P , and has the nonuniformities discussed in 2.1.2. The variation in
dc offset charge is then:

= + 0 .65

This variation nu st be corrected to:

-
~ 

AQ
N 

= 0 .5 Q
B

A ( X
C ,TO

)A T
N

Thus , the offset correction must accommodate a precision expressed
by:

0.65 Q
P r e c i s i o n  = 2 

~~~ Q ~~~ ,T )
~ T 

1200 (11 bit s) (3-4.2 ~Jm , AT
N 

= 0.05°C)
B c 0 N ,

Because of the random nature of the offnet , the offset correcti on
must be additive , in contrast to the case of BLIP detectors. Then , the second
ga in  c o r r e c t i o n  mus t  correct:

= ‘\ 
~~~~~~~~~~~~~~~ 

to -
~~ 

AQ
N

Ihe v a r i a t i o n  in si g n a l  AQ now depends on variations in both Q and
A(X ,T ) among detectors. The variation in responsivity of + 107, leads ~o an

• equal ~ariat ion in Q . This effect is in addition to the eftect of variations
in A(X

c~
T
o
)
~ 

The ne~ AQ i s :

+ 0.15 Q A (~ ,T )AT for 3—4.2 pm
— B C o S

Then , the second correction precision is:

0 . 1 5  Q A ( X , T )A T
Precision 2 

~~~~ 
Q
B
A(\ T )AT ~ 600 (9 bits)
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I
As noted above , the minimum ~T is not usuall y required wi th large

si gnals ‘.1 - Therefore , a reasonable re~ uced gain correction precision is
obtain ed b~ settin g 

~
T/ .

~
T
N 

equal to the disp la y d ynamic range of 5 bits.
Th en , the reduced pre cision is :

Precision 2 0.32~ = 20 (5 hits )0.5

2.2 .2 Gain and 0 t t - ~et Compensation Imp lementation

2. 2 . 2. 1 Gain Eq~~a li za t ion

The effective sensitivIty of the 750 detector channels will vary
from one to another , due to the responsivity variations between detectors and
to CCD input variations. For dc input with BLIP detectors , or non—BLIP
detectors reverse biased , the pr inc ipal cause of gain variations is responsivity
var iations among the detectors. These variations are due to quantum efficiency
and area differences. Present detector arrays have demonstrated responsivity
uniformities of better than ± 10%. The limit of attainable nonuniformities
will be d etermined by p ho toli thographic tolerances. The nonunifortnities
will be most pronounced for small d2tectors; for a one—mil detector , and
a 0 . 5 —  pm pho tol i thographic  tolerance , the area contribution to nonuniformity
would be 4~~.

For ac coup led detec tors , CCD threshold variations at the input
MOSFET and input amplifier variations give an add itional source of nonuniformity
in input gain. For state-of-the-art CCD threshold variations , input gain
variations may be a factor of two or higher. These variations are in addition
to detect or responsivity variations.

Ind ividual defective elements will cause large gain variations. With
a 3—element TDI, a defective element would cause a 33~z drop in channel gain .
It may be advisabl e to provide for jumper—wire connection of such large gain
errors , particularly if the remaining gain errors are much smaller. In this
way , the dynamic range of the gain adjustment circuit Is not “wasted’ on these
ex-e ;-ti ona l gain errors.

Gain errors n~ y be corrected using 750 dig I tal words in a shif t
register , as Illustrated in Figure 2.8. As the charg e from each pic ture eleme n t
is ~hiftc~ out , generating a video level V

11
, a gain correction A

11 
is appl ied

V
11

’ — A V
11 

— A
1 

(a
1 
T
11 

+ b~)

such tha t

A
1 

a
1 

— a

i . e . ,  A
1 

— a/ aj

fli f fl V
11 

— a T~~ + A
1 

b
1
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: 750 ELEMENTS SCANNED: (AT AN ASSUMED SCAN
EFFICIENCY OF 90%) OVER

- . _ _ _ _  THE SCENE IN 1/30 sELEMENTS 1000 HORIZONTAL PICTURE
ELEMENTS .

1000
ELEMENTS ~

750 PICTURE SAMPLES SHIFTED
OUT EVERY 30 us (BY CLK) . C KSAMPLE RATE: 40 flS L

~~~~. r f IJff~ 
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1~1~
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v.. ~~~~~_~~~~v ’

GAIN = A.

Figure 2.8 GAIN CORRECTION SYST~~
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The gain corr ection A. is controlled by the ~
th 

word (C.) in the
sb t r ’g I st . The I ,ni ~~ t l i  of ~he gain correct ion word requir ed depends on
whether or not the d~’ cc tors -Ire RL ! P and on detector nonuni formi ties , as
di scus sed in Section 2.1.

2. ‘.2 .2 Offset ~ jua1 ization

Even when each of the 750 indivIdual detector channels is gain—

equaii .’cd , the signal output may not be uniform when viewing a uniform

temperature scene. For example , if charge subtraction is utilized on the

focal plane (to improve dynamic range) the quantity of charge subtracted may

not be exactly the same for each channel. For reverse biased non—BLIP detectors

var iations in R A  along an array will also give offset variations.

To compensate for offsets a second shift register of 750

d igital words W~1, as shown in Figure 2.9, is used to generate offset corrections :

V
11

’ — V
11 

— X
1 

a T
1~ 

-t- A
1
b
1 

—

By appr opr ia te choice of

— A
1
b
1 
+ b

= a T
11

+ b

and tl- e effects of differing offsets (between the various channels) is removed.

2.2.2.3 Generation of the Correction Words

Four techniques for the generation of the gain and offset correction

words are described.

(1) Use a two— tempera tu re  r e f e r e n c e  at the focal p lane (Fi gure 2.10).
When the array is over the T temperature reference the switch

SI closes causing the gain—a~ j ust ing dig ital words to change
according to

A
1 

— A
1 

+ A
1

(V — V
1
)

Th is causes

V — A
1 

(a
1 
T
1 

+ b~) — —-k V

wi th a time constant determined by the constant A~~. When the array
crosses the T temperature reference the switch S2 closes causing
the offset—adjusting words to change according to

— ~j 
— 

~2 
(V — V

2
)
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V.. = a. T .. + b.

Ii J Ii

V.. ’ = A .  V . .  = A .  (a. T . .  + b.) = a I.. + b. ’
Ij J I J  J J l J  J IJ J

V ..” = V. ..’ - X . = a T . . + b . ’ - x . = a T . . + b
IJ IJ J Ii J J Ii

Figure 2.9 GAIN AND OFFSET CORRECTION
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This causes

V = I
~ 

(a
1 
T
2 

+ b
1
) — X

1 
- - -~~ V2

As a result of these two operations , A and X are set so that for
any scene temperature T

- 
(T- T

1) (V
1 

- V
2
) + V

1
(T - T

2
)

(2) Precalibrat ion (in production and/or in field maIntenance) using
an external temperature reference. The 1500 correction words
th ereby generated are stored in an EPROM (Figure 2.11). Assuming

10 bIts/word a total of 15 ,000 bits of storage would be required .
The feasibility of this technique depends upon the unknown long-

term stability of the required gain and offset corrections.

(3) Use of a special self—adjust mode. In this arrangement the digita~ wer’~s

would he i~en€ rated automatically (and then stored in a RAM) each

time the system is switched on. For example , by capp ing the syster~
objective , or aiming it at a close—in point , a un iform (bl ur r ed )
Image Is genera ted which the sys tem could use to develop its
off set correction , in a special offset adjustment mode. Gain adjust—
merits are more difficult. They will have to be derived on the
basis of equalization of the long—term variance of the signal from
each of the 750 lines , as the FLIR was aimed over a range of scene
Images. The problem here Is the time needed to effect adequate
gain equalization .

(4) Continuous Correction

In this technique the gain and offset words are generated continu-
ous ly ,  in the normal operation of the system. The principle
utilized (which is described in more detail in Section 3.3.6) is
that when the scene image Is moving within the FLIR frame , differen t
detectors are used to image the same scene element in successive frames.

Thus by combining successive frames, gain and offset corrections can
be developed for each detector so that the video level of any
par ticular scene element does not change as It moves through the

FLIR f rame ( tha t is , as I t is imaged by different detectors).

Of these four techniques. the first is relatively straightforward

and can be implemented without significant development . The others have the

advan tage of not requiring a temperature reference but are of less certain

feasibility. Further development would be required before they could be

implemented .
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I
It is possible that a combination of the technIques may offer the

b’~st long term solution . For example , precalibration , wi th the correc tion
words stored on a non—volatile bubble memory, together with the use of a
Continuous Correction to change the contents of the bubble memory as the

readout corrections change with time .

rt the detector is tO be ac coupled to t h e  CCD multi p lexer , then a
temperature retc ron~ must he used , in the FLIR itself , to effect offset
equalization. If not , the vertical MTF of the system will be seriousl y
compromised. After t h e  detector si gnals have been multi p lexed into a single
video line , ac coup ling can be used to reduce electro nic comp l e x i t y . Th e
low frequency corner determines the amount of shading that will exist across
the disp lay when viewing scenes containin g large temperature differentials.
The average level of the disp lay is maintained by clamp ing the video (Figure 2.12)
during i known output from the focal p lane such as when viewing a therma l reference
source.

2.2.2 .4 Equalization Circuit Implementation

The key components In the equalization circuits are the memories.
They must store image information from one line of detectors , wh ich may have
1000 elements or more , and they must have adequate dynamic range , wh ich may
range up to 1000:1.

At presen t , these req uiremen ts are bes t me t by di gital memories ,
wh ich co uld requ ire 1000 words of 10 bits each , for a total of 10,000 bits.
Typi cal power consumption for present commercial devices would be 1 watt for
each memory. Access time is typically °~

2M s for a 4096 bit memory, which
w i l l  l imi t  the maximum data rate to a frequency of the order of 5 MHz. In
addition , D/A and AID conver ters will be necessary. Presently available
commercial ten bit D/ A converters can readily operate at up to 10 MHz, and
diss ipate about a watt.

In conclu sion , It should be possible to implement the equalization
and ‘~~set circuitry using dI gital circuits , with a data rate of 5 MHz
and a ~- nan1r range of 1000.

2.2. ‘.5 Temperature Reference

As ind ica ted above , a temperature reference may be included in the
F U R  to provide for a continuous gain and/or offset correction. The temperature
reference(s) should be located within the FLIR optical system adjacent to a field
stop. They will be just outside the active scan area (scene area) and will be
viewed by the scanning array once per frame (1/30s).
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In effect , the video si gnals  genera ted as the arra y senses the
temperature reference are stored and added (or subtracted) to the vIdeo during
the active portion of the scan . Thus the r e f e r e n c e, as seen b’. the array , sL~m ol d
be uniform (free of artifacts) to a greater degree than is required for the
FLIR itself.

To minimize the uniformity requirements on the temperature reference ,
it can be loca teJ so as to he significantly out—of—focus . Then each pixel
of the FlI R sees a spatiai average of many (effective) pixels of the reference.

As d iscussed in Sec tIon 4 , a FLIR will generally require a relatively
few (‘—1) fixed—focus steps in order to cover the required focusing range.
The size of the defocus blur circle increases by the order of or.e pixel diameter
per fixed focus step.

I t follows , there f ore , tha t i f the tempera ture r e fe ren ce is loca ted
at about 20 fixed focus steps away from sharp focus it will always be out—of—focus
by a t leas t 10 fixed—focus steps . That is , the defocus blur circle at the
re ference  wi l l  be a t leas t 10 , and at mos t 50 , pIxels In diameter .

Assuming a 1 inch dimension for the field stop, the p ixel d imension
(at the temperature reference) will be of the order of lO~~ inches. To
accommodate an extreme defocus condition , the ac tive re fe re nce wid th should ,
ther efore , be of the order of 0.05 inch (Figure 2.13).

The reference signal should be integrated for a number (—10) pixels
(in the scan direction) so that a time average of the reference signal , ra ther
than the unaveraged video , may be stored as reference informa ti on . If the
reference were sampled for just one pixel (in the scan direction) the random
noise (NETD) existing at the pixel would be “frozen” into the entire sub-
sequent frame . It would then not only add to the system noise existing during
the frame but may be more noticeable to the viewer than the system noise itself
because (unlike the system noise) it would be stationary during the scan line .

The following are typ ical specifications* for the reference(s):

Two therma l references are req uired at the ed ge (s) of the
intermediate focal plane (field stop)

*The snecification will depend upon the CCD dynamic range and upon the range of

scene temDeratures to be accou~ odated .
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They should each be approximately 1-inch long and at least 0.1 inch
wide. (This guarantees that , for all focus conditions , the
reference can be sufficiently out of focus that each pixel is
bl urred out from 0.001 inch (sharp focus) to at least 0.01 inch
diameter , at the reference.)

Th e ter.perature reference should be uniform in the longitud ina l
d irection to 0.3°c for smooth end—end variations and to wit hin 0.01

0

f rom one 0.01— inch diameter region to the next.

Case 1

One reference can be held close to case temperature. The other
reference should be adjustable from 3°C to 10°C above the case
temperature.

Case II

One reference to be adjustable 1rom 0°C to 10°C below case
temperature. The other from 0°c to + 10°C above case tem perature.

$ In gen eral , It is not necessary that the reference temperature be
known accurately (e.g. ±2 C accuracy is adequate).

For spec ial cases 0.1°C accuracy (with 0.1°C end—end uniformity)
nay be required.

A one minute warm—up time is desired , al though a 15—minute period
should also be considered .

Maintaining a thermal reference (1 Inch long by 0.05 inch wide) wi th
less than 0.3°( long itudinal temperature difference can be achieved by utilizing
a suitable hi gh thermall y conductive material such as OFIIC copper. The
reference stri p n f copper material would have a larger area than 1 inch x 0.05 inch
specified to provide a high degree of isothermalism over the requftcd reference
area. h e  reference surface can be coated with a black paint such as 3M black
velv et in order to have a suitably high emittance. Point—point uniformity (over
0.01 inch areas) to within 0.01°C can be cash ’- achieved .
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In Case I where the reference temperature must be adjustable oetween
o3 C to 10 C above the case temperature , the use of a heater bonded to the

reference material with a control thermlsto ( and suitable electronics for cc’trol
can be utilized . The reference should be conductively and radiatively isolated
in order to reduce gradients. Conductive isolation can be achieved with
fiberc~1ass standoffs. Radiative Isolation can also be achieved with a
suitable low emittance coating on all surfaces except the surface seen by the
de tectors.

Another approach to making a heated thermal reference is to emp loy a
thin sheet , or rod , of a suitable electrically resistive material such as
carbon . A urrent would be passed through the sheet or rod so as to produce
internal heating. Internal heating produced in this way would be uniform except
for edge effects. In this case, the length and the width and/or diameter of the
str ip could be larger than that viewed by the detectors. The change of
resistance of the material with temperature could be used to monitor the
temperature of the reference .

The other reference , which would be maintained at the case temperature ,
could be adequately heat sunk to the case structure.

0 0 ,
In Case II, cooling of one reference from 0 C to 10 C below the case

temperature (case temperature at room temperature) can be accomplished through
the use of a thermoelectric (TIE) cooler. A copper reference structure would
be sold ered to the T/E cold platform . The T/E cold platform could be made into
the same size as the reference , so that uniform cooling of the reference can be
made . The power dissipation of the T/E cooler would be removed by a suitably
sized finned structure. The warm reference for this case would be heated from
0
0 C tO 100 C above the case temperature as was reported in Case I above .

Maintenance of a controlled temperature for either reference would again be mad e
through the use of suitable control electronics and a temperature sensor .

The reference temperature can be known to 0.1°C accuracy through the
use of standard commercially available thermistors.

It appears that a requirement of 0.1°C end—end uniformity could also
be- achieved through present technology and judicious design . For this case ,
the thermal isolation would be higher than for Case I. Additionally, if the
desired isolation could not be achieved , a p ho ton integra ting cyl indr ical shell
of a high thermally conductive material could be utilized in order to integrate
out any small grad ients in the reference surface. The interior of the Integrating
cyl inder would be a h ighly reflec ting, diffuse surface . There would be two
sl its along the length in the cylinder at 90 degrees to each other. One slit
would all ow the energy emitted from the reference surface to enter the cylinder.
I pon multiple reflections , t’hls energy would leave the cylinder through the other
slit , which would be vIewed J~~_t~e--d~tectors.

I t is expected that warm—up times on the order of one minute can be
ach ieved easily. Proper selection of the thermal mass, hea ter size , control
elec t ron ics  and thermal isolation could make this requirement achievable.
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2 . 3  SHADING

As second generation FLIR systems achieve extremely good sensitlv~~ y ,
shading in the displayed Imagery will become more noticeable. These shading
ffects are a result of the apparent background temperature differing from the

ac ’-ial background temperature as a function of FLIR scanner angle . ( See
Reference 2.2 for a detailed analysis of these effects).

Given a perfe t opto-mechanical scanning system , all of the IR energy
admitted through the detector entrance aperture originates from the world
outside th e FLIR sensor. In reality, In any ach ievable opto— mechanical
scann ing systems some o t  the energy which is admitted through the detector
entrance aperture originates from the F U R  sensor It c-cel f. This energy results
from vi gnetting, reflectivity, and emissivity in the JR telescope. TFi~ amount
of shading caused depends upon the difference in temperatur e between the
back ground and the FLIR sensor.

Vi gnetting can be eliminated by proper optici’l mechanical desi gn.

Shading ca used by r e f l ec t ivity varia tions , and emissivity variations ,
in the lens ( induced by scan angle)  are typ ically F/ — 2% of the tempera ture
diff erence between the FLIR and the scene . The shading will be a smooth
variat ion across the field of view , typically of 0.5 to 1°C amplitude. Because
it is smooth , its e f f e c t will generally not be disturbing.

Narcissus (that is reflections at the various lens surfaces of the
cold detector) can be reduced to the order of 0.05°C - 0.1°C by caref ul
desi gn of the de tector system and of the optical system . However , the narcissus
effec t is a relatively abrupt level change at the center of the field and may
th e r e f o r e , be more noticeable (and d i s t u r b i n g )  than the smooth shading.

If the sennititivy of the FLIR is such tha t  the narcissus is d i s t u rb ing ,
it may be necessary to attenuate its effect by introducing an opposite effect
der ived , el ectronically , as a c irc ular ly symmet ric f unction (F) of scan posi tion
(x,  y ) :

2 2 1/2
1) r — ( x  + y )

2) 1- — F ( r )

Since the magnitude of the narcissus effect is small , a rela tivel y
cr ude correction will provide sufficient attenuation.
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I ON

i t .  mcmv F l I R  a l -p l c o t  cons , the t a r g e t  of m t  c~ - s~ w i l l  r e m a i n  w i t h i n
th e t i . ’I- ! o f v c - -w t v ”  i t  I - a -- c sever al -seconds. S i n ce  FLIR t y pic a l l y  op erat -s

t 30 t t - im - s ’second th er e ex i s ts considerabl e potentia l for interframe averag ing
to tiic p r v ~- signa l to—no i se rati o acid , corre sponding ly, therma l s t r is itivity .

F u r  e xamp le , i n  2 sec ends a FU R  w i l l  provide 60 independent video
p i c t c i r - .s ot  the t a i g ~-t sce ne, I t these p i C t  flie s could be pu~ into reg istration ,
.in i t e n  a Ided t o g , - t l c i - r , t u e  vid eo signal - to -no se rotc (NErD ) of the t o r g’ t
scene w ild he i m p r o v e d  b y a lmos t  ei ght (8) imes ( - h  - In many cases of

-c c t c i - al ju t ere -~t the s cunc do ta i 1 w i  11 rena in w i thin t he f i e id of v j e w  much
‘tIger than 2 seconds , providing the p o t e n t i a l  f o r  even great er i m p r o v e m en t s

i n  t h e r m a l su n s  i t  iv i t y  th r c c g h jut eg r a t  i on .

E x a m p les  of a p p l i c a t i o n s  where  such enhanced therma l sensitivit y
W I  Id h0 p a r t  i cu  tar l y cisc fu I are

•
‘ p i l tage , when the terrain—contrast needed for n a v i g a t i o n / o r i o n —

tat ion is washed out by rain or mist

• v co.~ing at long rang ’s throug h an attenuat ing atmosp here

Fhe potentia l. for sensitivity improvement through ‘ at -gr ation exists
h : c a c i s -  t h e  re qici red ti rr ~.—co nstant or “scene—information ” i s often of the
ird. ’r of seconds , v e t  I m i g  ng  systems (such as FLIR . TV) m u s t  t - m p let ,’ t m m -
tiin , -~ of ‘ ‘ a order of 1/30 :; & c o n d  i n  order to provide t h e  vi sual ~ f fuc (op t ical
c i l i c i o n ) of  t u c k e r — f r e e  m c v c n g  i m a g e ry .  B y m e a n s  of i n t e g r a t i o n , in  r - g c s t r a t i o n ,
t h e  benefi ts of a r e l a t  i v u l v  lorLg i n t e g r a t i o n  time can  b c- achi eyed w t b o u t
sacrificing the d y n amic h i - n c - f i t s  ot  a 1/3 0  second  I ram - t imp - 

-

As wi l l  be shown , i n t e g r a t i o n  can bc -f f ect-d in co -i l t me , w i t h
m o v i n g  i m a g e s , so that:

1) all scene let ai I is di sp 1 .ived at t b~~- some v i  duo ga t o  , no ma tter
how long ( or  short) -i t i m e  o v c - r  whi  ci - t h e  detai I may have been
in t e g r a t e d

(2) there is no - ip p r e c  cabl e d e l ay  in  t h e  I t  sp I - i \- of t h e  s c, -ic e  image

Wlc.- m a scene e l e m e n t  I ir st appears in t h ~- F U R  v i d e o  i t  i s  i m m e d i a t e l y
I i  ~p l i y ~- ( I - O t t  t h e  first t r i m - t h e r e  i s , or cou rse , no r e d u c t  ion  of flO~~SO t h r o u g h
i n t e g r a t i o n .  H o w e v e r , in successive frame s the n o i s e  l e v e l  a s s o c i a t e d  w i t h
that part ic c lar scene • - 1 . - irs-nt progress ivel y decreas es throug h iritegrat ion .

~h~’ vi’ lc-o l.- v~~l of the f et n i  I , its e lf , remains constant -

In r t p r t o  us.’ full y i n t e g r a t c -  m o v i ng  video imccg ~-ry i t  i s  o b v i o u s l y
ru ’cesslry that success ive frame s be broug h t  i n t o  r og  st r t c on .
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Th& -’r . - , i r . - numerous other ways  i n  w h i c h  success  i v . -  f r o m ’ s  i n  r i - g m  s t r - - c t  ion

c iii he pr cess -d t o  p r o v i d e  c i s f u l  b e n e f i t s,  (Fo r examp le , sc. h t r a c t i o n  of
r eg i s t e r - - I  s u c - - o s s i v e  frame s ot moving video Imagery will provide a mov ing—
ta r g e t — i n d i c a t i o n  of s m a l l  . - l ’ - r l l . - I l t S  of d e t a i l  n o v i n g  d i f f e r e n t i a l l y w i t h i n
the frame). A c- rdi ng ly , this sect ion is devoted to inage reg istration , wit h
interirame aver ag ing regarded as one (important ) app lication .

3. 2 PRA ’ l’lCAL IMPLEMENTAIION

To i n t ~ -g r  I t t ’ (or to  p e r f o r m  any  o p e r a t i o n)  on s u c c e ss iv ~- v i d u ,  f r a m e s
req u i  r i - s , i n  t i c .  f i r s t  p 1 tic” , i f t  t im- - - st o r a g e  m e d i u m . As a r e s u l t  of  r i - c c - n
technology developments , di g ital memory is now the pr e ferred frame— st rmg --
mcdi urn.

For examp le . dig ital conversion of the input analog vid , -~ can be
e tte ct c- d , it -c 10 MHz conversion rate to 8 bit words , by t i c . -  DATEL A [h~-U H k h
c i n v - - r t c - r  , T h i s  m e i r i l e  i s 5” x 3” x 1 .5” and costs on the - order of $700 .

Th e di gitized video can be stored in di g ital CCD mt-mory. For examp le ,
a comp lete video frame consistin g of 512 x 512 p ixels at 8 bits per p ixe l can
be -stored in only 32 chi ps us i ng the new 64 K CCD chi ps (Fairchild CCD 464)
It is project ed that 256 K CCD chi ps will be available in the future , reducin g
the m emory ch,j~ count to 8. (For some reg istration app lications full—frame
st rag - may not be necessary, so that even fewe r memory chi ps could be used).

The video—fram e di g ital memory is not onl y very compact (32 chi ps
using 1977 technology ) but i_ s also inexpensive. Fi gure 3.1 illustrates the
rap i d l y reducin g cost of storing a 512x5 1 2x1 0—bit FLIR image in di gital memory.

The speed of CCD dig ital memory is currentl y in t i nt 2 to 5—MHz range.
This is adequate even for the hi ghest video rates because the memory is accessed
in  sc -q ui nce. Techni ques , such as interleaving and double—word length can be
used to  increase the effective data rate by several t imes:

IN T E R L E A V I N C :

Store word— i in chi p—I , word—2 in chi p—2 , wc rd-3 in chi p- -3 . word—
4 in chi p --4 , word— 5 in chi p—l , word—6 in chi p— 2 , etc. Then , word—
rate = -~~ ch i p-rate.

DOIJBLE—W (IRD-LFNGTH :

Mem ory hi s I ’ - h i t  word—length -

Then , 8 — b i t  w o r d — r a t e  2* memory w o r d — r a t e ,

D i g i t a l  m .-iuo rv has t i m e very imp ort~.nt advant age it unlimited dynamic
r a n g e . ( D y n a m i c r a n g e  t s  - ; p . - c i f i e d  b y the  w o r d — l e n g t h ) . T h i s  i s  ex t reme l y
import ant for i nt i-g rat ion , h e c~~u~~e the dynamic range of the integrated medium
in st he gre.ito r than that of the final image . For examp le , suppose that 256
frarn . -c of unity si g cmol —n oi s. ’ video are to he integrated. The LSB of t h e  AJ~C
w i l l  be chosen to orr .-spond , app ‘imately, to the video noise level. A f t e r
ac iim n ci l a t i n g  256 such  samp les , the  tico n o i s e  l eve l  w i l l  hi ’ 16 ( / 2 5 6 )  time s
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gre ater , and the si gn a l 2 ’ h time S greater , than the l i v e ] corr~-sponding to
tc. ’ hSM. Althoug h , ra this case , th e S N  of the  o u t p u t  image is o n l y 16 :1

the integrating—memory is required to have a much greater dynam ic
rang .- — nam ely 25b : I . In genera I

(Dy namic Range of Mem ory ) = (S 
~~~~~~~~ 

*~ (s/N) Improvement Ratio]

The t i  hncclogv l i-vt ’ 1 pment s suminari zed above have demonstrated the
hardwar e t e a s ibi l it y (cost , size) of image storage , and thus of integration ,
in dig ita l memory. Tb.’ pr obl t-m ‘f how to detect and cur n t  in r.-a~ —time for
the t ram.-—trame disp lacements cmcccs -d by scene motion (i. e ., ta effect registration )

remains to he considered. At fi r s t  si ght , this would seem to be a particularl y
di f f i cult problem hecaus .- of t he  (apparent) treed t o  perform comp lex image—correlation
operat ions at very hi gh (video) data rates (of the order of 10 MHz). On closer

‘-xam ’i i nat ion , however , it is seen that the detection and correction of frame—
fici m ’ di sp lacements can he effected qu ite easil y.

‘rho first factor to be considered is t h at  the scene motion in question
i s  r , - s t r i c t c - d  to  be that ,.aused hy the angular and/or li nt -or velocity of the
-~uns r reI~~tiv i- to the scene (Fi gure 3.2). It is shown i n  Reference 1 .1 that
t ic , - most g-cnera ) frame— i rame disp lacement (of t h i s  kind) can he defined by just
ei g ht - s ca li r parameters that are relativ e l y slow—chang ing. These parameters
can he thoug h t f as de fining th i c - relative shift , rotation , wa rp ing, etc ,
betw.- ,-mi successive frame s . That is , an 8—parameter distortion of one frame
w i l l  c ause  it to be exactl y reg istered with the next frame , by appropri ate
-di sp lacement , rotation , str i- tch ing, etc (Figure 3.3).

S e c o n d l y , t he  frame—frame disp lacement is small and large ly pre—
d c - t , .ihl- , As discussed in A ppendix A , the image velocit y (for reg istration
app licati o ns ) is l imited so that t h e  maximum frame—frame disp lacement is

10% of which the unpredictable component (due to acceleration) is —‘-1%. (The
practical si gnificance of these motion limitations is discussed in Appe nd i x A ,
in rel a ti o n  t o ) typical mission scenarios).

-\ssuming, for the moment , that the 8 distortion parameters are known ,
r e g i s t r a t i o n  of a prior frame ( i n  memory ’i w i t h  the  c u r r e n t  f r a m e  ( i n p u t  v i d e o )
i s effected by Address Modification .

It there was no scene motion , registration would obviousl y result
s im ul y by reading out the old frame from memory in exact sequence (that is ,

S i. r - si n ) with the input video. In the presence of scene—motion , the simp le
memory—address (that woul-i be used in the case of no—motion ) need onl y be s l i ghtl y
modified (according to t h e  v a l u e  of t h e  8 m o t i o n  p a r a m e t e r s )  i n  o rde r  to  e f f e c t
regist ’-at ion .

This addr es s-modi t ication concept is illustrated in Fi gure 3.4.

- ‘ The readou t f rom memory is address—modifi ed to bring the stored image in reg ist ra-
tion with the new ( i n p u t ) i m a g e . I f  the value ct the 8 me t  ion parameters (from
w h i  hi the addres- ,—m i , lifi cati o n is d e r i v e d )  is inc orrect then the old (readout)
image w i l l  not be in ex act regi strati n w i t h  tire new (input ) image . As illustrated
in Fi gure ‘3 .5 , the two images are always compared in u n i t - i  to detect any dif—
f.’renet” ; (misreg i stra t i on ) and to appropri atel y up date the valu e of the 8 dis—
ti ,~ i on par ;cmrc ’ ’t er s .
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I
I

I f~ (x ,y) = ( x +~ y + Y)

I
WHERE (X ,Y ) IS ADDRESS MODIFICAT ION

I
I

Fi gure 3.4 SUCCESSIVE FRAMES BROUGHT INTO REGISTRATION

I
I
I
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The address—modification techni que has been described in terms of
continuous image functions f (x ,v), f 

1
(x ,y). For continuous functions , an

address modificati on (x ,y) c~ n be der~ ved which will bring the two frames in to

exact reg i stration :

f ( x ,y) 
n— i 

(x  + X , y + Y)

However , in a dig it a l imp lementation , the fractional p ixel component of the
address modification cannot be imp lemented (an image must be reg istered in
one p ixel position , or the ne~ t , and not at some intermedi ate interp ixe l
position ). Thus , the dig ital (or discrete) reg istration is not exact:

f ( i ,j) = f
1 

( i  + I , j + J) + fractional p ixe l error

The etfect of this fractional pixe l error is invest igated in App endix B.
It is shown that for the integration of successive video frames , fractio n -u
pixel errors result in a sli ght degradation of the image MTF and impulse response -

In a practical system examp le , the effect is shown to be neg l i g ible because
the random fractional pixel errors , in each of the video frames in tegratet i i i

memory , tend to average out.

The concept of address modification seems to imp l y a non sequentia l
access when reading out the p icture elements from the memory. (Sequential
access was assumed in the discussion of techni ques to incr i- -ise memory speed
such as interleaving and double—word length). There are several approaches
to handling this question . For example , the frame—frame dist o rtion is so small
(‘.- 3% maximum ) that the number of out—of—sequence operations wi l l  be very small.
Thus , even if these particular read operations do take nor - t ime (because of
the br eak in sequence) the total extra t ime involved is very small.

As shown in Reference 3.1 , the “warp ing ” - ‘ f  aim ’ frame , relative to
anoth er is a simp le function of scan (x,y) position which can he easi y
imp lemented in the memory—read operation. The video comparison operat ion
(to detect and to quantify any residual misreg istratior m ) thus becomes the
key to the practical sol’ition of the real—time registration problem.

Since the data rate involved is very h i gh (~~~~ LO MHz ) , onl y the simp lest
type of operations can be considered. In References 3.1 and ‘1 .2 , it is shown
how the mean absolute difference (MAD) (between the current frame (f ) and
the previou s frame (fn_ i ):

d (xy) = f~~
(x y )  - f~~~1 (xy)i

cart be processed , in real t ime , to update the 8 distortion (motion) parameters.
This difference function has the obvious property that:

D = ffd (xy) dx d y 0 if frames a r c -  identic al and are perf e- tl y
Frame registered

> 0 oth e r w i s e
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I
It is this tundam ental property which is the basis of the processing

opera I ion s d.’sc r h o t  in Refer ences 3 .1 and 3.2.

lie  squared -h i t f e r e m r ~ e al gorithm ( SAD ) utilizes a similar function :

d t (xv)
(t 1 (xv

) _ t
1 1 ( (xy))

2

This has tb ’ same fundamental property as the MAD function and can
h~- i s - it w ith o ut any si gnificant change to the o p e r a t i o n s  that have been referenced.
Si n c e ni gh spe .-d N 100 mis ) di g i tal—multi p lie r chi ps a re now a v a i l a b l e , the
‘SA ri ~~~~~ ti - sc ca n be implemented just as easil y as the MAD function to effect
r .-g i d  r a t i o n .

I n t)r.~ absence of a l l  n o i s e  b o t h  the  MAD and SAD functions will obviousl y
h,i ’i,- the sam’- (pt’r to -ct l reg istration accuracy.

r .- - - t s on a small array (4 x 64) have been performed to assess the
i t  r ’el i t i - in .i :crcrai y of a number of correlation al gorithms when the image has

h.-~- r i -ti ] e n a t ’ d wi t h  n o r  se

The results , smumnarized in fable 3.1 , show that the SAD t e c h n i que
is , .-~ ~e~~r i v c - I v , as at i n u r e  as the best of all the techni ques tested. This
is :mp )rt t o t  ‘ o- au-s .-- , be ing a simp le difference techni que , it can be easil y
tmp l’-m ’ -cct ’ - d mc r’- al t r nne (The product—correlation techniques , on the other
hand , i ’ , -; lv. ’ ve ry much more computation and could not be imp lemented for real-
ti me , t i l l - t rame , video processing).

In h r  tic .- , the difference between the SAD and MAD al gorithms may
ci t  be s i w c r : f c  ant because the correlation error due to noise would probably
be mu n le ’~s , than as indicated in Table 3.1 , if the operation is performed
over a large (e .g., 512 x 512) array rather than over the small (4 x 64) array

i n  t n . -  sm n p anr s o m c tests. In any event , either techni que is availab le
E r  p r a c t i c a l  real t ime imp lementation as described in Re ferences 3.1 and 3.2.

The major hardware items required to imp lement addr ess modification
are i l l -i s t r ate d in Figure 3.6.

‘fbi.- current (input frame ) is di gitized a t  v i d e o  r a t e s .  The p r e v i o u s
frame is read om it from memory in synchronism with the input frame . (The
Read-Addr ’-s-s is developed from the input video sync and the address modifica-
tion). The current , and the address—modified prior frame , are compared in
order t o  ‘h.-t ect any necessary up dating of the address modification.

It is an essential characteristic of the processing algorithms des-
cribed in Reference 3.1 that this comparison operation is p ixel-sequen tial and
i nvolves onl y a re la t ivel y few s imp le arithmetic operations that must be
performed at the video rate ( — ‘  100 ns period ). As shown in Fi gure 3.6 , these
operations are performe d by dedi cated hardware. The bulk of t he  processing
operations do not have to be performed at the video r~,te and can , therefore ,
be imp lemented by one (or several) microprocessors. --
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$ Table 3.1

EVALUAT ION OF CANDIDATE CORRELATION ALGORITHMS
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I
L 3 Rh-: ;ISTRATION APPLICAT iONS

In th i s  section , a number of potential app lications of image rr’g istra—
t i m  w i l l  b. descr ibed (Figure 3.7).

3.3.1 Enhanced Therma l Sen sitivity

Thi s a p p l i c a t i o n  was introduced in the last section . The potential
improvement on the il s e n s itivity, as a function of integration time , is shown
i n Fi gure 3 .8, assuming i 10-frame/s video system.

The therma l sensitivity Lmprovem ent factor , due to integration , is
less for the MRT t h a n  for  the NF.TD. This is because some temporal integration
N- ‘).I s) take s place in the human eye itself , and the correspond i ng gain in
s ensitivity for this is alread y taken nip in the ~~T (a subjective measure)
but riot ~n the NEIL) (an objective measure). (0.1 a to 0.25 depending on luminance—
0.135 best overall approximation . See Reference 3.5).

Wh en a n~. element first moves into the video frame , there is no
correspond ing p ictm ire element in the memory (of the integration system) to
which the input video can he added to effect integration . According l y, the
first t ine a scene element occurs , it is simp ly written into memory at some
operator specified gain (C):

memory = C * input

As this scene element continues to move throug h the frame , its input
vid eo repr i-sentation is accumulated with the pr ior memory samp l e s :

(old) memor1 -(new) memory = (old) memor -- - * input

wri er ” H is un operator—s pecif ied gain fac tor.

This integrar ion law causes the video level in the memory to rise
up to H t i n ,c s the input video leve l with an (RC) time constant of H frames.

Normall y, the operator would choose C H. Then , as soon as detail
moved into the Irons.- it would be immediately disp layed at its full (final)
video 1- v ol. The signal -to—noise ratio in thi s first disp lay of the detail
would br I’ equa l to the input video signal—t o—noise ratio.

On succeeding frame s , the scene detail would continue to be shown
at the same vid eo Ic - v - i , with the associated noise level dr-creasing through
ifltegr ‘ ion

No matter he r how many, nor for how few , frame s a particular scene
(ti ’t otl has .‘xisted w i t h i n  r h -  fi eld of view , i t i s a lw ays d i s p layed at the
same v i i , -  l e v e l .  The ,i s s ,c iat ed noH.’ level decreases , however , through in tegra—
t ion over t 1 . ~ tim .’ that the d ’- ta i 1 has “xi sted in the  f r ame  or ( i f  s h o r t e r)
t he se l e c t - - I  int e gra l ioni t i m e  (H I m e l d s ) .

There is ne gli g ibl e del ay (1/30 s) between det ail first appearing
within t h e  h eld c t view and i t s  appearance on the op erator s dis p lay. There
I ,’, , t° c - r , ’ t  - n ” , no loss of r,- :i m :ti on time through the us.- of the integrator ,

~. ~~..in it t  sensit i v i t y  (whi- -h .levelops with t ime).
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• F:~~HA~2C J: D THERMA L S F ,N S T T I V I T Y

• I~-TRO VFD FOCAL PLANE DYNAMIC RANGE

• RED U C ED DATA RATE FOR AU TO-C I 1EING

• REDUCED DATA AND S(’A~ RATE TN FLIR

• BANDWIDTH RFDUC T ION (FOR RPV)

• AUTOMATIC CAIN AND OFFSET AD J U ST~TNT

• AUTO—FOCUS (SFNSE FOCUS MODULATI1~N)

-. IMAGE STABILIZATION

• MOVING TARGET INDICATION

• CONTINUOUS DISPLAY/INTFRNITTFNT VIDEO

• ZOOM

• PYROETcECTRIC PROCESSING

• MODULARITY

Fl gm ir e 3. 7 APPLICATIONS OF REGISTRATION
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I
N i . -~~~ b ,-ii , t i t s  ot i n t e g r a t i o n  ap p l y ,  of - c S i T ’SO , onl y t o  f h o ~~e

s~ - -ii , elements which ‘ho ilot move wi thin the s c e m i ’ l uring th .- c, r c , . c i f i e , I  i n t . ’g r ;i —

t i o n  t i m e . ‘that is , wIien t h e a p p a r e n t  0 . ” m I ,’ motion is d ime I I  the relu tiv ’-

mc ’t n o n  o t  the sensor onl y .

( W h i t -n t h e  t I n ’ gt - t 1 i n t o - n  est is moving within rh , 5 c c - n m - — t - )r examp le
t r - ~ ck  m o v i n g  a l o n g  a road — t h e  rr -g is t ration r c -ch ni q ii. - - ‘an he app l i e d  to

enh a :it - e t i n , - mno vin~ targ et throug h can c .-llat ion of the ‘‘ s t a t i o n a r y ’’ back~~roun - I .

St-- - S e ct i o n  1 . i . °~~.

3 . 3 . 1 . 1  Tn ~ - -~~r a t i o n  In  S e n s o r

It has bc-en seen how vid eo frames , trom a 30—fr amnr- /second seim sor ,
can be r c -g is ’ c - r c- d and integrated in di g it a l  memory to  p r o v i t c -  i mp r o v c - c I s e n s i t i v i t y
(Fi ~’ii r 3, a). A si rn il -i r conc .-pt (Fi gure 3. 10) can be j~~~.-i t wh en t h e  integration
is p .r forri , -~ in the sensor its .- if by vi rtue of a low -- r frame rat - - (e.g. , 1 f r o m -
per second). The same :vp .- of registration el e ctronics now s’-r ves , not to
in tog rat t - - the video , but to generate from each input frame the hi gh—frame -rate
30 t’ps ) seqmience of flicker—free mov n ng— imagorv r- ’ q li i r t - - - 1 b - i t t n -  ep i c r o t o r .

Int eg r ati on in the sensor is sli ghtl y less et f’-’ctive than in t t - c w r at ion
in memor -.’ bc -cotis. - the noise component of the disp layed image is identical in
each set of the s- ,’nthesize d frames. (~ (SNR ) = I~~,inte gr ati ion in sensor;

~~ 
( SN R ) = . n  + t i  — I - int egratio n in memory — where the number  of  f r a m e s

i n t e g r a t e d  is H and  n is  t h e  n u m b e r  of  d i sp l a y e d  frames per eye integration
ti ’s - . n is typ ic a l l y ‘3—h so there is an elfecti v e int egration loss of 1o-tween
2 and 5 t r a m e s  wh en the Lnt - - g rat ion is done in the sc-mls or)

The pot -nt iid Senef its of this approach arc :

• low v i d e o  bandwidth (for RPV )
• ~- w  scan rates (simp le r FLrR )

• ow vid .- a dat ‘ i rate (for auto—cu t -- i ng)

These app lications are consid er ed in more c l - t a i l  in cm b sequent see—
t i - n - i  -

Six po te n t i a l l y deleterious effe cts of r e d u c i n g  the f rame r a t - of an
I ma le - ~e nso r  -c - on  be i de nt it . e d ;

( 1 ) f l i c k - r  (of all dc-tail)
(2) smear

‘3) loss at p i c t u r e  a re a
I 
~ 

) di st ci r Lion , or loss of , p i c t ii ri de t - m i I
(5 ) flick e r of di f t ~-re nti alI y mov i ng objects
(6) degraded tracking accuracy it an optical r a c k e r ,
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4
As riot -h .ib iv ,- , the ‘ g i s t r i t  i o n  ‘ i c - c t  rani cs can svn mt hi. ’ ’i zi- 31)

p r o p e r l y  d i sp la ced (‘‘ m o v i n g ’’)  I r ims - - S per ~e ccini - I tar d isp i a,- I ram .n sisa l let
ii&n mb,’r i i i  semis - ic - franc ’s p . r  St - I  m i - i ,  In t h i s  way  the fI ic ’k ,-r ,‘l i t  iii ti n ,-
r e t uced t n - amine rat .- , is lvii! - I d .

i n  th .- c :lsi - at a -
~~ - i r i ng s , - n i s - i n , th’-r c ’ is ;i loss at  resolution (cl u,-

-) sm e a r )  w i n - n  t he  imag .-  moves  b y min or . -  t tan one element in a f r a m e  t m i n e . Thus
i t  0) ips , i m ag e  v- - l o c n t v  m u s t  be l e ss  t h a n  1 element in a 1/10 s to av i - i d

smear . For a /50  x 1000 p i c n m n r . - (as ill u s trated ~n Fi g n i r . -  2 . 1 )  t h i s  t r a n s l a t e s
to -i n im;1 1y- vc ’ l o c i t ~ of  3~ c i t  s c r een  w i d t h / s .  At 1 f ps t he smear  t h r e s h o l d
i s  an image  velocit y c it 0 . 1 %  of s c r o ll w i d t h / s . T h i s  snn .-ar threshold u.s a
tun c ti - u n  of n mna ge v c - l o c l t v  is illustr a t e d in Fi g u re  3 . 1 1 .  I t  s h o w s  t h a t  a
hi gh r im s , ’ r a t e  i s it ’,’-ted — no t  j u s t  to a v o i d  l i c k e r  — but also ti avoid
sme ,- ir. Thus tti.- fl ick er— fr .-e ri’d :i ’nl frame — rate concept is not  ( g e n e r a l l y )
a p p l i c a b l e  t o  s t a r i n g  s e n s o rs .

I t  the i m a ge  v e l o c i ty  is so high that th c- rc- is li~ t i .- or no - - v - n ap
bet w een s i - m i s e r  f r am . -’ s then c i c - - i r l y the  f r a m e  s y n t h e s i ze r  w i  11 he u n a b le  t o
show a continuous full—frame view (see Fi gure 3.12). It can be seen that
t o  , i v - c : d  this ef f e c t  the image motion , per sensor frame , should be limited
to t h e  o r d e r  b y 10% of scr e en  w i d t h .  T h i s  ( “ Loss os P i c t ’j r  - A r ,,a t) li mitation
i s a l so shown i n Fi gure 3.11.

Iii addition t o  loss of picture area (in syn~theu’i iz i - l  frame s between
sensor frames) , image vt - l o c n t v  can cause loss of -h - tail and/or spatial
- ln s t crt ion dependin g upon the partic i ilc - r type of sca ’ir’-r utilized (serial ,
parallel , serial — parall e l , et c). Again , the image v i -l oc i t y should be limited
to 10% or scret- n width per frame in o r d e r  to  a v o i d  t h i s  f o u r t h  effect of
reduced f r a m e  rate.

Figure 3 .11 shows that reduced frame rate may he feasible fir
scanning imagers , depending upon the magnitude ~~t scene vc l oi ’itv to be

uc c iun tered. (Over to range 10% to 300% screen width/s). it should be noted
that scene image velocities will , in practice , be li mit ed by the ability of
the human operator to u t i l i z e  su c h  rap idl y moving imagery (even when it is
‘‘ r~-r f e c t l y ” d i s p l a y e d ) .

F igmire 3.1 1 shows th a t t he  movemen t  l i m i t a t i o n  01 a scannin g imager
.it 3 f ps is much less than tIi~ movement limitation of a staring sensor at
30 Ips. This indI c ,it .- s t h a t  t i n e  image motion limitations (with a 3 fps sensor)
may not be of practical significance in many app lications.

~f i e  ~c n e V I c ) ( i 5  .-ft”cts a l l  a r i s e  with o v e r a l l  sco m i , ~ n o t i o n .  I t  there

i s i i i t . ’ r , - u t i a l  motio n within the sc’-ne (for examp le a truck moving ilong a
r i o t )  t h u n  h e r -  i a an addi t iona l effect - The differentiall y moving target
will appear to move di sconti nniousl y ( it w i 11. flicker— or jump— at the t.ensor
frame rat ’-). For examp le , suppose  t h a t  a 1 2 — f o o t  t r u c k  movin g at 30 mph is
being viewed by a s.’ns e having a field of view (at iii. t r u c k )  cii 1200 feet .
At 3(3 s~~nso r— t r i m ’ s  per second , the truck moves 44/30 It , or 12% of its length ,

- . per sensor train.- (1/30 s). At 1 se n sor—frame per second , the truck will appear
to jump -1, It , or 4 time s nt s  l ’-n gti i , ev .-ry second.
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In some app l ic at iu mni ~ this movin g target effect would he a distracting
li n i it ,- i t ion. In other app lications , however , it wou ld p r o v i d e  a u s e f u l  MT I
I i - a t  i n r ‘ - -

Fin all y, a reduction in the sensor frame rate (e.g., 30 fps to 3 fps)
wou l d  proportionall y decrease the tracker—loo p—bandwidth of any associated
‘pti c ~~l tracker. This would decrease the tracking accuracy with rap i d l y
moving t ar g ets. Thus reduced frame—rate would not generall y be app licabl e to
imag” sen se s  sc - r v l c i n l g  a h i gh speed optical tracker.

3. 3 .2 Improved Fec -il Plane Dynamic Range

The requ i red w e t  [— c a p a c  it v of a CCD f o c a l  p l a n e  readout device is
p r o p o r t  ion.-il to the square of the spec i fied NE’I’D . In some cases , th e (li-Si red
NETD may r e q u i r . - a CCD w e l l — c a p a c i t y  t h a t  i s  g r e a t e r  t h a n  can  be p r o v i d e d  i n
the  CCD.  However , if image integration is ut i lized to hel p achieve the desir e - f
system—NET D (or MRT), then the NETD per frame i s  r ed uced , and consequentl y
the required CCD well—capacity is also reduced .

In effe ct , the scene photons can be considered as bein g in tegr at- -d
off—the—focal p lane (in di g ital memory) rather than in the CCD charge w’-ll s.

The reduction in required CCD well capacity, if image integration
is used t i  mee t a given NETD (or MRT) specification , is shown in Fi gure 3.13
as a function of t he  integration time utilized.

3.3.3 Reduced Data Rate for Auto—Cuein g

Operational r’-quirements for the detection of small targets at ever
increasing ranges , are forcing FUR systems desi gn towards larger numbers of
p ixels per frame .

This comp lica tes the FLIR desi gn through increased data rates. The
bi ggest problem , however , is at the man/machine (disp lay ) interface:

I . As th.- number of p i x e l s  in  t b .  p i c t u r e  i n c r e a s e s , i t  become s i n c r e a s i n g ly
d i f f i c u l t  to provide a disp lay on whi -h the man can even resolve

• the indi vidual p ix.-l s. This is princ i p a l l y a matter of the phys i cal

siz e of the disp lay, which is generall y sever i-lv limited by pra ctical
c o nstraints such as  cock p it size and layout .

2. Even if the disp l a y  is made large enough for the man to  r,-so lv e
i n d i v i d u a l  p i x e l s , h i s  m e n t a l  a b i l i t y  to utilize all of the pictort’
da t a  w i t h i n  a g iven  ( s h o r t )  t ime  f a i l s  o f f  as the quantity of the
p icture data (p ix e l s / f r a me ) in c reases .

These cons iderat ions lead to the  conclusion that , as the number if
p ixels/fr an .- is inc reased (to meet the inc reasingl y stringent api -rational require—

- - ments), the rneed for some form of automatic target cume ing increases correspond—
ing l y:
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I

4 Wi t h  un ci to— cw- rig i t  ma~ no t  be n n . - c . - s s a r y  t h a t  th e  op, r a t o r  be a b l e
to rc -s ol v e - a l l  o f 

- 
the p i si -is in the image generat i-d by t i e  sensor. In

a ta r g. -t acqu l ci~ ion (si - a r - h )  mode the disp lay can show t h e  fr ill vide
frame ~it norma l TV qu ality and riot at the full p ixel d ensity inherent
in t h e  5,’ i n Sc ) F  vid .-o -

t~ .- ~~~l p ixel—d e n s i t y  s, - nns r v m d , - i is app lied to th e automatic target
d, ’ t c C t  i c m n  3 e~~’ c i — c c u u - i n i g ) s y s t e m .  Whenever a p o t o n t i a l  t a r g c t i s  d e t e c t . ’il ,
t h e  o per a l  or i s  i m i t  --na t i c — i l l v  c u e d , and  may ( f o r  e x a m p l e)  t h e n  e x a m i n e  t h e
i n d i - a t e d  ( sm a i f )  t a r g e t -I n n - a  at  f u l l  p i x e l — d e n s  i t v  r i s i n g  h i s  s t a n u l a r - t  TV
q u a l i t y  d i sp l a y  liv e l e c t r o m i i c a l l v  s w i t c h i n g , or z o o m i n g , h i s  d i s p l ay  f i e l d
of vi ew .

An automatic target cueing system can thus overcome the problems ,
noted earlier , that arise when operational requirements dictate very hi gh numbers
of p ixels/frame . Unfortunatel y, as the number of p ixels/frame increases , the
video data rate also increases —— making it increasingl y diffi cult to  imp l em e n t
a u t o m a t i c  t a r g e t  d e t e c t i o n .

For examp le , c o n s i d e r , as a b a s e l i n e  s y s t e m , a c o n v e n t i o n a l  ( f i r s t —
generation) 500 x 500 p ixe l , 30 f r ame / second , FLIR sensor . The da ta  (p i x e l )
rate is approxim atel y 7.5 ?fl-!z (Figure 3.14).

In a second—generation system , suppose that the required detection
range (and field width) has been increased by three times (Figure 3.15). The
p ixe l density is thereby increased to 1500 x 1 500 per f r ame , leading to the
necessity for autocueing for fast target search and detection. However ,
at 30 fps the data rate of the 1500 x 1500 pixe l sensor is 67.5 MHz . Auto—
target detection is much more difficult at this data rate than at the 7.5 MHz
rate of the (first—generation) 500 x 500 p ixel sensor. The desi gn challenge
presented , therefore , is that the more auto—cueing is needed the more difficult
it becomes to implement.

The potential app li catmon 0. the reg istration el ’- ctr u inics is to
redm jce the vi di- u data rate by eliminating the (present) absolute requirement
that t he  sensor g en e r a t e s  a t  l e a s t  30 f r a m e s/ s .

Suppose that a totall y automatic target d e t e c t  ion s~’stem were to be
f~- - i gned utilizing a FUR—type of sensor and autocm ieing electronics , but with
no uuum , - r at - , r disp lay of the FUR image . In this case the frame rate of the
S .f l s r i r  would log ically be determined through tradeoff between:

• l’s i r . - u J  r .’,i t ion t june (that is , the time to detect a just appeared
.1rget)

• veloc i ty u,f scene motion

• cost/comp lexity/feasibility of the auto—cue ing electronics as a
mini tion of the data rate.

It is unlik e l y ,  given that the subjective requirement for a 30 fps
sensor is e limin a ted , that these objective requirements would lead to a
30 f ps specific a tion for the sensor frame rate.
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Fi gure 3.14 AIITO- - CUEING SYSTt M FOR FIRST GENERATION FLIR
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h - e r ..xa mp l. - , n f

r e q u n  ru’il r i  t ion time 0.3 a

and ,

s c ’ - n i - — m o t  i on  v e l ic ity 30% at screen wid r h/s

then ci frami - rat ’ 1 3 per second mi ght he adeqm iat€- -

rhe v i i i - > d a t a  r a t e  of a 1500 x 1500 p ixel second generation sensor
could be reduced in this woe  i ron ~~) .5 MHz (at 30 fps) t o  6.75 MHz (c r 3 fp s)
less (even) than in thie first generation baseline system.

The r cc d im c ed d a t a  rate to the auto—cueing el ectroni c s not onl y simp Ii fie s
the desi gn of bat electronics hut a l s o  p r o v i d e s  i n c r e a s e d  SNR (throug h
integration in the sensor).

3.3.4 R’-duced Data and Scan Rat i - in FLIR

As previousl y discussed , operational ri - rements are leadin g to
inc reased numbers of p ixe ls /frame — which in turn icreas .-s the video data
rate . The hi gh video data rate complicate — the  desi gn of bot h -n focal p lan.-- ,
and of t—the—focal p lane , electronics. However , by reducing the frame rate ,
the video iota rate can be substantiall y reduced (Fi gmnr e 3.16 )

The particular frame rate of 30 per second arose (historica1 1 y~ man nl y
to satisf y the fl i -k e r—fr ee and scene motion requirements 01 tIe- v : w - r  - The
actual scene—data rate that the operator needs may be muni ch less , for examp le ,
of the order of 3 frames/second.

B y using the three frames/second sens n , with registration e lectr i -n n cs
to generat e a sequence of 30 properl y di sp la c - e d 7 stretched r - it at eit frames per
second , tin ’ - operator ’s total display—need s may be satisfied with a much lower
- I n t o  r a t - - sy s t e m .

T h i s  s i m p l i f i e s  t he  F L I R  e l e c t r o n i c s .  Many mar - components ar available
t o  t hi ’  designe r of a (1000 x 1 000 p ixel) si -cond -gen u- rat ion FLIR at 300 ins
p ixe l i mp (3 f p~ ) 

, than c i t  a 30 ns p ixe l t ime (30 f 1i n;

3. 3. 5 Bandwid tim Reduc t ion fo r  RPV

A FUR sensor nay be located on an RPV , and the vide o si gnal transmitt ed
back to a hose stat ion for disp lay to the RPV ope rator

3—27

1 7 — 5 — 1

~~~~~ - ---
~~~~

— r ~~~~~~ - ~~—  
- - -



I
I

I

FRA >~I PJ~TE (FPS)
(SENSOR) 30 3

PIXEL TI~ fF 30 ns 300 ns

MIRROR SCAN RAil; 30 cps 3 cps

“FLYBACK ” TIME (907., EFF) 3.3 ms 33 ms

FRAME RATE (FPS)
(DISPLAY) 30 30

Fi g u r e  3 1  6 T Y P I C A L  F L I R  DA rA , SC AN , RA TE S FOR A l~
)()() ~ 1000 P IXEI ~ 1MA i-
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it n- n ohv i - ’ ns l y  v. ry i mpol t aint that i - -  v u I ’ -  link fromn ihe R P V  t o
lie ha ce s t  i t  i on  hi  -~ s n m~~nim le -is pass i b Ii- t o .‘nemv j cim mi ng - For th i s ri-a son ,

and : il so  to m n n i m i ~~ - t I n e  size a -1 jiowe r if t hi- airborne video transmit t c - r  i t

i s  m n - c . - s sa r v t o  u > m ; i ~- t i c , - n a r r o w e s t  p o s s i b l e  v i d - - ba ndwidth. Thi - re cnn>- two
v - i ns  i n  w h i c h  t m > . - r ’ - g i s i r a t  ion  e l e c t r o n i c s  c o m m  be ap p i - i l  to  a c h m  - v c -  b a n d w i d t
n c - b i n , t i on

I . The vid - - - ’ d a t i  i s  t r a n s m i t t e d  a t  a r e d > > , - -  I fr .nn’- rat - (.- .g , 1 from ’s)

~ n m d  n i -c -n o r - i t ~~d b y  the ri -g istr at ion i -l o c t ronics ( a t  i i i  c r o m i n d  s t a t i o n )
i i  t m i i -  i - n i l  ) i )  fr .i m mi-s per second a- , re quir e - I i n r  a f l m - ~~ - r— f n - i-  d i s p i c y
of moving imagi - r -~

A r.’l at iv > ’l i,’ small numbe r (e.g ., 70 x 70 5000) of p ix i -is per from--
ire t ransmitted at in in t ’ rm ediat c- frame rat - (i - .g. , 10 p r  su -cond )
These “mini - I n o un- - s  are aut e m m i n t icall y dep i v 0 - m v - r  t b -  scene , according
t o  t h e  m t  i - r i - st  of  t h e  v i~ -we r , and a n -  di sp i -i v - i l t o  the  o p e r a t o r
i n  the form - if the best available collage , in ri-gistra t ion , of t hi-
cci rri- c t and - i l l  pri or frames.

The t i r s t  t - - - i n i que  i s  app l i c a b l e  t o  s t a n d a r d  ( e . g .  , 525) 1 ( 0 > -  v i l , - o

and ‘tf- -r s bandwidth na vin g s of the order of 10 tnmi- s (transmittmn g at I tr am ’s).

The second t i- c h ni q u -  could provide useful sc mn ~- i n f o r m a t i o n  W i t h
a v . - r v  much mw - -n v ide o h.>ncIw (-l th (e.g. , 20 k H z )  -

3. 3 . 5. 1 I,.~m n I w i d t h Redu ction b~~~Frci nn --Rate R ed inc t ion

This chni que is n i t e n t i - s i l y app licable when the sc-en> - velocit y
is of  t i> ,  o r d e r  of  I f r a m e  w i d t h  p e r  sc -c m u d , or less , so that ther >- is t h e :

~ n g i n >  1 ic-m t in - c t  ‘- r f r a m e  r e d u n d a n cy  a t  30 fr c i mm m i - ; !s,- on 1 -

lie - r .- d u c i - d  f r a m e  r a t e  can  he a c : h i i c - v -d  ei tie r ii r i - U t l y , f r o m a c I - m w —
sc an FLIR , or with a r - - gnli r ‘30 frames/second FLIR , b y s l o w  spe i ’d  r e a d , i m n t  f r o m
in  a i r b o r n e  1 1 . - g m  o t r  mem ory (F gm i r -  3 . 1 7 ) . ( I t - n  ci tcne r case th i -r e is an added
c - - n . -  f i t  of  imp r ov ed  si-os it ivity due to int -grci t ion) -

The .-g i st ra t ion electronics at t lc ~ g r o u n d  stat ion performns the fl in t ion
of r .-y ’ - nc - -r a r ing 30 pr p>- r l y d i  sp l . - i c - d / s t r”t ,-h , - d /rot a ti- -l I r ame s p e r  s econd  as
requ> i r i d  t - r I c k r—f ri- ’ - di sp i -~i y - i f moving imageu - (El-me ri ts of sce n e c l c - t a i  I
that ~lr .’ moving dif f erentiall y with ri - spect to the sc- -n -  (e.g., a moving ve lìic le
on -i road) will appear to flicker in t > ne regenerat ed v i l e e , tIc. -r eb y, pr -viding

- i i n s - -f MIt ti-ature )

3. 3.5 .2 B a n d w i d t h  ki I i l n t n o n bL Sel e c t l v e T r a n s m i s s t o n

In this techni qin- , each tr a n smit tc - cI video fram i - (“mi n i -I rame ” )  c o n t a i n s

- - - 
a much -m a iler (than iis i c> i l ) number of p i x e l s  — — for examnp l. - , 5000 p ix~- l s (— 70
x 10) ri>. - frame r atu ~ is chosen to be 1 -  ss than 30 pi - r second but s i go if i can -n t 1 n
hig her (

~ - .g .  , 10 I r a in-s/a) than the typ ica l max inum t I xat j im ) frequency if the
viewe r (2— ’i fm xat u ons / s). As will he described further on , the small m n n i —
frame s ;i r ’~ a u t o m a t i c a l l v  dep l oyed o v e r  v a r i o u s  p a r t s  of  t h e  t o t a l  s cene  area.

1-29

7 7 - 5 — 1

I 
_______ 

-- - - -— - - - -— —--- 
,.

— - ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

— — - 
- - - -



U,

H

O H

> 0

H?
L

L
1

~~~~~~~

_ _

QV~~
_ _ _ _ _ _ _ _  

Co

z
0

—
H

H ~~ f t  U

114

L
u-i-u

—

z
C

(OH
—

0

3-30

77 -5 - 1

.—‘—.

~

- .--- - 
—
— __i_ — -;- —

-
- --C —-

~~~~~~~~~~~~~~~~~



‘ 
All ci the received v i d e o  fr a m e s , s h o w i n g  t h e a > -  v o -  iou - i  scene  sec t  ions ,

a re  pu t  i n t o  r e g i s t r at i o n  so cia to g en er a t e  a c o l l a g e  of as much of tIe - sci-ni-
a r e a  as  nnav  h a v e  been c . ,v c ’r e d  in  t h e  p a s t  by t h e  i n d i v i d u a l  m i n i — f r a m e s .

TI i e  o p e ra t o r  s,-es on his disp lay a c o l l a g e  ( i n  reg i s t r a t ( c i r i  - i t  t h e
p r - - s e n t , a nd p r i o r  I r  n m i -s , c i w i - n i ng t h e  e n t i r i -  t a r g ’ - t  s c e ne  a r i a - As the

~ p.- r a t o r  l o o k s  over  t i n s  s cene , h i s  > -ye d i r e c t  ion  i s  m e a , i n r . - l  w i t h  an O cu l o n n - t e r
( F i g m u r i . 3. 18) , t he r eb v  sli f i n i n g  the  sc reen  c o o r d i n - i t > - s of t h e  ar e a  t h . i t  u s
of current interest to t h e  operator Thns informat ion i s  t r a n s m i t t e d  back  t o
the  RP V , and  is  used t o  cause  t h e  n e x t  m i n i — i  r ame to he dep loyed ov-- r the
c o r r e s p o n d i n g  p a r t  ot the Sci lli- . In t h i s  w a y ,  t h e  m i n i - t r a m > -  i s  a l w a y s  r i ep i ye d
on t h a t  p a r t  of t h e  5 c c - m i - t h a t  i s  ot current int i- r c-st ti the ip > - r a t o r  , amid where

he is  c u r r e n t l y l o o k i n g  w i t h  h i s  f o v e a l  v i s i o n . Th t - - m p i -  r ’ i t - m n  • p e rnp h> -r al
v i s i o n  is  se rved  b y t h e  c o l l a g e  of  a l l  of the o t h e r  ( p r i n c u f r ame s

I n i t i a l l y , t h e  m i n i — f r a m e  is  made to  c oy - - n t i > - en t  i r e  t a r g .~t scen. - ,
a t  l o w  r e s o l u t i o n . Th i s  p e r m i t s  the  o p e r a t o r  to  q u i c ~~1y i ien t h imsi-If with
t h e  e n t i r e  g e n e r a l  scene a r e a .  ( T h i s  e x p a n s i o n  of t h e  m m :  f r a m e  f i e l d  of
v i e w  is done e i t h e r  b’-’ zooming—out , or by virtue of t In , - in~~t al (long ) ran g--
of the  HPV t rer .i t h e  t a r g e t  s c e n e .)

The f i e l d  of v i e w  of the mini—frame us t b - n  m r d e  to  p r - m g r e s s i v . - I y
c lo se i n , in order to provide hi gher spatial resolut ion over t he  s p e c i f i c  ar e a s
that the Oculomet ’-r is rep ..mt ing to be ‘f current inter.,-st t o  the operator.
(This compression of the m in i—~ -ame field of vi .-w is done e ither b y looming-
in , or b y virtu e f the RPV fl y i ng towards the target

The potential advantages of this mini—frame techni q’me is that it
provides useful imagery ( e spe c i a l l y for tirminal guidance ) at an ul t r - - i - i video
bandwidth (20 kFz). Tb.- concept is illustrated in tb. sequence of Fi gures 3 .19 ,
3 2 0 , 3. 21 , and 3. 2 2 .

The ground station hardware involved consists I

• m i-g istr ation electronics (see Figu ire 3. h ) mod > l i d  is descr i ’i - - O
(ow

• di sp lay monitor with Ocul- nui eter

• data link to receive video (
~ 50 ,000 p ixels /sI and t o  transm i t

p oint — ’I—in t ’-r c -st commands (e.g., two , 100 Hz , channels)

The r .-gx stration electronics , for this app lication , will u tt t i ,e
ad-Iress modi I u cci r ion ‘1 tIne write (instead - m f the ri -i l) 0 1 .- n ation. It w i l l
also be nec c-ssary to scm —convert the 1 iv dat.-> r at e L n p u t  (— 5000 p ixels/frame )
int o a higher density p ictur e (e.g., 250 ,000 ptxels/trame). This could
probab l y best be done by app ropriat e modificat ion ot the dig i t *1 reg istratuon
sy st - -i m Alternativel y, i t  could read il y be p e r lc c t mn e - .t by a storage tube scan
com lv ’ - rt . -r (such as the PEP—400—R , Princeton El i-ct ronic Products , or the
TH7S(12 , Thomson CSF).

The di gital memory would be ot t he  s~ine size as ~~-is shown in
Fi gure 3.6.
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I

2000 FEET

5000 PIXELS

2000 FEET

GROUND COVERAGE DISPLAYED

Fi gure 3 .19 30 SECONDS TO GO - MINI-FRAME COVERS ENTIRE TARGE T SCENE

I ’
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I
Thus the reg istration electronics required for this app li cation may

be estimat ed as to be b e t w e e n  1—1/2 and 2 t i m e s t h a t  of t h e  c o n v e n t i o n a l
regn atration electronics as shown in Fi gure 3.6.

3.3 .6 Autom atic Gain and Offset Adjustment

In Section 2 the scan system of a typ ical second generation FLIR
was described. In this , the scene image is scanned over a linear array of
750 detector elements. A single composite video is generated by multi p lex ing
individual detector outputs.

It was shown how the individual gain and offset variations of the
750 detect or channels could he corrected by means of two sets of 750 di g i t al
words , circulating in a shift reg ister.

Various calibration techni ques were described for generating these
1 500 correction words. In this section a possible means is described of generating
(or at least fine—tunin g ) these words automaticall y, from the video data alone ,
using the reg istration electronics.

The general prin ci p le of operation of the registration electronics
is that a prior frame , stored in memory, can be so distorted (address—modified)
tha t , when read out or  memor y in sy n c h r o n i s m  with the input video , it is in
exact reg istration with the input video frame .

It follows that , if there is any vertical scene motion , corresponding
line s of these two reg iste red videos must have been generated b y two different
detectors.

Thus by suitabl y comparing (over one line) the input video and the
stored video , gain and offset corrections can be automaticall y developed (for
the corresponding detector channel) so as to bring the two videos into equalit y-

Let f be the current video , and the prior video , after it has
been brought inPo reg ist ration with f

0.

Consider just one line of f .  Let be the gain error for the cor-
responding detector channel. That is:

~ (I + ~~~

It will be shown that c can be derived by anal ysis of f , ~~~ over the cor-
responding li ne. To do this the function 0 (Figure 3.2~ ) is rormed , where :

f 2 2~
— LIME .(i + ~~ — f

~ _l) 
— 
(l — 6) f — f

1) ~ 
dt

f 2 2~
LINE 

2 
~[l + 6 )  — (1 + c) ]  — [i — 5)  — (1 + c) ]  ~ dt

- LINE ~~~ 4~~c
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a
According ly the gain—correction di g ital—wo rd , corresponding to this line , is
i i  be s l i g h t l y  i n c r e a s e d , or dec r ea sed , a c c o r d i n g  to  the  m a g n i t u d e  and si gn
of 0.

In the  imp l e m e n t a t i o n  of t h i s  t e c h n i que s p e c i a l  c a r e  would have to
be g i v e n  to  a s s u r e  the  s t a b i l i t y  of t he  c o r r e c t i o n  al gorithm . In particular:

• ins . - of m i n i m u m  c o r r e c t i o n  ga in  so t h a t  c o r r e c t i o n
time constant is relativel y long

• the techni que adjusts the relative gain of all
channels (e.g., 1st vs 3rd , 2nd vs 4th , 3rd vs
5th , e tc  i n  t he  case when the v e r t i c a l  scene
m o t i o n  caused  th e  1st l i n e  of the  p r i o r  f r ame
to be in reg i s t — a t i o n  w i t h  the  3rd l i n e  of t h e
current frame), Further development of t he
al gorithm is need- u to assure that it would
converge to a unitorm set of gain s

• Special attention must be given to the detector
e l e m e n t s  a t  the  top and b o t t o m  of t he  f r a m e , so
that their gains are properl y corrected.

In a s i m i l a r  way ,  an o f f s e t  c o n n e c t i o n  may a l so  be d e v e l o p e d .  Le t

f = f + -tn — i  n

where ~ is the offset error on a particular line .

To derive z , form ~~~, where :

- 
LINE {((

f~ + - en_i) 
+ ((fe 

- - 
~n_l) 

d t

LINE [ - + (6 + ] 
dt

— 46c&dtLINE

Corresponding ly, the offset correction dig i tal word is to be sli ghtl y increased ,
or  d e c r e a s e d , according to the magni tude and si gn of i~- . The same stability
cons id er a t ions , as noted above for the gain correcting al gorithm ,app l y.
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3 3 . 7  A u t - i  F o c us

4
The h u m an  oh s , - r v , n is able to f ,  ins i FLI4 im ~-1,~- - b y v i s u a l  — i n i l y s i s

of t he  c h a n g e s  i n d u c e d  i n  th .- image .-is t i ,  ad justs ~~di r h .-rs ”) the focus cont ol -

An a ,nt ima t i c foc insin g system i s  de scrib ed which wi l l  p ert rm the same function.

An optical—range—finder type of a u to lo using system , in which the
object i q  viewed (and - - u i c p n r - d )  from two  d i f  t i -rent p r t s , i s  u n d e s i r a b l e  f o r
FLIR a pp lic ation s because of size c o n s t r a i n t s .  (Th e r i - l a t i v e l y l a r g e  d i a m e t e r
of even one FLIR o b j e ’ :t n v - ’ is often a probl em. To have two such objectives ,
separated b y a baselin e would he ge- - r a l l y u n a c c e p t a b l e . )  W h i t  is needed i s
a means of automaticall y anal yz in g the image from a standard F U R , to optimize
focus -

T h i s  can be done b y (automaticall y) coim~a n d i n g  a s m a l l  c o n t i n u o u s
oscillati on (“dither ”) of the position ot the focus lens. The resultant video
si gna l can he anal y zed , automaticall y, t o  se nse  which p o s i t i o n  of t h e  d i t h e r i n g —
l ens  l ead s to “bes t ” f o c u s . The f o c u s  l ens  i s  t h i n mad . - to  move in th a t  di re t ion ,
and to execute its -iither about a new ~ m t .  When exactl y in focus , the dither
moves the lens equall y in , and out , of focus so that no bias in focus qualit y
is detected between the two dither position . The mean lens position is then
not changed .

The amp litude of the focus lens dith er must b. small enough so that
the in—f - us dither y ields an image which is acceptabl y in—foc us u t  - i l l  t imes .

The f i r s t  s t e p  i a t h e  des i gn of such a s y s t e m  i -n  t o  d e f i n e  t h e  imag c-
prope rty, or properties , which will he ins ed to quantif y the focus quality as
the focus lens is dithered in , and out , of focins . Intuitive l y, a s i m p le measure
of the hi gh spatial frequency content of the video should provide the requi rc -J
measure of focus quality. However , as noted in Re ference 3.3 , this is not
necessaril y true .

F g n i r -  3 .2 ~4 g ive~ t h e  MTF of d i f f r a c t i o n  l i m i t e d  o p t i c s  fo r  d i f f - - r e n t
degrees of defocus and shows how the various spatial frequencies are affected
by the degree of out of focus .

(It is very important that the au t - ’ focusing system be able to sense
only a moderat e degree ot out—of—focus (e.g., C. = 1 , - ‘ r less , in Fi gure 3.24).
Wh’-n the s y s t i - m  is exactl y in  f / i s o - , , the focus lens d i t b - -r w i l l  drive the lens
- n i n t  of  fo cus , by equa l amounts in both directions. Thns dc- gr .- .- of out of focus
must be small enough t i  be subjectivel y acceptable a--i “in-t -’ cus ” yet large
enough so that the Out- ’ f o c u s i n g  s y s t e m  can r e l i a b l y sense it).

Fi gure  3 . 2 4  shows t h a t  a A — 1 1.-gr i - . - of ow o t - t o  IS do es not change ,
at  a l l , the uppe r  c u t o f f  s p a t i a l  f r . - - , - - n c y .  It i s  o n ly  w t n - -n C5 >2 that the
upper cutoft spatial frequency is reduced. The effect ( :~t A = 1) is , rather ,
of a more or less uniform attenuat ion of all spatial frequencies except near
zero frequency.
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Figure 3 .25 shows thn s more clearl y. Here , the diff erence between
= 1 and th - C. = 0 MTFs n s expressed as an addit~~~nal transf er function

o p er a t i n g  on the  “- 0 MTF . Tha t  i s :

I
~

( MTF )
A O  - (MTF ~~~~~ .

1 1
ô 1~~ j 1 c )  (M ’rF ) o..o - ( MTF )

, 1  
= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ * ( MTF )

~~_ 0

i . e . ,  MTF l o s s  — (transfer—function) * i n p u t  MTF

It can be seen (from Fi gure 3.25) that the transfe r function in question
is (approx ina telv) a simp le band—pass filter (in two spatial dimensions).

This transfer function , expressing the ~-f ft- ct of ~ moderate degr .- .-
of defocus , indicates that the effect of such defocus m a y  be more meaning f u l l y
represented as a general loss—of—contrast , rather than as a loss of any par ticular
s p a t i a l  f r e q u e n c y  band . Moreover , s ince  c o n t r a s t  can be d e t e r m i n e d  b y ( i n
effect) an area correlation techni que , the c o n t r a s t — m e a s u r e  w i l l  be h i gh l y
noise—free because of the large amount of spatial averag ing involved. Consequentl y,
it will be possible to restrict the amp litude (A) of the focus dither , thereb y
providing a more sharp l y focused image for the viewer.

According l y, a contrast sensing techni que for auto focus will he
d e s c r i b e d .  To imp le men t  a c o n t r a s t — s e n s i ng  t e c h n i que for  m e a s u r i n g  t h e  degree
of  o u t — o f — f o c u s  i t  is d e s i r a b l e  t h a t  the  i n p u t  v i d e o  b y s u b j e c t e d  to  a :wo--
dimensional band—pass filtering operation to remove those spatial frequencies
th at w - s l d  not be modulated by a sma l l  amp litude focus dither (Fi gure 3.25).

The filtered video is processed , in the usual wa ,- , b y tine registration
,-l p - tronica. The objective is to generate two frames [f(x ,y ) and g (x ,v)] in
regis t rat ion , corresponding to the two dither positions of the focus lens.
(Depending on the speed of the focus lens position servo , these two frames
may not neci-s saril y be i mmediatel y successive frames

If the focus lens position for frame f(x ,y) i s dif t - -rent to that
for frame g (x ,y) then , in general , the contrast will also he different:

f ( x ,y) = ( 1  + £ )  g(x ,y)

where c represents tb. inc r -ase (+) , or decrease ( — )  , in  coOt r a s t  d e p e n d i n g
on whether the ‘ f” focus lens position is better , or wor se , tha n the “g ’ position .

Th~ magnitude and si gn of C can be found by forming the function 0

(sim i lar to that illustrat e d in Fi gure 3.23 and described in Section 3.3.6)
and - - -; -i l uatnng over a comp le te , reg istered , frame :
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0 FR AM E ~((l + ~
) g (x ,y )  - f ( x ,y)) 

2 
- (l - ~

) g ( x ,y) - f(x~y)) 
21 

dxd y

= 
FRAM E 

g 2 (x yY~((l + ó )  - (1 + - (l - 

~) + (1 + E))~~
. dxd y

= 
F~~ AM~ -; g

2 ( x , y )  4~~ c dx d y

= 4~~~C FRAM E g
2 (x , y )  dxd y

The r u n c t i o n  w i l l  a lso  be de r ived :

= 
FRAME g

2 (x ,y) dxd y

Then , the value of ~: can be determined independentl y of scene content:

0
£ -

S n n c e  c i s  a o r ma l i z e d  ( i n d e p e n d e n t  of scene c o n t e n t)  t he re  is a d i r e c t
( c o n s t a n t )  r e l a t i o n s h i p be tween  the m a g n i t u d e  and si gn of t and t h e  c h a n g e
in the focus l e n s  p o s i t i o n  r e q u i r e d  to b r i n g  the  s yst e m  i n t o  f o c u s .  Thus t

can he app l i e d  d i r e c t l y to the  focus  s e r v o .  ( I f  the  scene c o n t e n t  is v e r y
sma l l , then  w i l l  be sma1l , and the techni que will obviousl y bi’-ak down.
A t h r e s h o l d  v a l u e  of t~ should  be set , b e l o w  w h i c h  the  au to  focus  i c - o p  should
L~ de—ac tivated .)

An i m p o r t a n t  a d v a n t a g e  of t h i s  a r e a — c o n t r a s t  f o c u s  s e n s i n g  t e c h n i que
is t at i t is immune t o  v a r i a t i o n s  in scene c o n t e n t .  A f o c u s  t e c h n i que based ,
for ‘-sool p i -  , up-in s e n s i n g  the variations in the hi gh spatial frequencn cont- -ni
o f the i m a g i - rn-i ; ( a s  n o t e d  in Ref . -  r~ nce 3 . 3 )  f a l s e l y i nt e rpr c -t changes in t h ~-

~patia1 frequency content of the (moving) scene itself , with changes induced
by the focus—lens dither. It can be seen from Figure 3.25 iha ’ the latter
must tit-cessaril y be v r y  small (a few percent) since the focus l ens dither
must he small enough so that the image is always acceptabl y in focus . Accordin g ly,
the variations in the spatial fr. quency content , due to the scene movin g thro u gh
tb .  f r ame , s h o u l d  i i -  ki-p i to the order of IZ or less over the dither cycle
to avoid disturbance of tb.- to cu ni sensing sy s t e m . Th i s  imp l i e s  a I - q t u i r e m e n t  f o r
hi~ hIy accu rat e scene tracking in a focus system that is based upon  sensing
hi ,~h fr.-q i.-n:y det a il. This trarki.ng accuracy is inherent in the reg istratiun/
c o n t r - u -n t - - n s . - u s i n g  sy s t e m .

~. 4

p



In some s i t u a t i o n s  i t  may be d e s i r e d  to  focus  n j ’  on l y cO t ( sma l l )
part ot the vndeo frame — t a r  examp le whe n t h e  s m a l l  d s - t a  D f  i n t e r ’ s t  i s
a t  a d i  fferent range than the g e n e r a l  b a c k g r o u n d  and both cannot h~- i n F- - - in s

s r  the sam. t ime - T h n  s can  U,. d ui , -  by op e r a t or  di ’si g n a t  i on of a v i d e o  t r a c k i n g
g a t e  sroinnd the 1. - r a i l  of i n t e r e s t .  In t h i s  case , the functions 0 a n d  ~ or,-
.-ic.-ol on ce d on ’y ins id .- the gate reg ion. One.- desi gnated , the gate ann be made
to automatically follow (track) the i t - tail of interest by ut ilizi ng the 8 sci -n i -
motion parameters that arE- d~-rived as part of t i n . -  ima gi -  r e g i s t r a t i o n  op e r a t i o n .

When t i n . -  ou:r ,— fucus a c t i o n  i s  r e s t r i c t e d  to a small part of the iideo
f r a m e , t he  r e q u i r e m e n t  f o r  a c c u r a t e  scene t r a c k i n g ,  in a system ha ’sect upon
sensing changes in the hi gh freq uency content induced by l ens  d i the r , become s
even mu t e  s t r i  ag - nu t

3 . 3 . 8  Image S t a h i l i z a t i o n

The image reg i s t r a t i o n  t eci n n i pie t h a t  has  been d s s c r  ibed so f a r  i s
app licable , generall y, to moving video um agu -r y when the image movement is smooth
and re l ativel y pre dictab le. That is , the change in thi ’ nature of the scene
motion between successive frames is small — even though the motion itself may
be large . This is the kind of motion induced by linear and/or angular velocity
of the sensor relative to the scene as illustrated in F ng i u r c - 3.2.

~m sgc - motion caused by vibration is of diff ’--rent type . In this case
tb.’ mot i on itself may be relatively small , but will change rap i d l y f r o m  f r a m e

t r a m e .

l b . -  image  reg i s t r a t i o n  e l e c t r o n i c s  c a n t  be app l i e d  to  e l i m i n a te  e i t h e r ,
or b o t h , t y p e s  of m o t i o n  in  the  d i s p layed  image .

In t i n - -  norma l u t i l i z a t i o n  of im a g e — r e g i s t r a t i o n , the c u r r e n t  f rame
i s alw ays disp l ay ed , full—frame , as received t rom the sensor. The pilor frame (s)
a re d i s p la c ed by an address—modified memory—read operation so as t o  be in reg ist ra-
tion with the current frame .

However , by addre ss—modif y in g the memory “writ , - ’ operati on , i n s t e a d
of the  “ r e a d ”  op- -rat ion , t h e  d i s p l a y  can he “ f r o z e n ” at sum,- spec i f i e d  p r i  or
frame . A l l  s u b s e q u e n t  f r ame s are then  w r i t t e n , and d i s p l ay e d , r e l a t i v e  to
t i t~ in i tial scen.- structure and w i l l not , the refore , app --ar t o  move.

To s t a b i l i Le  a g a i n s t  inn in g - m o t i o n  of the  second t y p e  ( v i b r a t i o n ) ,
iner t i a l  s enso r s  can be attached to the FLIR to d , - t e c t  tine a n g u l a r  a c c e l e r a t i o n s
of the F L t R  t h a t  (a lone ) cause th i s  ty p e  of image  m o t i o n . The in’- rtiall y-sensed
image m o t i o n  i n f o r m a t i o n  can t h e n  be used  t o  augment  t i n , - mo t i o n  i n f o r m a t i o n
dete :t ed by anal ysis of successive video [m ci - -s. The inertial information
is inherentl y much faster (hi ghe r bandwidth) than the p icture—processed informs-
t ion .

Tb,- hi gh frequency i n , - r t  i a l )  an d t b ”  low r e q i n c -n c y  (p i c t u r e)  , m o t i o n
informna r ion can he used to u litress—modif y (either in the writ. ’ , or in the read ,
operation ) so as to el iminat - - n h.- effects of scene ni - it ion and v i b r a t i o n  in
the disp layed image.
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f 3.3.9 Moving Target Indication

Tn this app i H an ion the o p e r a t o r may choose to enhance all moving
targets within th,- scene and suppress background .

As the sensor is f i a w n  ove r  the  target seen .- , t b .  ‘ st m t  ic ” back ground
and t une m o v i n g  t a r g e t s  w o u l d  r n o r m ~ l ly  bo th  appear  to  mc’v.- in the video disp lay.
The d i f f e r e n t i a l  n o t i o n  o f  s m a l l  p a r t s  of t h e  scene  r i - l a t  i v -  t o  t h e  l a r g e  a r e a
background (e.g., a truck moving along a road) i s  enhanced in this MTI mode.

To prov ud ’- t he  M il  t e a t u r e  s u c c e s s i ve  reg i s t c -r ed  f r a m e s  a re  s uh t r ~~i t e d .
‘S t a t  ic ’ b ack g round  —— being in reg istration in the two frames is t Fuc r. hv
cancelled and the small moving tar g- -t s c -n ha nic -d .

Th .- o p e r a t o r  may p - i c e  a s m a l l  t r a c k i n g  g a t e  over a moving target
so that tb .  system can deriv e t w  i n d e p e n d e n u t  i n t e r f r a m e  d i s p i a e m - n t  functions:
one for the large region outsid e of the gate , th e other for t i n e  small reg ion
within the gate . In this woo , the system can not onl y detect moving targets
but also disp lay them c u - c r . - cle arl y to tli. - operator throug h integ ration , in
r eg i s t r a t io n , of successive target images.

3 .3.10 Continuous Display with Intermittent Vid .-o

In some situat ions the operator may st -p onl y intermittent scent- images
on h i s  d i sp l a y .  T h i s  may o c c u r , f o r  examp le , when looking throug h thin clouds ,
or (luring temporary RPV data—link loss (due t i n  j a m m i n g  or l i n e — o f — s i gh t  obs t ruc -
t i on S )

I n t e r m i t t e n t  v i e w s  of t h e  t a r g e t  sc~-n .- may be ver .’ distracting to
tUe o p e r a t o r , and l i m i t  h i s  s e a r c h  e f f e c t i v ~~ne-s s- .

The image  reg is t r a t i o n  e l e c t r o n i cs  can  be app l i e d t o  p r o v i d e  t i n e
‘n p- -rat ir with a continuous uninterr nnpt ed v i e w  of t h e  t a r g e t  scene  u n d e r  t h e s e
o - u nn di t n ons

1(u.’re should be appreciable scene overlap (e - g .  , 50%) be tw t - .- nn
the last frame b e t  or e  l o s s — o f — p i c t u r”  and  the first frame at ter the break .
The sv :nthetic p icture generated during the break should be clearl y f l agged ,
as  such , t o  t h e  opt - r a t  n- . For e x a m p l e , i t mi ght be maul . -  to  f l i c k e r .

The loss of p ict ure may be immedi a tel y sensed either as a loss of
RF carri e r ( n f l  the case of an RPV ), or by t h e  detection n i t  s u d d e n  l a r g i -  d i f —
f- -renc es on comparin g successive frame s (for examp le , -is c l o u d s  f l a s h  i n t o
n h . ’  p i c t u r e ) -

Upon detection of a loss—of—p icture condition the operator ’ s d i s p lay
i s  f - - d w ; t h  the  l a s t  f r a me  s t o r e d  in  d i g i t a l  m em o r y ,  c o n t i n u o u s l y  a d d r e s s - m o d i f i e d
a- - - - c r - din g to  t h e  l a s t  measurement of the scene notion parameters , so as to
s i m u l a te  a continuin g scene motion . Thus the operator continues to see natural
m o v i n g  i m a g e r y  w i t h o u t  my apparent interru p tion . No n ew scene  i n f o r m a t i o n -n
w-.ll , of course , be d i s p layed while the sensor vid .-o is t em poraril y lost hut
the advanta~ en to the oper at- r of the dynamic disp lay provid ed from the image—
m e m o r y  are :
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I . He is not distracted by r h ,  t r a n s i e n t  l o s s — o f — p i c t u r e  c o n d i t i o n

2. 1-f e  can spend h i s  t i m e  u s e f u l l y ,  d u r i n g  the  t c-nun ;ou r~n r y  loss— o f—
p i c t u r e  c o n d i t i o n , s e a r c h i n g  f o r  t a r g e t s  in the  “ o l d ”  image ry
or , in a p i l o t a g e  app l i c a t i o n  (n o t  i n v o l v i n g  g round  o b s t a c le s )
c o n t i n u i n g  to  f l y t i - n e a i r c r a f t

3. When the true (sensor) p icture is restored he is not distracted
by t h i s  t r a n s i e n t , and does not  have  to  r i - a c q u i r e  the  t a r g e t
a r i d  or h i s  f r a m e  of r e f e r e n c e .

3 .3.11 f rom

Fas t  t a r g e t  a c q u i s i t i o n / r e c o g n i t i o n / s t r i k e , i n  d a y l i gh t  and a t  n i g h t ,
is an i m p o r t a n t  r e q u i r e m e n t  of a i r — g r o u n d  we -u po n s y s t em s  t a r  bo th  manned a i r c r a f t
and RPVs . Because of the inherent field—of—v i.-w --reso lu t ion dilemm a , the operator
of a therma l imag ing system must , except it shor t ranges , change the system
f i e l d — o f - v c e w  as he p r o g r e s s e s  t h r o u g h  the t a s k  s e q u e n ce :  s e a r c h — a c q u i s i t i o n —
r e c o g n i t i o n — a i m  p o i n t  des i g n a t i o n . Wide  f i e l d — o f — v i e w , re l a t i v e l y low r e s o l u t i o n ,
i s  r e q u i r e d  Hr a c q u i s i t i o n : n - n a r r o w  f i e l d — o f — v i e w , r e l a t i v e l y h i gh r e s o l u t i o n ,
is  r e q u i r e d  for  r e c o g n i t i o n .

C o n v e n t i o n a l l y a f i e l d — o f — v i e w  change  is accomp l i s h e d  b y l e n s  s w i t c h i n g .
Two , or more , lenses of d i f f e r e n t  f o c a l  l e n g t h s  a re  moun ted  on a l e n s  t u r r e t .
B y r o t a t i n g  the t u r r e t , a new lens is b roug h t  i n t o  p o s i t i o n , t h e r e b y chang i n g
the sensor f it - i d  of vi ew . On acq uiring a target in his wide field—of—v ,-w

d i s p lay , the operator re—aims his sensor so as to b r i n g  t he  t a r g e t  to tUe cent er
of hi s di sp lay, and t h e n  cormn ands a lens change  to o b t a i n  a n a r r o w — f i e l d , h i ghe r
r e s o l u t i o n , v i e w  a the  t a r g e t .  The f i e l d — o f — v i e w  change  causes  a la rge , ab r u p t ,
change in the image disp layed on the operator ’s screen.

In the context of quick-reaction air—ground missions (in some cases
i n v o l v i n g  a s i n g le—p lace  a i r c r a f t )  t h i s  c o n v e n t i o n a l  m e t h o d  of chang i n g  s y s t e m
f i e l d — o f  - v i e w  is seen as a potentiall y disorienting and h i gh w o r k l o a d  t a s k ,
advers ely effecting the speed and reliability of target acquisition /recognition.

- - 
The specific proolems are:

• The need to perform a sensor aiming task to bring the target to the
- - en t e r  of t h e  w i d e  f i e l d  of v i e w

• The d i s o r i e n t a t i o n  induced  b y t he  ab r u p t  change  in the d i sp l a v . -d
image after chang ing field of view

• The need to reacquire the target in the ClosO - - un i c view

• t’ ni - ,-’r tin i nty that tine target acquired in  the  w i d e  f i e l d — o f — v  j ew is
a t u a l l y p r e -~en t in the narrow field disp l.-iy

• D n c ; t u i r f c a n m c e  to the p ilotage function caused by t ine disorienting field—
of - - view changes.
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The reason t h a t  f i e l d — o f — v i e w  change is effecte d (now) by lens—switching ,
in n sp ite of  t h e  p r ob l e m s  n o t e a , is  ( a t  l e a s t  i n  part) h .-cmuus e of the practical

~i f t  i c u i l i  c.-s and optical limitat i on s of zoom lenses.

3 .3 .1 1.1 ?.oonr E t t , ’ct Using Fixe d Lenses

The r e g i s t r a t i o n  e l e c t r o n i c s  can be a p p l i e d  to p r o v i d e  a c o n t i n u o u s
zc’unin e f t e c t , e l e c t r o n i c a l l y , w i t h o u t  loss  of r e s o l u t i o n , u s i n g  r h - c  e x i s t i n g
sen s o r  w i t h  its con -nv -nt i c u n a l  fixed (not zoom) lenses.

Just h.’f-n re initiatin g a lens change , the current image , and its
rat- c arid type of motion , are captured in the memory system in t h e  usual way

(F i gure 3 .2k- ). On executing the lens change , this circulating image data is
zoomed by introducing (independentl y of the m o v i n g  image p r o c e s s o r )  t he  a p p r o p r i a t e
address moditica tion . Thi s c o n t i n u o u s l y zooming image is disp layed to t in --
operator. A s soo n as t i e  image from the n i- xt lens sel ,’u -t io n become s available ,
it is appropriatel y injected into the zooming image data , then circulating
throug h tii. - memory. The zoom action continues until , finall y, onl y the narrow—
fie n d video is presented to the operator .

Dur ing the zoom action there is some loss of resolution , but onl y
i n t he  ed ges - -1 t h e  p i c t u r e  where  t he  l a s t  (captured ) frame from the wide
ang le sens ’ r is zoomed. There is no loss of resolution in the narrow ang le
senuac ur v id *-o as it is zoomed up to full disp lay size. ~.s the  m a g n i t u d e  of
t r u e  r.~~o. r h i t  n loss  i n c r e a s e s , the  p e r i ph e r a l  area over which it occurs decreases.
In the term inal states of the zoom t h e r e  is , o f c / n u r s e , n un  loss  of r e s o l u t i o n .
i b e r e  is n ev e r  any  loss of r e s o l u t i o n  i n  t i le f o v e a l l y —v iewed reg ion of t h e
picture. since the zoom , by t h e  very n a t u r e  of t ine  p r o p o s e d  app l i c a t i o n ,
will be very fast (approximatel y 1 s) , the temporary peri pheral resoluition
loss during the zoom will not be of practical significance. (The static acuit y
of perip heral vision is low . The dynamic perip heral acuit y in viewin g a rap id
zoom is even lowe r because of ren al smearing (due to  image motion) in the
peri pheral areas of the r -sp id l y zooming picture. In other worni s the observer
will be relativel y insensitive to any temporary reduction of peri piu. -ral resolution
that may occur in the d isp lay during the proposed zoom).

3 .3.12 Signa l Processing fo r  Pyroel i - otric Vidi con

The f a i l ure of t h e  p y r o e l e c t r ic  v i d i c o n  (o r  p y r o . - l - c t r i c  a r r a y )  to
respond to ste ad y image requires that it be operated in e ither a panni ng, orbiting

c h o p p i n g  mode . The chopp i ng mode ( a s  d e s c r i b e d  b y H e l m i c k  and Woodwor t h
of ~~~~ at the 1975 IEEE Symposium on A p p l i c a t i o n s  -~~ Ferroelectrics) provide s
the best imagery. FI-iwever , it requires a sing le frame of video stor ig.- . NWC
used a vid eo disc for this purpose .

The registration electronics can be adapted to provide the necessary
s ing le—fra me storage and also , with the same memory, to integrate the c -hop -
demodulated video to provide improved si gnal—to—noise ratio.
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The large impr - ’v .-rn c -nt in NETD result ing fr : c u n  i n n t - - gr a t Loin would hi,-

part ic in lar l y useful for l i i , -  p y r o e l e c t r  ic v id i con because of its r- - lat ivel y
low tlierma I sens i t  iv i t  v - It may a.- possible t - -  e xp l o i t  t i i . -  a rg e i mp rc ‘v -rn. --

in NETD by using smaller , li -ss expensive , le nses than t hu . - F/i of F/O.7 normall y
u sed with a pvro. -lectri c v idicon .

For p y c ” l e c t n - ic p r o c e s s i n g , t ine  v i d e o  s i gna l ( I ’ )  p l u s  p e d e s t a l
( C )  in ml f r a me w h e n  the  v i d i c o n  f a c e p l a t e  is i r r a d i a t e d  b y the  scene  (choppe r
wheel “open ”) is added to the signal read out from memor y (V) accordin g to
the law:

V ‘ = v ( 1  — 1 / C)  + p + I ’
m m

For scene detail appearing i n  the  v i d e o  f r a m e  f or  the  f i r s t  t i m e , the l a w  is:

V ‘ = c (p + I ’)
m

The displayed si gnal (pedestal-free) is V
m 

(no disp lay of first—time detail).

)~ the nex t  f rame the  chopper  wheel  is in the “closed” position ,
m d  t i n - -  vid .-cm consists of the pedestal (P) with a negative signal (—I ’). Acc ord—
ini gl y, the add—to—memory log ic for this frame is:

V “ = v ‘ — (P — I ’)
n m

= V (I — 1/c) + p + I ’ — (p — I ’ )

( 1  — 1/C)  + 2 1 ’

For firs t—tn:ni e detail , the law is:

V ’  = V ‘ — C ( P  — I ’)
m m

V ‘ = 2; l ’
m

On this frame , thu.’ disp lay ed s i gn a l is V ” , also pedest al-free.

The tot a l e ffect is:

I . onl y t 1 u . - true scene—si gnal , free of pedestal and vidico ri defe ct s ,
is integrated in the memory;

2 .  t i n e  p . - c f ’ - s t a l  is never disp layed ;

3. t h u . - us ua l bene fit -. of enhanced sensitivit y throug h i ntegration appl y;

4. a norma l vu - f . - ’ si gnal is g i - n . - r a t e d  with movin g, and with static,
Su e fles ;

5. an in t o- g r at ’ -.l si gnal is av ail a bli - for disp lay on all frame s , includin g
th~~~e with chopper bl ade in the “cb s -il” posi tion ;

no m ov ing parts image-memory.
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a 3 . 1 1 3  Modul arity

Therma l iunag i i i g  d e v i c . - s  a re  in s - c d  in many ch i f fe -~ent app li catio ri s.
It we nu ld be pr ohibitiv .-l y i - x b u -n s iv € - to develop a new FUR system for each app lica-
t L Q n l , vet it is imposs ible , because of tine diverse nature of the requirements ,
t n  optimall y satisf y the various requirements w ith a singl e system.

T h i s  had led to the concept of modu larity, in ~‘hiic h any particular
E I R  s y s t n -nn u w o u l d  b~n constr uc ted from a relatively s m a l l  numh i-r of more or
less standard modules (“opt ji.5~ , “ f o c a l  p l a n e ” , “ s c a n n e r ” . “e l e c t r o n i c s ” , e t c )
In this way th u . - economy of sta nuda rdizal ion may be ach ie ved , while providing
the required range of perf ormance characteristics.

The reg istration electronics may prove to be ii u seful module , within
t h i s  co n c e p t  -

An immediate example is the ability provide d of flexible tradeoffs
n etwu -en data—rate and sens itivi~~~, while ‘using the same scanner and scan rat — s .

Moreover , with relativel y little modification in ea c h  case , t he ba s i c
(c-’nnluicen) image registration electronics can provide a broad range of features
(see Fi gure 3 . 7 ) . Thus the  image—registration electronics , itself , may be
mod u l a r i z e d , so t h a t  any d e s i r e d  s e t  of f e a t u r e s  can be e c o n o m i c a l l y p r o v i d e d .
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3 - 4  Tables of Modu lmu t ion Transfer Function of a Defocussed Perfect Lens.
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Al TO—FOCUS

-.. 1 1 N T R e D H ( l

Th~- task ci manual lv f o c u s i n g  a FLIR r e p r e s en t s  add i t iona l work load
f i r  an o p e ra t o r  who may a i r n - .lcfv be h eavily stressed . Ac- - o r d ingly, consideration
s h o u l d  he g i v e n  to t h e  p r o v i s i o n  of some means of a u t o m a t i c  fo c u s  c o n t r o l .

Before considering possible auto—focus techniques , it will he useful
to review the factors that can cause a FLIR to Pt out  c u f  f o c u s .  I t  w i l  i be seen
that t h e r e  arc- several ~tu c I f a c t o r s  whose r e l a t i v e  s i g n i f i c a n c e  depends  upon t h e
p a r t i c u l a r  c l r c u m s t ; u n n c e s  in  each ca se .

4 . 2 FACT ORS THAT CAUSE 1)EFOCUS

Rainge Ei fect~

R ange  effec ts (that is , t he spread of possible objec t ranges relative
ti’ the h , - ptin of f i e l d  of the  F L I R )  a re  o f t e n  cons ide red  as the  m a i n  ( i f  not the
o n ly )  r e m u s - c n n  winy a F U R  mus t  be focused .

in f a c t , range - f f e c t s  may not be the  ma in  p r u n b l e m . h r  example , t h u i -
largest ‘a le c -tive lens diameter of a FLIR is t y p i c - a l ly  of the o r d e r  of 8 i n c h e s .
If such  a FU R  is focused  for infinity it is evident that t h e  d e f o c u s  b l u r  c i r c l e
diameter a~ tine object -ni l b -  8 i n c t u , -s a t  a l l  ranges , f r o m  z e r o  to  i n f i n i t y .  By
f o cu s i n g  t h e  sy s tem at some i n t e r m e d i a t e  range the  cl ef - i n s  b l u r  c i r c l e  d i a m e t e r
can he k e p t  w i t h I n  4 inches  v-cr a wide spread of ob ju-c t r u n i g e s .  For nanny
t a r g e t — d e t e c t i o n  t a sks  t h i s - c  focus blur magnitudes would he f l i t t l e  p r a c t i c a l
s i g n i f t i - i n cuc . That is , the system could be operated , qui t&- .-udequately, with
f ixed foc us. Tn this ca s , - , tine operator would have no f o c u s i n g  t a sk  - I t  a l l .

~tm n ;mge .-ffect s cannot be totci l ly ignored , however. Their prmic tical
sig n i f i c a n c e  depend s upon t h e  F U R  and on the mission. Au -co rdlngl y, range—
efforts or .- an a l v z r - d  in detail in Section 4.6 in terms of the focusing difficult y
tha t t h u , - --. Induce. A quantitative measure of focusing difficult y Is proposed and
i t  is shown how t h i s  may be estimated fun r any part icu imi r a c t  of cond itions.

Tn-mnperatur e Effects

V i m  i - i t ions in t h -  temperature of t i ne  ob~ ec t ives I e n i s  (and , to  a h-suer

ex ten t , i f  the entire optics framework) can produce s i gnifi cminit defocus effe cts.
Tho se el f ~-r( s :ur. analyz ed in b e -~-t ion 4.5. It Is shown t hat tin .- d i - g r t - e  of
d e f o u - u i s  I s  p r o p u c r r  b a il  to  ( D- - - T / F X )  where ~T is the t e m p e r a t u r e  “e r ror ” of tin’

lens , F is I t s  -~ and 0 Its diameter. For a 0 . 2 5  ni oh~ ei - t  i v . -  a t  l O f i m , te m pe r a --
t u r e  v u r l a t  h u m s  of the o r d e r  of 10 , or more , can produce  s i n ~n h  f l - m i n t  d e f o c u s .
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p - * . .h3 ~1ei humii n ica I E ffec ts

An ax i i i  d i s p l  ~1u -ememn t of tin e si - i-n i - image , re hut i vc- to the FU R  focal
plane , of only n few theuis and i us of an inch may cause  si g n i  fir:uni t defocus. h y -
ing regard ti the r e l a t i v e l y  l ar g e  o p t i c s , the  m e c in an i c a l  scan s v - ; t e m , the  lens
- Fn un ng ing m e c h a n i s m s , e t c . .  t ina t  a re  typ ical of FLI Rs , it is evident tha t defocus
.-ffecrs may occur dun . - t i n  m i s c e l  laneous m e c h an i c a l  e t  f i - c i  s. -
4.2.4 Opt- r u t  c r  U f t c  t

If the o p e r a t - c r  Is p rov ided  w I t h  a w i d e — r nng c- f ’ c c i s  c o n t r o l  (so t in a t
he can correc t for any, or :nl l , defocus effects) lie m a y ,  h i m s e l f , c o n t r i b u t i -  t h e

urge st defocus ef fe - t .  When at tempting to focus mu v e ry  low cont  r m n s t  scene  the
ope r a t c c r  w i l l  ( t y p i c a l l y )  swu ng h is  c o n t r o l  f rom one u - x t r - m e  to tin e other. ~bcst

of the time t he  sy s t e m  w i l l  then be t o t a l ly o u t — o f — f o c u s  and ( w i t h  a low cccflt rast

scene) no sc - i-n ’- image will he detectable. If th is focus search is done too
r a p i d ly , the  op. -r :ut ‘c may miss  the  b r i e f  “ f l a s h ”  of the fociused scene image that
w i l l  occur  as t h e  focus  con t ro l  is moved th rough  t h e  s ln a r p — f o c u s  p o s i t i o n .

These s.im-c cons iulc r~u t i ons  a p p l y ,  also , t n  a “true ” :uuu t o— f o c c n -s a em.
That i~~, the -ipc.- 1 and/or reliability of an auto—focus system may be adversely
affected If the system must search (over .u wide focus—range) for optimum focus
.~hen the scene image has c~c. r n  low c o n t r a s t .

-4 . 3 RO TS CONTRO L SYSTEMS

Three types of focus control sys tems can he i d e n t i f i e d :

( 1) “ true ” auto focus — an electronic systi-m a n a ly se s  the  FUR video
and controls the focus lens position so as t . c  ( a u t o m a t i c a l l y)
cause the scene imagc- to be sharply focused.

(2) temperature compensation — the temperature of the objective lens
is cent inuomi sly s- -used and this informa t i inn Is used to appropri-
at ely cc mp .- u ~a t e  the  focus  lens  st-rvo .

(3) aun t ‘--c oil imat ion — a test Image at lnf in 1 t v (or a t  sn ’nut - other

- sp t- c ified range) is injected int o ti . FL I l-~; the  FLIR is then
manually (or automa t ically) focused for this test image .

A “ true ” aut o- f a - system is described in Sect ion 3 . I t  u - x p l o i t s
t he f a r t  t h a t t h e  c o n t r a — n t In the image is maximized at sharp—focus. An
P n : c n t ; u , , t  a d v a n t m u g e  o f cont  r ; u s t — s e n s i n g  is t h a t  i t  can y i e l d  a sc en e — i n d e p e n d e n t
m easu r e  of f i u c u n s — a t  a t . - . A “ t r u e ” a u t o — f o c u s  sys tenu  compensa tes  fo r  a l l  d e f o c u s
e f f e c t s , I n c l u d i n g  range e f f e c t s .  The tei nper m urure sensing and au to collimation
t i - n  i - n  i q u e s  do n u t  c ompensa t e  f o r  r a n g e — e f f e c t s .  In f a - t  , [ i i  t h e  rec - onmuended f o r m
af t hese  l a t t e r  -~v - ; t e ms , the  o p e r a t o r  w o u l d  be p rov ided  w i t h  a m a n u a l  focus
contri l calih rn t ed in range. The purpose of the temperatur e—sensing, i)r auto—
c o l l i m a t i o n , techni qu e is then to guarantee that the FUR will , in fact • he
focused for whatever range ii. operator may “dial —in ” on his fe-i n s contr uu I . Ii
adequate * range infurina t Ion Is available (either from t h e  o p t . r m n t . n r , f r o m  mu range

*W’hen the focusing d i f f i c u l t y  (as defined in Section 4~6) 
i s  s m a l l  ( i s  i t  w i l l  be ,

In most cases) only a yen y .-ru d e  eat  [m ate  of range Is  nr -d ed o g i ve  shar p f c c  in s .
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‘ 
finder , or f r o m  a n a v i g a t l i u n a l  sy s t e m )  t h i s  t e c h n i q u e  m i g h t  he p r e f e r a b l e  to a
“ t rue ” amn t o—fc ’- .- u u s sy s tem s i n c e  it  a v u i l u l s  t h e  possih 1 1 I t y  of wfde—ampl itude f c i r u u s —
-- i-a rch  which , w i t h l c n w — u n m n t r c n s t  s cen n -s , nay rc-sn u lt in u nr e l  i ab lc  or l e n g t h -
m i c q u i s  I t  ion .  ‘toreover , i u r  ~uppl icat ions in w h i c h  r a n g e — i - f  f e c t s  a re m i n i m a l
the n -  I s  no spec If Ic n&- .- - i I cc i  t r u e  auto—focus .

Tint’ temperature sensing techni que has t i n . -  a d van t a g e  nut simpi  Ic i t  v b u t
Is “open—loop ” . Tha t is , it does not depend an sensing fc ’rui s—qua l i ty, so th at
it could bc disturbe d by mechanical errors , temperature sensing errors , tempera—
ture gradienits , e t c .

in the auto—collimation techni que , m u test image (at ml known virtual
range) is ‘resented t i n the FLIR , and the FU R  is then manually (or c-uu n t u m m ut i cally)
f o c u s e d  fo r  t h i s  image.

Tine advan t age  of the  a u t o — c o l l i m a t i n g  t u r b m n n i q u e  (over  -u “ t r u e ” a u t o —
f o c u s s y s t e m)  i s  tha t i t  can al low tine F U R  to h. - I n s t a n t l y ,  and sharply , focused

.-‘.nen in the complete absence of any scene d e t a i l .  This  cou ld  he vc -r  i m p o r t a n t
for long range target acquisition — for examples in an air—ground system in which
the Initial (acquisition) slant range mmiv be up to 20,000 ft and survivab ility nay
depend , critically, on fast , reliable , target acquisition.

At such long ranges , under low contrast conditions , there may be little
or n ’  scene detail in the FLIR video with which a “true” auto—focus system could
f u n c t i o n .  Moreover , at  long ranges the re  i s  g e n e r al i \  no need fo r  rang e— corr~ c~~j~~
to  f o c u s .  Tha t  u s , the FLIR should , simp ly be focused for infinit y. It is
evident t n n u t  n u n- h er such conditions an auto—collimating system would be highly
effective (providing instant sharp focus) whereas a “true” auto—focus system
might be slow, unreliable or even totally Inoperative .

The principle behind the auto—col limating techni que is that when a
plane mirror is placed in f r o n t  cf the objective , the operator will see a sharply
focused image n i l  the cold focal plane when , and onl y when , the FLIR is focused
N c r  infinit y (Figure 4.1 )

~ The plane m i r r o r  re elects “co l d”  radiation from the
focal plane back u n t o  I t s e l f  ( n a r c i s s u s  e f f e c t s ) . The range—accuracy of this
technique depends upon the curvature of the “plane ” mirror — which can be easily
Set , mind maintained , at nominally zero curvature.

The technique could be implemented In a number of ways. For example :

(1) Focal plane (a) unmodified (utilize p u t  f t - t n
det ail)

(b) special patte rn on thc- foca l
plant -

(2) Mirror Size (a) Same as obj ective
(b) Smaller than objective

(3) M I r r o r  I-~- f 1 e c t i v i t v  (a)  100 p e r c e n t
(h) 100 percent (heamsplitter)

(4) ~1 I rri’r !‘inS It ion (a) In place all the t i n c

(h)  s n l : u l ’ I ’ . c l  out of posit i i ’n when
n o t  In use
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One p a r t  i c u n l a r  imp lem ent u t ion is illustrated in Figure 4.1 . A special
j’. u t t u - l- nl is ic i r in i at t h u t , c c . ~~1 plan e consisting of alternating vertic al stripes
of bl ack and r.-f i , - c t i n i ~’ m a teri al . The b l m u c k  n u m u t o - r i m u l Is seen (by t im , - m i r r - r )  as
r e l a t  ive lv  cold ( f  o c ; u I  p l .u ie t - nn p t - r m u t  u n re)  , w h e r ea s  the r e f l e c t i n g  s t r i pes m u r , -
seen as rel mi t I v,-lv a iua m (,c’er igt - sc,-ne temperature) . The p l an e  m i r r o r  is
re- tango i t  , i vet Ing t h u .- cull di am,-u or of the ob t-c t I y e  in one d i m e n s i o n  and
on ly  a em a i l  f r - m t ion of t h i t -  - ‘hc ject lve c h i a m e t , - r  in  the o t i u e r  d l n , - e t i o n . In t h i s
w ay  i t  p r o v i d e s  neg l i g ib i . -  o b s c u rat  iou~n t i n  the i nput  r ay s .  The r e l a t i v e  orient - a —
t ions of the  p lane  m i t t  - n lO c i of ti n . spec i a l  f o c a l  p lani  p a t t e r n  mi re  such t ina t  a
shar 1c image is t i r r , ic-~ ( b y  r e f l e c t i o n  at  t hic - plane mirror) of t ine hi gh s p a t i a l
fr e ç .encv in t h e  p a t t e r n , h u n t  t in e image of to ’ - spi -c i al  p a t t e r n  is h e a v i l y
sm e a r e d — n u t  (by  d i f f r a c t i o n)  in the ottuc -r dimensi on.

T h e  d e t e c t i o n  of t ine  d ! t t r a c t e d  patt i-rn could be done either by evc- on
automa i c a l l v .  In t he  l a t t e r  case t h e  video would be specially filtered (in

bot h x and v)  to enhance t hu . - r a -ur ro w band of spa t i a l  f r e q uen c  ic-s carrying the
f o c u s  i n f o r m a t i o n . (A similar filterin g action is performed by the eye , in the
cast- m l  visua l  d e t e c t i - a n . )

The foca l  p lane  pattern represents a relat iv u -ly large amplitude
t em p e r . it u r .- s i n u s o i d .  The p lane  m i r r o r , b ecaus e of its small mu r.- - i , refl ects
only :i sma ll frac t ion of the pattern energy back onto the focal p lane. The
detected Image of the pat:ter o, encompassing only a narrow range of spatial
frequ~ ncies. can be enhanced by filt ering . These three fact u rs pr--v ide a range
of de .ign flexibility which can be utilized t o  generate an easily detectablu-
focus signal.

Pv arrang ing fan- the focal plane pattern to be formed at a slight
angle to the f o c a l  p l a n e  (F i g u r e  4.1) the FL 1R -minu n o t only hi - fm c cin s c - (i f u r
Infin u ’ t hut also for an:-- specif ic intermediate range . To illustr ate this ,
smuppins e t i n u t  a lens is to be focused for a range R. Then , t in , - t on- n i l plane  must
be i o c m u t ’ - n b  a t  a d i s t a n c e  f + c f r o m  the  lens (focal length 1) where

I l _ l

f -i- , 
+ 

R 
- 

f

i.e .,

R f 2 ’ .

Suppose , now , t h a t  the sp -m - ia l focal—plane pattern us locauted ut
d i s t a n u c e  f — ~ f rom the  l ens .  I t - - image w i l l  app e a r  ( to  the  m i r r o r )  t i n b. at
a range S wi -r i-

1 1 1

H 
f S = 

f

i.e.,

s~~ -

However , after n c 1.ection in the plane mirror the innmugt - S’ , of S. w i l l
appea r  m i t  a rang .-

~ —s =
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Inn i t  her wom bs , w i t h  u n-i l g lut axial d i ; ; i; uc - u - r r . fl ? c c l  t ine 50- lal
pa tter n I ron t h e  f c i m a l  pl an. , ti n e sy s t e m  m u m i t i — e n i l  im at e ’ ;  t o  ii Unit .- rang,.- tiu m u t

i s  p t c c ; c c t  t iu -’nal tc ~ tI i t -  r.- c - i p r - c - m u l o f t i u , a t d i s i u i a c - em en t

In the avatenu ii I uns t - r n utec i in Fi gnur m - ~. l  , t i n . -  a x i a l  m h i s p l a c - e m e n t  c m l

any p,u r n of the gn u t t em I s p r m n g i n r  t I ona 1 to I ts ‘‘x’’ m oo i t ion. Thus tin.- rm un g.- at
w h i c h  tine FUR is focun ac - ul is prop o r t i o f l a 1  to  t h i n - p o s i t i o n  a i m i n g  t he  x a x i s  ~~
th ~c- m t  s h a r p l y  fOc i n - n i - n h  ~ect l u - n  of tin .- focal p 1mm .- p att c-rn. In ot h e r  w o r d s
the x n u xis of thu .l i s p lm u -.- c i’ ’ he dir . - - t l v  c a l i b r a t e d  in range . To 1-n .  i n s  th e
l-~L I R  f i n  uni v p a r t  i cul ir  r a n g e , he i - p .  r a t m i r  w o u l d  a d j u u a t  h i s  t u n i S  c m n i u t  r ol  so
mis t i c  c-ansi - the displa y m l  t h e  si..- inu l patt em to hi- shnn urp l y fores t-ni n u t  the
m m p p r i m p r  l at e  x p .asi t u .n.

The Sg, n- ’ I ; m l f o c u s i n g  p n t t . _ - n n  I p i c e a r i n g  inn t i m e  o p u - r i u t i r ’ s d i s p l a y
win un ld also he nnm-u .-fm nl m is a v i su a l sv a ’ em— p. r~~cnr m a nr e  c h e c k .  However , in no rma l
r ’p e r a t  ion i t shou ld  be r u -mi -v ial from thu d I SJ ) I i v  . Tin is coI l  I d  he don c- by r ot a  t —
ing  th c-  r e c t a n g u l a r  m i r r . ’ r  so that it d i d n o t  t h . - -r u r f 1 . -c t  t i u c -  p a t t e r n  hack  t i n
t h e  focal plane. In a t m r  words the auto—cun i limating system w o u l d  hi -  used only
oc- ’asiona l l v  — tr- “Zero ” nunv e r r o r s  in the range cal i b r - u t i o n  of tine manual
f o cu s  c,antr c - I

In nun auntomatir mode u f  operation , t h i i ~ p a n  t e r n  would  a l w a y s  be p r e s e n t
in t ine video b u t  would bc nc-nnc v m:mi f r o m  the  di splayed video by means of a an I L uh i ~-
b a n d — s t o p  filter. This ii ‘ m r  wauld , of courn-n m , .also remove t i m e  c o r r e sp o n d i n g
narrow—hand of spat fal fr.-qni c-n cl es from the scm-n e m i m - t a i  I — h u t  t i n e  e f f , - c t  of
tints m an  he Insi~~n i fi cni nt -

-, - - COft-iF~ I iA 1  11 l~ ~

f - m r  app i i cat  l o i n s  in ‘~h I r  h r u n g . -  — ci  f . - r t s  (on f o r u m s  i n g — d  i ll icu  I t )  art-

m i n i m a l , - m n n s l d , r m u t  i on  i -an  H . -  g i v e n  to t i n , -  us.- n i t  ei ther ti n . -  t e m p e r a t u u r e —
Ofl~ i’fls ,lt ion , or of the m i i t o — c m m I  1 m a t  lo i n , t e c h n i q u e s .  R o t h  t e e h n i q n i e s  ‘n n n v u -  t h e

p leat ial for v c - r v  s i m p l i -  Imp l e m en t . - n t i c n n . The m u n n t o — r o l i l m a t i o n  t e c-i un i qumu - m i t e r  a

the . u - t - i i t l o n a l  m , . r - n t i r h u m i n t - f i t  u u f  mu v i s u a l  s’. — m t . ~~m n — c h , - c k f - - n t c n r e .  ( [ I  in ,-

see t h i -  spec i - a l  pa~ t e r n  t i t s  u n o u n u l c l a r i ty  t ic- operator i - a ~ u bc u s s m i r , - - .l i h u u t
t ine FUR i s  o p e r a t i ng  r r e r n l v . )  By el iminn nu t hu g  t h e nee d f i c n  I m i r g e — a r c - l  i t - u I -
focus C r  r’-c t I - ru ( t o  c o rnu p . - . i mo-u t - I or t ~nflp. 1 i  tur m- off ~ C t  o’u fc)n n u s ) t r u ’  op t  n . -
f o c u s i n g  tn ,m ; k i s  t h er eb ’, r educed  to j u s t  C c - r i p e n - c u t  i o n  for r ; u n m g , - — . - t  - u - u s -  ~
1 c m  t n -  c u - n t  rc . 1 si u ummil d he cal i h m n m t c ’d in ranci -  — in many r-as, -- - t n .  i u p . r i~ - - r ~~,

‘di ,u l — i n ’ f l y  m u very h- p n - ’x lmn i t i- - st Imat c -  of r . u n n g n -  to i.’ i n i .  .‘ . t c l t n H I n ~~~’-

i n  t h i s  w ay  t h u . - - e p i - r a t o r  s h m - n u l il bc- able t ) a c q u i r e  mu ! ‘w — u c , u n t n  u~~’ t m~ - -
d i r e c t  l v ;  w i t i n o u t  t h e  ‘. c i d e — a m p l i t u d . ~ f o r u m s  cu r b p r -- . - n i i n r , - - - :

fri unr ’ liable and slow m u c qu i sit i c m r ~ .

F - c r  app i i c i t  i nns in  w h i c h  t ile b r u i s i n g  i l f t n ,
par? , c m range ef f e c t s (and sui  t ab l e  r u n e . - I - t  cr 1 5 , , ?  1
tinu-n r u e  m u n n t - — ’ . , c -u I s  sy s tem  i s  r e q u n i r e d .  -\ - -‘mi - l ..i

w~ t b c ii i of  t h e  i t  her ? W c c  t i c  i nn q uu , - — ~ woul d Un 0’- -

re l  l i l c i  I i t y )  I f  r i g id (tc -cu s) a c q u t s i t  Iota en - -
cnnt n at l m ,v . - n y .

r l t n n l l v , I f  i- - w . t  , I - -
C ( n U l i I  i i - -  dt ,~V e t u . - . ’ i It m i ght -~~ ., - , m -
u - f  I ec t  ( s )  mi g h t  ‘ c ’  -

-
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I
Research and development (leading to one , or more , opera tional

focusing systems) is recommended fort

(1) Practical Evaluation of the temperature—compensation and auto—
collimation techniques.

(2) Operator Tests with an accurate].y range—calibrated focus control
to determine when range—effects contribute significantly to
opera tor work load .

(3) Development of a true auto—focus system .

4.5 TEMPERATUR E EFFECTS ON FOCUS

The change (Af) in focal length (f) of a lens due to temperature error
(AT ) is given by:

~~r1
= — fAT

where q is the refractive index of the lens material (equation 6.98, Referenc e
4.1).

The change in focal distance , due to thermal expansion of the frame-
work holding the opt ics is given by:

A f f ctAT

where i is the coefficient of thermal expansion of the framework material.

As discussed in Section 4.6.2 , the parameter t .,

[ 2 D lA f
A 2L5

~ 
(
~-~-)j 

-
~~

—
~~

(where D is the diameter of the lens) is a convenient normalized measure
of the degree of out—of—focus of an optical system correspond ing to the
focal error A f. A value of = 0 corresponds to perfect focus. A v.i1.u~ of
A I fs generally taken as the limit of focus error corresponding to an accept-
able “in—focus” condition.* Values of A>l corresponds to out—of—focus conditions.

From the last equation

*See footnote on page 4—13)
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I
• 

where F is the F~ of the lens

A —  ~ fAT a~
2f
2 A ~T

D AT ~n= 
i~ T 

~~~~~ (thermal effect on lens)

= c~ (thermal expansion of optics framework)

As an example , take

F =  2

D = 0.25 m

A = l0~~ m

Then,

A — 0.25 an
AT _5 aT

4 xlO

= 6.25 x ~~~ ~~~~~ (lens)

—36.25 x 10 ~ (framework)

From Table 6.1 in Reference 4.1, valueg of an/aT for typical materials
range from 300 x 10 6/°C (germanium) to 51 x 10 1°c (IRTRAN 2).

From Table 6.3 in Reference 4.1, value s of ct range from 26 x lO
_6

/0C
• (magnesium) to 5.7 x 10 6/°C (Ni 42).

It is evident , therefore , that thermal effects on the lens itself are
of the order of ten times more significant than on the framework holding the
optical system.

Assuming an intermediate value of 150 x 10 6/°C for an/aT , the
sensitivity (on focus) of the lens—thermal effect is:

~~~6.25xl0~~~x 150

~ 1 (unit of A per degree C)

This means that uncompensated temperature variations greater than
about 1°C, in the objective lens (in the example system) would defocus the image.
Similarly, uncompensated temperature variations greater than about 100 in the
optics framework would also defocus the image. Both of these effects are pro-
portional to D/A . Lower resolution systems (than the example system) would thus
be correspondingly less sensitive to thermal effects, and higher resolution
systems more sensitive.
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4.6 ANALYSIS OF FOCUSING DIFFICULTY

4.6.1 Introduction

Under certain conditions an electro—optical imaging system (for
example , a FLIR) may not require any operator—adjustment of focus . Under other
cond itions , continuous adjustment of focus may be necessary. The degree of
diffic ulty of the focusing task will be an important feature of an electro—
opt ical imaging system that is to be used under high workload conditions .

It will be shown here , how the foc using diff iculty may be quantif ied
when the need for focusing arises sol~~ y~ from variations in object—range .
(Effects due to variations in the optical system itself , for example as a
func tion of temperature , are excluded.)

A fixed optical system is in theoretically perfec t focus for only one
value of the object range . However , an electro—optical imaging system will
suffer resolution limitations other than defocus blur . A finite spread of
object ranges will therefore exist for which the defocus blur will be an
acceptably small fraction of the other resolution limitations. This spread of
object ranges — over which the sys tem can be cons idered to be “in—focus ” — is
called the depth—of-field of the optical system, for the par ticular range at
which ft is exactly focused .

The opera tional requirements for the imaging sys tem will specif y a
minimum range (r) and a maximum range (R) between which the system is required
to be “in—focus. ” The range ratio (a) is defined as:

a = R/r

If the depth of field Is large enough, it may be possible to meet
these range requirements with a single fixed—focus state of the optical system .
If not , several fixed—focus positions will be needed . The focusing difficulty
of the system may be quantified in terms of the minimum number (M) of such
fixed—focus positions required to keep an object “in—focus” over the required
spread of operating ranges. (This measure (M) quantifies the focusing difficulty
even when the focusing control Is continuous.)

Since M = 1 corresponds to zero focus—difficulty (a single fixed—focus
condition sufficing for all required ranges), and since the degree of difficulty
seems, intuitively, to be a logarithmic , rather than a linear , function of M it
is proposed to define the Focus—Difficulty (FD) as

F~~~~ lo~ 2
M

The optical system will be assumed to be diffraction limited , operating
at wavelength A. The optical system can be further defined in one of two ways:

(1) Directly — that is, the objective diameter (A) is specified ;

(2) Indirectly — it is specified that the diffraction cut—off spatial

ri frequency, at the object, must never be less than W cycles per
meter over the specified spread of operating ranges.
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The first case is appropriate when estimating the focusing difficulty

of an existing imaging system , or of a new system for which resolution is
specified in angular (not spatial) units. The second case arises when the
focusing difficulty associated with the performance of a specific target detec-
tion or recognition task is to be investigated . That is, when the resolution
is specified in spatial units at the object , irrespective of range .

This second method of specifying resolution will generally correspond
to the real operational requirements of the system . Practical limitations on
the diameter of the objective may, however , limit the maximum range (R) for
which the spatial resolution specification can be met.

An impor tant aspec t of the spatial specifica tion of resolut ion is that
It allows the focusing difficulty to be minimized by the use of two, or more ,
different objectives to cover the required spread of operating ranges.

The principal results obtained in this section are summarized below
(giving the focusing difficulty FD in each case):

(The functions F
N
(a), 

~
>
n n+l N~°~~ 

are defined and are also given in
graphical form.

(1) Angular Specification of Resolution:

a — l  6
FD 

log
2( a

(2) Spatial Specification of Resolution (single objective):

F
D 

log
2
((a — 1)

A = A R/S (diameter of the objective)

(3) Spatial Specification of Resolution (lens turret with N objectives):

j F
DN 

log
2 

(N 
~ 

F
N
(a))

A = A R / S
1 o

A
2 

— A1
/P

12 diameters of the N objective

A — A  /p
N N-l N,N+l

(A value of FD ~O is to be interpreted as zero focusing difficulty.)
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The ass oci ated parameters are :

x = criterion for acceptable In—focus
(typically, x = 1)

r — ‘!unimum operating range operational
requirements

R = maximum operating range

a R/r (range — ratio)

A = diameter of objective lens

W cut—off frequency of diffraction resolution
limited MTF in cycles/meter at requirements
the object

— A2/2xA (semihyperfocal distance) derived
• 2 t parameters

S 2x/AW (critical focus distance)

• A0 2x/W (critical aperture)

In the following analysis the specification of an acceptable defocus
blur is considered first. Then, the minimum number (M) of fixed focus steps
required to meet both types of resolution specifications are derived as a func—
tion of the range ratio a, and of either the minimum range Cr) or of the maximum
range (R).

4.6.2 Specification of an Acceptable Defocus Blur

The MTF of defocused diffraction limited optics is shown in Figure 4.2,
taken from Reference 4.1. The parameter A is a measure of the focus error , and
is given by

2 A Ai
A 2sin

A
2 A1 (4.1)

2f 2 A

where A is the diameter , f the focal length of the objective , and Ai is the
axial focus error at the image plane.

The diameter , d , of the geometrical defocus blur circle is given by

f

The size of the (sharply focused) diffraction image of a point Is pro-
portional to fA/A (the Airy Disc diameter is 2.22 fA/A) .
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I
It is convenient to express the degree of defocus as a ratio (x) of

the defocus blur to the diffraction blur (Figure 4.3). That is,

d Ai A/f
X fA/A IA/A

= 
A i A 2 

(4.2)

From equations (4.1) and (4.2):

x = 2A (4.3)

The NTF of defocused diffraction limited optics is also discussed , in
Reference 4.2, in terms of the optical path difference (OPD), where :

OPD — { sin2 (A/ 2f)}Ai

2
= -

~~~—- Al
8f2

Substituting for Al from equation (4.1)

OPD = (4.4)

It can be seen from Figure 4.2 that A = 1 is a suitable infocus cri-
terion for most applications :*

(1) the resultant MTF degradation is not negligible (which would
lead to an unrealistically small depth—of—field) , yet

(2) it does not represent a drastic reduction in MTF.

From equations (4.3) and (4.4) it follows that this (A = 1) in—focus
criterion also implies:

OPD = A /4

and

x -  2
The overall MTF of an electro—optical imaging system is made up of

several components (for example: detector , electronics , optics).

*For targets whose size and contrast are such that they are only just detectable
in a sharply focused (A 0) image, the A — 1 criterIon (which represents a
loss of about 25 percent in contrast) would not be acceptable. If it is
important that such targets not be missed , a A criterion of 0.5 or even of
0.25 should be used .
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However , because MTF—degradation caused by defocus (over the range
of practical Interest of 0 < A < 2) extend s fairly uniformly over the full
range of spatial frequencies the practical effect (or significance) of any
such degree of defocus would be largely independent of the other MTF ’s of the
system (for example, the detector MTF).

According ly an “in—focus” criterion , based upon a par ticular A (or x)
value, can be considered as equally valid over the practical range of the other
component MTF ’s.

4.6.3 Depth—of—Field Analysis

4.6.3.1 Angular Specification of Resolution

Let the angular size of the acceptable geometric defocus blur cycle
be ~~~. Then by definition of x (Figure 4.4),

(4.4)

If an optical system is focused at the hyperfocal distance (DHF) it
~~,)Lably in—focus from DHF/2 out to infinity. The hyperfocal distance

~~ven by:

DHF 
- AR

or, from (4),

DHF 
= A2/xX (4.5)

A finite hyperfocal distance , fI, can also be defined . It Is the focus-
ing distance for which the angular size of the geometrical defocus blur is
acceptable (that is less than ~

) for all points f rom a minimum range r to a
max imum range R. From Figure 4.4, at the maximum range (R),

A(R - D)
DR

I.e.,

D A + R ~

-
~~~~~~~~~~~ R 4• 1 + R/DHF 

( .6)
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I
Likewise , at the minimum range (r),

•~ A(D — r)
Dr

La.,

AD
r -

~~~
--
~
--A-

i~~ D/D~~ 
(4 .7)

Substituting for D from equation (4 6) Into (4.7)

r = l + 2 R / D HF

It is convenient to introduce the semihyperfocal distance (~),

(4.8)

(Note that ~ is a constant [for a given wavelength) for a g iven angular
specif ication of acceptable defocus blur.)

Then from equations (4.6) and (4.8);

R
D — 1+  R/26 (4.9)

and from equations (4.7) and (4.8);

Rr — 

~ + R/6

Since

R/R —

It follows from the last equation that

6 1 + R/A (4.10)

This equation gives the range ratio (a) that can be achieved with a single
fixed focus condition of the optics for a given maximum range (R). The in—focus
range ratio (7) that can be achieved for a given minimum range (r) is given by

— 1 + ar/6
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• $ 
i.e.,

= (4.11)

EquatIons (4.10) and (4.11) show the practical significance to
the semihyperfoc il distance. For ranges less than the semihyperfocal distance ,
in—focus range—ratios are limited and range—focusing may he necessary .

The range—ratio (~) covered by a single fixed—focus condition has
been derived . The range ratio tha t can be achieved with multiple fixed focus
conditions will now be determined .

Let R
1 

be the maximum range at which it  is desired to be “in—focus. ”
By focusing at a range of

D
1 

— 
1 + R

2
/2~

the system is In— focus from ranges down to r
1 

where

r
1 ~ +

Consider now , a second f ixed—focus position in which the new maximum
range (R

2
) Is chosen to be

R
2 

= r
1

so that the second “in—focus ” region takes over at the end of the first region.

The second f ixed foc us d istance should be:

R2D2 l + R
2

/ 26

and the system will then be in—focus from R
2 

to r2, where

R
2

r
2 

= 

~ + R2IS

c
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1
As shown in Figure 4.5

r
2 

- 

i + 2 R
1
/S

D2 = 1 + 3R
1

/2~

For M such fixed—focus steps

R
r — 1 + MR/S

D = 

1 + 2M+ 1 R (4.12)

In other words , the range ratio (a) that can be achieved with M fixed—focus
steps is:

o = 1 +

or

1 + Ma
r

i.e.,

M = S/r (4.13)

The focusing difficulty, F
D. 

is then given by

F
D 

= log
2 
(a 

- 1 (4.14)

This function is plotted in Figure 4.6 .

In using Figure 4.6, the semihyperfocal distance ( )  should be cal-
culated first. Then the focusing difficulty, for any minimum range relative to
6, can be read—off directly for the desired range ratio (a).

Figure 4.6 illustrates that

(1) for minimum—ranges greater than the semihyperfocal distance , the
focusing difficulty is zero , and

(2) for minimum—ranges less than semihyperfoc al distanc e from the focus-
ing difficulty increases as the range decreases .
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Thus the semthyperfocal distance can be regarded as the boundary—range
between regions of “easy foc using” and “difficul t focusing .”

f 
The value of the semihyperfocal distance (6) is plotted in Figure 4.7

as a function of objective diameter (A) for A = 4pm and T = 10pm .

4.6.3.Ll Upper Bound Estimate of Focusing Difficulty

An upper—bound estimate (FD)2 
of the focusing difficulty can be

derived from equation (4.14) by setting o =

(F
D
) = log

2 (~
)

where r is the minimum range at which the system will be used .

A minimum value for the range at which the system is likely to be used
can be estimated as the range at which the system IFOV can resolve the smallest
detail of interest on the target.

(The implicit assumption is that , at shorter ranges than this , a
wid er field—of—view objective would normally be used . However , if the sys tem
is used at shorter ranges, without changing the objective , the operator may then
keep try ing to focus the system , even though the defocus blur circle is less
than the smallest detail of prac tical interest. That is, he may exert effort
in focusing for aes thet ic , rather than practical , reasons. In this event the
size of the smallest detail of “interest ” mu st be appropria tely reduced .)

Let x be the smallest required spatial dimension of the IFOV at the
target. Then

r — x/a

where r is the minimum range and ci is the angular IFOV of the system.

The angular IFOV ( c i)  is related to the diffraction limit of the system :

KA
A

where K Is a design choice , usually satisfying

U 1 K < 2

From equation (4.8)

A

(F
D
) — log2

(l + 
2xA 

= log2 
(1 + 

~~
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this equation , K and x are not totally independent. For relatively large
values of K (e.g., ~2) the overall system —MTF is more detector—limited than
diffraction-limited , and consequently a (relatively) larger value of x would be
considered as an acceptable in—focus criterion.)

Assuming typical values for K and x:

K =  2

x =  2

it follows that

(F
D
) = log

2 (1 
+ A/(2X )).

This equation gives an upper—bound estimate of the focusing difficulty as a
func tion of the ratio of the objective diameter (A) to the finest spatial reso-
lution required (X0).

TypIcally, FUR apertures are often limited to 8 inches or less by
practical system constraints. For most targets a minimum spatial resolution of
4 inches would be adequate. In this case the upper—bound focusing difficult y is
therefore unity (2 fixed focus steps).

4.6.3.2 Spatial Specification of Resolution

In this case, the diffraction MTF cut—off spatial frequency at the
ob ject is required to be W cycles/meter , at the maximum range (R)

i.e.,

A c/m

i.e.,

A = ARW (4 .15)

Then, by definition of x,

xA X 416
A WR 

( . )

Then 6 is given by

6 — ~~ 
A R2W2 R

2 
4 1 7

2 2x 
1 . )

where S (defined here as the critical focus distance) is given by

s = (4.18)
AW
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~ 
S is a parameter similar to ~ (the semihyperfocal distance) In that it Is a
constant (for a given wavelength) for a given spatial specification of accept-
able defocus blur . (~S is a constant for a given angular specification of defocus
blur.)

Substituting for ~ from equation (4.18) into equations (4.12) and
(4.13)

D 
‘
~~~~~~2 

1 s 
(4.19)

:1 1 + M S/R (4.20)

These equations show how an “in—foc us” range ratio a can be achieved , for a
maximum range R, when the resolution is specified spatially.

The spatial resolution is (just) met at the maximum range R and is
exceeded at all other ranges. The angular size of the acceptable defocus blur
is constant for all ranges between the minimum (r) and the maximum (R). Sub—
.jectively, therefore , the system will appear focused as an object moves from the
maximum (R) to the minimum range (r).

The correspond ing focusing difficulty is given by

= log
2 

M = log2 {(a — 1) (4.21)

and is plotted in Figure 4.8.

Also shown in Figure 4.8 is the correspond ing objective diameter (A),
given by

A = ~RW

= ISW

-H

i.e. ,

A/A — R/S (4.22)
0

where A (defined here as the critical aperture diameter) is given by

2x
A — (4.23)
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I
In using Figure 4.8, the critical focus distance S should be

calculated first. Then the focusing difficulty can be read off directly, for
any maximum range (R) relative to S, for any desired range ratio a.

Figure 4.8 shows the practical significance of the critical focus
distance (S). For ranges less than the critical focus distance , range—focusing
(with a spatial specification of resolution) is relatively easy. For ranges
greater than the critical focus distance , range—focusing is relatively difficult.
It may be noted that this is the exact opposite of the case for range—focusing
with an angular specification of resolution (Figure 4.6).

The value of the critical focus distance (S) is plotted in Figure 4.9
as a function of the spatial resolution (W c/rn), for A = 4pm and ~ = 10pm. (The
values of W corresponding to detection , orientation , recogn ition , identification
of ,i target having a minimum d imension of 2in are also marked.)

When the resolution requirements are spatial , the focusing difficulty
can he reduced through the use of a series of objectives of progressively
smaller apertures (Al , A2 , A3 . . . ), instead of just one objective . The
smaller objectives -ire used at the shorter ranges. Each objective will be
assumed to have the same F ~~~, so that the diffrac tion blur , as seen by the
elec tro—optical detector , will appear the same in each case .

Let the first objective be used at the maximum range R to provide a
range ratio

‘ 1 
1 + MS/R

where

MS/R

The second objective will be used , from a maximum range R/a
1
, to pro-

vide a range ra tio a
2
:

a
2 

1 + MS

l + a
1
M S / R — l + c~1

p

— 1 + G
1
p

where

C
1 

a
1

(It is assumed for simplicity, that the same number (M) of fixed—focus
steps is used for each objective.)
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I
The overall range ratio (C

2
) for the two steps is

C
2 

= h
1~ 2 

— G
1
(l + G

1
ç))

In general , after (n) steps,

f = C. (1 + C r )
n n-i n-l

~i — l + G  p — P
n n—i n,n+i

where P is the power ratio of the nth and n+lth objectives. The function
n ,n+l

a =

wher e a is the overall range ra tio , can be express ed as

p = F
N

(a) (4.24)

Then, 
~N N—i 

can be considered as a function of p.

The functions 
~N N+l~~~~’ 

F
N
(o) are plot ted in Figure 4.10 for values

of N from 1 to 6. The cortesponding focus—difficulty func tions can be derived
from equa tion (4.24):

— MS/R = F
N

(a)

i.e.,

M = F
N
(a) R/S

where M is the number of fixed focus steps per objective. Since there are N
objectives the tot— il number of steps in NM. Thus,

FDN = log
2 

(NM)

— log
2 

(NR/S F
N
(a)) (4.25)

(This derivation of the focus—difficulty assumes that an objective
change is equally “difficult ” as a change to the next t ixed—focus position with
the same objective . This is probably true in terms of the operator interven-
tion required to command the change . However , an )bjective change may be more
disturbing to the operator. In this sense the focusing “difficulty ” may be
somewhat underestimated by equation (4.25).)

The Focus Difficulty function (F
DN
) is plotted in Figures 4.8, 4.11

and 4.12 for the cases of one , two and three objectives.
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The t o~’using d iff i ’ i i l t  v has been comput ed  in term s of r e s o l u t i o n  at
the o b j ec t , i n  the f o r m  of t he ~l I f f r a c t  ion c u t — o f  I sp a t i a l  f r e q u e n c y  W c ve l e s
pe r  met o r .  The o l v . i i i t  age of Liii S spat  ia l  r e su l  u t i o n  spec~~ icn ~~ion i s  t h a t  i
can he r e l a t ~~ l to ~. p c c i f i c  t a r g e t  detec tion f u n c t i o n s .  For t h i s  purpose i t  i s
assumed t h a t  one T V — l i n e  oo r re sponds  to 21W me te r s  at the  t a r g e t , where W is the
d i f f r i c t i o n  c u t — o f f  s p a t i a l  f r e q u e n cy  in i - v o l e s  per m e t e r .  Table 4 . 1  g ives the
v a l u e  of W needed fo r  t h e  det ec tion , o r i e n t a t i o n , r e c o g n i t i o n , i d e n t i f i c a t i o n ,
of a tar get having m i n i m u m  d i m e n s i o n  of 2 me t e r s  a c c o r d i n g  t o  Johnson ’ s

r i t r ia (Reft ’r erice ‘4 . 1).

T h e  f o c u s i n g  d i f f i c u l t y , C D . i n  a ch i e v i n g  these fou r  l eve l s  of t a r g e t
d i s c r i m i n a t ion are  shown in F i g u r e  4.11 , f o r  A = 4p m and f o r  ~ = 10pm , assuming
the  use ‘f up to t. hree ob jo t ivos

To i l l u s t r a t e  t h e  use of this f i g u r e , suppose t h a t  it is desired to

~~ t i m a t e  t he  f o c u s i n g  difficul ty associated with the function of “recognition ,”

u s i ng  a -~~m FUR at  10 km. The range scale fo r  t h i s  p a r t i c u l a r  example is the
‘ne marked  “ R ” ( f o r  r e c o g n i t i o n ) , and 4 p m.  (The ei ght  range scales  are shown

at  the top of the  f i g u r e . )

I t  can now he seen , from the  f i g u r e , tha t  the  f o c u s i n g  d i f f i c u l t y  fo r
a maximum range of 10 km is 2 , f o r  a r a n g e — r a t i o  of 1000 , and 1 , f o r  a r a n g e — r a t i o
ot 11).

The range sca les  a l so  g ive  an i n d i c a t i o n  of the cor responding  objec-
t i v e  d i a m e t e r  r e q u i r e d  to meet the s p e c i f i c a t i o n s .  This  is done by means of a
ni rk sh ’wing the range  co r r e s p o n d i n g  to a 0 .2m d i ame te r  o b j e c t i v e . if , as in
tl ~~’ p r e s e n t  examp le , a g r e a t e r  range  ( i . e . , 10 kin ) is needed , then the  o b j e c t i v e
d i a m o t o r  mus t  he p r o p o r t i o n a l l y l a r g e r  ( t han  O .2 m ) .

The f o c u s i n g  d i f f i c u l t y  a s s u m i n g  the use of up t o  s ix o b j e c t i v e s  is
shown in F i g u r e  4 . 1 4 , and shows the  t r end  as the  number of objectives is
i n c r e a s e d . It  can be si en t h a t  the use of m u l t i p l e  o b j e c t i v e s  s u b s t a n t i a l l y
reduce s  the f o c u s i n g  d i f f i c u 1 ~~ , ~ i th  the bi ggest  r e d u c t i o n s  o b ta i n e d  on conver-
s i o n  f r o m  a s i n g l e  to a du d i , or t r i ple , o b j e c t i v e  system .

TABLE 4 .1
DETECT I ON C R I T E R i A  FOR A 2m M I N 1 MPM I ) 1MENS ION TARGET

J - - - - - 
( A )  (S ) 

-

TV L i n e s  C r i t i c a l  Focus D i s t a n c e
Di scrimination W Critical

p i r  m m kmLevel c / rn  Aperture
- D i m e n s i o nI (M) = 4 pm 10 pm

- ~~~ - - —- - - -~~~-- — — —  —~~~~~~~ 4~~~~~~

ion ‘ 2 2 2 250 100

Or i e n t a t  i ’r i 2 . 8  2 .8  1 . 43  127 51

Re~ o gn i t 1o n  8 8 0 .5  15.6 6 . 2 5

L 1de~~~i l  iuati on
f 

12.8 fU . 8 L~~~~3 i i  6 .1  
~~
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Figure 4 .14  FOCUSSING DIFFICULTY USING UP TO SIX OBJECTIVES
(SPATIAL RESOLUTION SPEC)
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‘ I

In some cases a system (with one or more objectives) may be desi gned
to perform a specific target detection function up to some maximum range R. It
may additionally be required that the system be kept in-focus , using the last
(longest range) objective , for all ranges from R (the nominal “maximum”) out to
infinit y . The spatial resolution will not , of course , be mai ntained bu t ,
subjectively, the system should appear to be sharply focused a t these larger
ranges.

The d ifficulty In performing this additional focusing task will be
estimated in terms of the additional number (M ’) of fixed focus steps required .

From equa tion (4 .13):

M ’

=-— (for” ’~’)r

where r is the minimum range for this additional focusing region — which is , of
course , the maximum range (R) for the nominal region .

From equation (4.17):

= R/S

N ’ = “/r = R/S

The additional focus difficulty is thus F~

wher e

F~ log
2 

(R/S)

The total focus difficult y , including th is addi t ional componen t , is shown in
Figure 4.13 , as a dotted line . (There is no additional focus difficulty when
R ~ S. )

Ap21 icat ion

To illustrate the application of these results, consider the problem
of focusing a FLIR from l Oin to 10 kin for the identification of a 2m target , using
a 10 pm FLIR. From Figure 4.13, it can be seen that the minimum focusing diffi—
c u l t v  i s
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I

f The critical aperture (A ) and the critical focus distance for this
example are given by Table 4.1. ~

A = O.3 lm
0

= 2.44 km

The actual aperture diameter (A) can then be derived from equa-
tion (4 .22) :

A/A = R/S
0

i.e.,

10A = 0.31 x

= 1.27in

Figure 4.10 shows that p 2 for a range—ratio of io3. With this
value of p, the range—ratios and power—ra tios for a three—lens system meeting
the focusing specification can be read—off from the same f igure (or can be
easily calculated):

~1 
I’l2 = 1 + 0  = 3

a
2 

p
23 1+ 1+ p ) 7

0
3 

= P
34 

= 1 + p (l ÷ p)(l + p (1 + o ) )  = 43

Thus the optimum three—lens system to meet the specified focusing requirements
is:

A1 
= 1.27m diameter; ranges 10 km — 3.33 kin

A
2 

0.42m diameter; ranges 333 km — 0.47 6 km

A
3 

= O.06m diameter; ranges 476m — u r n

The range ra tio (a) that can be covered by a given lens is given by

o = 1 + MR/S 1 + MS/R

where M is the number of fixed focus steps involved .
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I
That is

M = ~~~~(n — ‘ )

For the first lens:

‘S = R
2/S = 

2.44 
40 km

R - 10 k’n

• 100
M = ~~ —~~~x 2 ~~~ 8

The individual range—ratios for this lens are given by

0 1~~~~~~/ 6 1 f M X l O  l + M / 4

That is

1.25 (10 km — 8 kin)

0
2 

= 1.50 (8 km — 6.67 kin)

= 1.75 (6.67 km — 5.71 kin)

0
8

= 3  (3.64 km — 3 . 3 3 kin)

For the sec ond lens (A2 )

2
= 4.5km

R 3.33 km

M — (a — 1) = x 6 = 8.2

4—38
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I
4 1 The individual range ratios for this (second) lens are given by

1 + M R / S  = 1 + in 1 + 0.75m
m 4 .5

That is

= 1.75 (3.33 km - 1.90 km)

— 2.5 ( 1 . 9 0  km — 1.33 km)

0
3 

= 3.25 (1.33 km — 1.02 kin)

0
8 

= 7 (0.533 km - 0.476 kin)

For the third lens (A3)

= 
(0 476) 2 0.093 km

0.476 kin

0 = 43

: M (a — 1) = ~:~~
6 x 42 = 8.19

The individual range ratios for the third lens are given by

o = 1 + MR/ c = i ÷ m 0.476 1 ÷ 5.25tn
m 0.093

Tha t is

= 6.25 (476m — 76.l6m)

= 11.5 (76.16m — 41.4tn)

0
3 

— 16.75 (4l.4m — 28.4rn)

0
8

43 (12.6m—llrn )
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This example has iliustrated a very difficult focusing task .
(Corresponding ly, the system f~ question has a very large aperture diameter
(I.27m).) The focusing diffi c ult y , and the aper ture diame ter , can both be sub—
stantiall y reduced by limiting the maximum range (R) to 2.5 km with a range—
rat to (-1 of 100 , and w i t h  ex t ens ion  of focus ing  f rom 2 . 5  km to i n f i n i t y  at
constant—angular (reducing—spatial) resolution .

Fr om FI g u r  4.13 , It can be seen that the focusing difficulty is now

F
0 

3

EquatIon (4. 22) gives the new aperture d iameter

A/A = R/S
0

i.e.,

A = 0.31 x 2 4 4  
= 0.317m

From Figure 4.10, the value of p corresponding to a = 100 is approxi-
mately 1.25. The power ratios are then given by:

0
1 

= P12 = 1 + p = 2.25

= 

~
‘23 1 + p (1 + p ) 3.81

(
3 

= P34 
= 1 + 0(1 + p) (1 + p(1 + o))  = 11.72

Thus the optimum three—lens system meeting the new focusing spec is

A
1 

= O.317m diameter; ranges 2.5 km — 1.11 km

A
2 

= O.144m diameter ; ranges 1.11 km — 0.291 km

A
3 

= O.040m diameter ; ranges 291m — 25m

The semihyperfocal distances for the three lenses are

= f-~-j~- = 2.56 km
2

1.11
‘2 2.44 

— 505m

0.291
2

6
3 2.44 

— 34.7m
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I
The range ratios that can be covered by a single (fixed—focus)

posi tion f or each lens , compared wi th the range ra tios requi red , are

= 1 + R
1
/5

1 
= 1.98 (2.25 required)

2 
= 1 + R

2
/(5
2 

= 3.2 (3.81 required)

(7
3 

= 1 + R
3
/•5

3 
= 9.39 (11.7 required)

The range ratios that can be achieved are almost sufficient. If two
fixed—focus positions , per lens , are used the required range—ratios can be
exceeded . Thus the focusing difficulty, in this example , is intermedia ted
be tween

log
2

(3) = 1.59

and

log
2

(6) = 2.59

One more fixed—focus position (of the largest lens only) will extend
to focusing range from 2.5 km to at constant angular resolution . Thus the
total focusing difficulty lies between

log
2

(4) = 2

and

log
2

(7) = 2.8

4.6.4 Axial Image Disp lacemen t

It has been seen that an object can be kept In focus , as it moves
from a maximum range R down to a minimum range R/o , by M fixed—focus steps ,

where

o — 1 + MR/A

and ~ is the semihyperfocal distance given by

6 = A2/2xA

The magnitude (AU) of the corresponding axial mot ion of the image will now be
derived .
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I
Let U be the image distance when the object is at the maximum

range (R). Then

1/U = 1/f — h R

where f is the focal length of the optical system .

Le t U’ he the image distance when the object is at the minimum
range (R/o). Then

1/U ’ 1/f o/R

i.e.,

U — U 
— 

o - 1 
- 
M

UIJ’ 
— 

R 
- 

0

Since

UU ’ ‘~~ f2

Mi — u ’ — u = 
Mf 2 Mf 2 2 x A 

= 2 x A

where F is the F/# of the optical system .

This equation shows that the axial image motion is the same (2 x AF
2
)

for each of the fixed—focus steps.

It also shows that if the system Is not refocused at each fixed—
focus step , the diameter of the defocus blur increases by 2 x A F per step .

The angular size of each pixel is ‘~ in angular units , and fa in
spatial units (at the focal p lane).

Using the relationship

it follows tha t the pixel dimension is

KA f

Thus the increment in defocus blur per focus step (with the system not being
refocused) is

2x A F 2x ,~~2KAF K

pixels per step.
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I
SECTIoN 5

( ;ONTRAST ENHANCEMENT , SHADES OF GRAY

A s e r i o u s  l i m i t a t  ion  of F L I R  sys t ems  is the dynamic range of the
d i s p lay—eye  i n t e rl a c e .  The F U R  video may con ta in  scene t e m p e r a t u r e  i n f o r m a t i o n
over a d ynamic  range of several hundred to one (scene—temperature--range/NETI)) .
The CRT display, however , can show onl y a relativel y small number of distinguish-
ably different shades of luminance. The r e s u l t  is t ha t  e i t h e r :

(1) the CRT—gain (“contrast ” control) can h~ reduced to avoid screen
s a t u r a t i o n  at the cold and hot  ex t remes  of the  FLIR image —-- in
which  case the  eye w i ll not  be ab le  to d e t e c t  small  t e m p e r a t u r e
d i f f e r e n c e s  in the  scene ;

(2) the  CRT— ga In  can be set hi gh so t h a t  the  eye can d e t e c t  ( f o r
examp le) a 0 .2 ° C t empera ture  change —— in which  case much of the
scene may s a t u r a t e  the d i sp lay  ( in to  peak w h i t e  and b l a c k ) ,
the reby  making  any t a rge t s  in these  areas t o t a l ly i n v i s i b l e ;

(3) the  opera tor  must  cont inuous l y a d j u s t  h is  screen bri ghtness and
con t ras t  c o n t r o l s  p e r f o r m i n g ,  In e f f e c t , a “ l e v e l — s l i c e ”
search —— in which  case the  ope ra to r ’ s workload , and a lso  the
t ime taken to a c q u i r e  a t a rge t , are increased .

This dynamic range problem is particularly significant for rapid target
acquisition in a single place aircraft. The dynamic range problem will become
even more severe as FLIR sensitivity is increased in next—generation systems .

5.1 AREA ALGORITHM

One app roach to this problem is :hat between adjacent large ~~ 10

on the disp lay) areas the eye can detect luminance differentials of less than
1 percent , whereas between adjacents small (— 1 minute of arc) areas the luminance
differential must be greater than 20 percent for detection (Figure 5.1).

This suggests the following principle :

The NETD of the FLIR should always be d isp layed as
a just discernible luminance change .

In other words the CRT gain (percent luminance change per degree centi-
grade) for large areas should be much less than for small areas . The limited
dynamic range of the CRT can then be made to cover a much wider range of scene
temperatures.
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2 — NU~ThER OF JUST DISCERNIBLE — 0.5
1 SHADES PER LUMINANCE DECADE

( 6 . 5  SHADES OF GRAY )

1 — 0.96

- 10

0 
60

øc 0 _ 
3

.~~

—1 _ _ 24

232

I I I I
—2 — 1 0 1 2 3

Log L (cd/in
2
)

Fi gu r e  5 .1  EXTR A POLATION OF THE MEASUREMENTS OF BLACKWE LL : I - SECOND EXPOSURE
OF A CIRCULAR TEST OF WHICH THE APPARENT D I AMETER ( I N  MINUTES OF
ARC ) IS No-rE !) ALONG EACH CURVE . THE PROBABILITY OF CORRECT ANSWERS
IS 50%. ABSCISSA : DECIMAL LOG OF THE BACKGROUN D LUMINANCE.
ORDINATE : THE CONTRAST OF rHE OBJ ECT COMP ARED TO THE BACK GRO~JND .
(TAKEN FROM FORM AND SPACE VISION BY YVES LeGRAND )
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I

the F U R  image ot the scene Is regarded as a series of equitemperature
contours Tix ,v). The screen luminance function L(x ,y) is chosen (for example)
as

1( x ,v )  = k ) . T (x ,y_) (5.1)

~~~~~~~ 
L(x ,y)

where I. is the change in l u m i n a n c e  be tween the  T and -r + dT equ j i eirp crat ore
con tou r s , A is t h e  a rea  of t h e  ‘1 contour , and k is a c o n s t a n t .

The a d v a n t a g e  of  t h i s  area al g o r i t h m  is t h a t  t h e  l ar g e  area contours ,
w i t h i n  wh ich  most c t  t h e  l~’rge tempera ture  excursions w i l l  gene ra l ly  f a l l , can
he d i sp layed at  low ga in  and ye t  w i t h  the eye able to resolve  the NET !) . in
this ~av, dynami c range Is conserved (no t  w a s t e d )  (Fi gure  5 . 2 ) .  The eye is
able to resolve the det a il, and saturation is avoided . With -in small contours ,
the CR 1 gain is hi gher t o  compensate for the lower c o n t r a s t  s e n s i t i v i t y  of the
eve f o r  smal l  a reas , so t ha t  here also , the eye can r e so lve  the NETD ( F i g u r e
5 . 3 ) . Howe - r , w i t h i n  smal l  contours  the  range of t e m p e r a t u r e  e x c u r s i o n s  w i l l
g e n e r a l ly  be much less so that saturation will not  occur , in sp i te  of the  hi gh
g a i n .

If  the small  con tour  t e m p e r a t u r e  excurs ions  s h o u l d  he ve ry  l a rge ,
then  the  CRT ga in  can be reduced (as part of the algorithm) since i n th a t ca se
i t  w i l l  not  be I m p o r t a n t  f o r  the  opera tor  to be a b l e to reso lve  the  NET !)
w i t h i n  ~he small contour .

This a l g o r i t h m  is , in some ways , s imi la r  to a hi gh — f r e q u e n c y  boost
(or more a c c u r a t e l y ,  l o w — f r e q u e n c y  a t t e n u a t i o n ) .  However , t he re  Is a funda-
m e n t a l  d i f f e r e n c e , In t h a t  t he  con tou r  al g o r i t h m  reduces  the amp l i t u d e  of l a rge
area c o n t o u r s  w i t h o u t  gene ra t ing  leading,  or t r a i l i n g ,  ed ge sp ikes  (F i gure 5 . 4 ) .

5. 1.1 P r a c t i c a l  I m p l em e n t a t i o n

A gener a l al gorithm , as In e q u a t i o n  5.1 , may be d i f f i c u l t  to m i le-
rn ent  p a r t i ( u l a r l y in real time . The following simplificat I n s  are noted , as a
basis for practical implementation :

(A) Only Small Contou r s  Need Be Con si dered

I t  is ev iden t  f rom Fi gure  5 .1  t h a t  the  g r e a t e s t  v a r i a t i o n s  in c o n t r i s t
s e n s i t i v i t - ;  f a l l  into the lower range of c o n t o u r  s i z e .  This is shown in the
t a b l e  be low :

L = lO cd/m 2

Size : M i n u t e s  of arc  ( - p i x e l s )  C o n t r a s t  Sensitivit y (p e r c e n t )

60 0 .6
10 1

4 l.t~
2 5
1 16
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I

By app lying the proposed princi ple over contours up to 61; min utes ,
w i d e  a d y n a m i c  range gain ot 16/0 .6 27 Is o b t a i n e d . However , if  t he  p r i n c i p l e
is app l i &d only ove,- c- ci t ours up to 10 m i n u t e s  of arc wide , most of this
dy n a m i c  range ga in  ( 16 : 1 )  is preserved . i t  is obviousl y much easier to analyze
contours  up to onl y a 10 x 10 p i x e l  s ize rather than over a 60 x 60 p ixel  range .

In the  l i m i t  lnp case , if the  p r i n c i p le is a p p l i e d  onl y over 1 — p i x e l —
con tours , a u s e f u l  d y n a m i c  range  ga in  of 3 . 2  ( 1 6/ 5 )  is obtained , and imp le-
mentatIon becomes ver ’ s i m p l e .

(B) One DIm~ns1onal Implementation

The CR’r gain adjustment can he based independentl y during each raster
scan l ine , upon a one d imensional  e s t ima te  of contour  w i d t h .  The advan tage  is
s i m p l i c i ty , since t h e r e  Is no process ing of a d j a c e n t  l imes , whIle comput i i i ~~: t he
local ga in  a d j u s t m e n t .  The d i sadvan tage  is t h a t  small ob j ec ts  w i l l  he h s t o r t e d
due to varying CRT gains for different parts of the same contour.

(C)  Simp le Extens ion To ‘Iwo Dimensions

By considering the relative video level in the two adjacent scan
lines (using storage registers , video delay lines , or special focal p ld:lt lay-
out), it is possible to determine whether or not the current—line measure of
contour width should be increased to reflect a more accurate measure of contour
size then can be derived (independently) on each scan line . This correction
m i g h t  be sufficient to correct for the small—object distortion noted in (B)
above .

(D) Focal Plane Processing

Since the proposed a lgor i thm involves , essent ia l ly ,  an area opera t ion
i t  may be easier to implement by an appropriate distribution of detector elements
and pr ocess ing elec tronics at the focal p lane.

5 .2  NUMBER OF RESOLVABLE SHADES

Let C(L)  be the cont ras t  s e n s i t i v i t y  of the eye fo r  viewing a c e r t a i n
test arec That is, the test area is just discernible if d isplayed w i t h
luminance L + ~L against a background of lum1nance L where

C(L)
L

i.e.,

L + ~ L 1, (1 + C ( L ) )

Let dN be the number of discernible luminance levels between L and
L + d L .
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I
Then

(L + dL) = I (1 + C) dN

log (L + dL) dN log (1 + C) + log U

l u g  ( 1 + 
~L) = dN log ( 1 + C)
L

i.e.,

dl. = dN log (1 + C)

Assuming that C Is constant

log I ’/L  N log (1 + C)

i . e . ,

N = 
log (L ’/ L)
log (l + C)

where N Is the  number of resolvable luminance levels between L ’ and L and where
C Is the  con t r a s t  s ens i t iv i ty  of the eye . Typical  values of N ar~i g iven in the
following table:

Number of Discernible Shades per Luminance Decade

L ’/L = 10

Size minutes of arc Log10 C C (percent)* N(per decade)**

60 —2.2 0.6 384
10 —2 1 230

4 —1.8 1.6 144
2 — 1.3 5 47
1 — 0 . 6  16 16

*for L 10 cd/rn
2
, taken from Figure 5.1

**A decade of luminance is equivalent to approximately 6.5 shades of grey

Values of N (per luminanc2 decade) are shown in Figure 5.1.

5.2.1 Effec t of Ambient IlluminatIon

I f  t i e  screen luminance  due to ambient  back ground Is L 0 then the
e f f e c t i v e  con t r a s t  sens i t iv i ty  (C ’) is decreased :

C ’
~~~~~&
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‘ I wh ere
dL dU L + L Q

- L + L O L U

Is the true contrast sensitivit y

i.e.,

C ’ = 

~L +

i.e.,

log C ’ = log C + log ,~~~~ ± L)

I t  is ev ident  t h a t  the  c o n t ra s t  se n s i t i v I ~~v f a l l s  off very rap idl y
once the screen luminance falls at , or below , t h e  background  luminance  L 0 .

5.3 ~HADES OF ( ; R F Y

A s h a d e — o f — ~~r ev  is d e f i n e d  as a Y~ i nc rement  in d i s p layed luminance
(Reference 5.2). A shade—of—grey is not a just discernible contrast.

The contrast threshold of the e ve  (a j u s t  d i s c e r n i b l e  f r a c t i o n a l
change (dL/L) in displayed luminance (L)) Is a function of both the luminance
and of the size of the t e s t  area . It  ‘var ies f rom less than 1 percent to
i n f i n i t y .

The d ynamic range of a d i s p l a y  Is  the  r a t i o  of the  peak luminance
(L max)  of the  d I s pl a y  to the  luminanc e (U m m )  at which  t h e  c o n t ra s t  sensi-
t i v i t y  of the eye become negligible. The r at i o  L max/L  m m is expressed as
shad e s — of — grey:

L maxS h a d e s— o f — ~ rey 1/2 log 2 ~L min~

8 For example , 8 shades—of—grey  corresponds to a luminance ratio of
(Y’~) = 16:1.

I. mm Is determined by the ambient back ground and by cross—coupling
f rom the l igh t  to the d a r k  areas of the display . It  Is of less p r a c t i c a l  si g-
nifi cance tham L max: a decade of improvement in L max would he much more use—
ful than a decade improvement (reduction) in L m m .  This is because the
contrast sensitivity and resolution of the eye both fall—off with decreasing
luminance.

In night opera tions , U max may have to be limited to preserve dark
adap tation . A color (phosphor) choice optimum for dark adaptation may not be
op t imum for luminous e f f iciency, aga in limi t ing I . max .
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I
Typ ical  va lues  fo r  L max vary  f r o m  50—foot  l amber ts  (home TV) to

1000—foot lamberts. Shades—of—grey vary from 5 (home TV) to 8—10.

5.4 APPI .  I CAT ION OF OCULOMETER

A totally different approach is now described that may allow the
v iew er  to see the full video dynamic  range , w i t h o u t  con t inuous  a d j u s t m e n t  of
the screen controls , and without saturation of the disp layed image .

An Oculome ter  Is a s soc ia t ed  w i t h  the d i sp l ay  to a u t o m a t i c a l l y  i n d i c a t e
to the sys tem the coordinates (X ,Y )  of the viewer ’s fnstantaneous point—of—
f i x a t i o n  on the disp lay screen.

Compara to r  c i r c u i t s  ( F I g u r e  5 .5 ) o p e r a t e  on (X e, Y e ) and on the  r a s t e r
voltages to define the i n s t a n t s  d u r i n g  w h i c h  the Fl . I R r a s t e r  scan f a l l s  w i t h i n
the fixated region (Xe±~ ,Ye±~). The FU R  video is clamped to the average value
of the video within the fixated region so that the fixated video always falls
at the center of the CR1 dynamic range (Figure 5.6).

When t h i s  spec i a l l y  clamped video is d i sp layed  a t  f u l l  gain , the
screen w i l l  never s a t u rat e  at the  viewer ’s i n s t a n t a n e o u s  p o i n t — o f — f i x a t i o n .
Howev er , at other points on the screen , which will be seen by the viewer ’s
perip heral vision , saturation may occur which may cause annoy ing flicker.

Accord ing ly ,  the ga in  of the d i sp layed  video is local l y reduced , as
necessary ,  to avoid s a t u r a t i o n  of these per iphera l  areas.

The gain—reduction control—signal is a low resolution “video ” signal
readout (in synchronism with the FU1R raster) from an “image ” storage medium
(e.g., CCD array).

The effect to the viewer of the system (Figure 5.7) will he:

• high contrast disp lay of the FU R  image at the point where he is
looking .

• no saturation of the video anywhere on the screen ,

• local ized  gain ( i . e . ,  con t ras t )  reduct ions  in very hot  or very
cold reg ions of the scene that are currently being seen by
peripheral vision. Any such peripheral gain reductions should
not be noticeable , since the contrast sensitivity of the eye is
lower for peripheral vision than for foveal vision.

• In  o t h e r  words , the viewer should see the f u l l  d ynamic  range of the
video even though t h i s  m i g h t  g r e a t l y  exceed the d ynamic range of the CR1.

• A number of parameters are associated with the technique that has
been descr ibed :

• The size (21 x 2b ) of the “fixated—region .”
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FIXATE D REGION

/ 

( X ± 6 , Y ± 6 )

MONITOR 

- 

1 ~~~~~~~~~~~~~

SCREEN

RASTER ~~~~~

FROM X _______

OCULOMETER Y COMPARATOR V
e 0~

FROM CIRCUITS
FLIR SYNC 

_______________

V “1” (X - 6 < X < X + 6 AND
C e R e

Y - 6 < Y  < Y  +6)e R e

V — “0” OTHERWISE
C

Fi gure 5.5 DEFINITION OF FIXATED REGION
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BRI GHTNESS

____________- - _______________ 

~~~~~~~~~ 

CLAMPED

SF: START F I E L D  PULSE

DYNAMIC
RANGE OF

CRT

FIXATED
REG ION

(V
c
.”l”)

Fi gure 5.6 VIDEO CLAMP
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I

I • The resolution of t h e gain—controlling “image ” as stored in the
C(’i). Relatively low resolution may be desirable —— i .e , a small
hot spot in the scene should cause a smooth gain reduction ove r

I a r e l a t i v e l y  l a rge  area .

• The time—constant of the storage medium holding the gain—
con trolling “image.” That is, the time taken for the gain.

(a) to be reduc ed , in a per ipheral area , to avoid
saturation

(b)  to be restored to normal in a j u s t  f i x a t e d  region
tha t  had previously been a s a t u r a t i n g  peri pheral  area .
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A P P E N D I X  A

IMAGE MOTION

I n  S. -c t i o n  3 a t e c h n i que  i s  d e s c r i bed  f o r  p l a c  i n g
~~~~~~~~~~~~~~~~~~~~~~~ moving  video frames in reg i s t r a t i on . This
A ppendix o r i s i d -  rs the limits that must be p laced
upon t h e i r n i ~~- m otion and  the  1,r a c t i c al  si g n i f i c a n c e
o: su ch I m i  t s  -

M o t i o n  L i m i t s

If successive frames of moving video i m a g e ry  are to be put into reg istration
t h e n  c e r t a i n  l i m i t s t i > n s  must he app li e d to the scene m ot i o n .

For exa mp le , the  s re ne disp lacement per frame must o b v i o u s l y be l e ss  th~1n one
s c r - - ’m w i d t h , s i n ce  o t h e r w i s e  t h e r e  would  he no o v e r l a p p ing  s cen e  area  w i  t h i n
t h e  t wo su c c e g s i v ’ - f r a m e s .  U n l e s s  t h e r e  is some o v e r l a p ,  t h e r e  is no means ,
by video p r o c e s s i n g  of t he  two f rames , of d e t e r m i n i n g  the  actual disp lacement
n eeded to put  t h e f r ames “ i n t o  reg i s t r a t i o n ” .

These  c o n s i d e r a t  i o n s  se t  a l i m i t  to t h e  m a x i m u m  l i n e a r  scen e v e l o c i t  v in  the
x and v d i r e c t i o n s .

The r eg i s t  r a t  ion s e n s i n g  t e c h n i que  t h a t  is  d e s c r i b e d  i n  R e f e r e n c t  3. 1 is ,
ess entiall y ,  a nu l l ~o-n sin~ techni que. That is , once the a d d r e s s  m o d i f i c a t i o n
is found , it is u s d  to p lace  s u c c e s s i v e  f r a m e s  i n t o  reg is t r a t i o n . S u c c e s s i ve
fr ar ii ~~, r eg i s t e r e d  in  this way, are then processed to detect any sli ght mi ss—
regis !ration that mi ght exist. Any such miss—reg istration information i.c used
to appropriat el y up dat e the currently assumed value of tile address modification .
Thi s up—dat ing is not a t o t a l  ( o n e — s h o t )  c o r r e c t i o n  but  a c h a n g e — i n — t h e — r i g h t —
dir ection. T h u s  the correction process will take several frames.

Consi’qiient l y, .i siidd,.n , large , change in the frame—to—frame disp lacement w ii ld
disturb the registr ation system , because the assumed address modification would
then h~ si gnificantl y in error , and it would take several frames for this error
t o  h~ ,‘,,rr .- ted. This kind of disturbance is caused , not by image velocit y ,
but by image .i~ - ,-I e r at i o n .  I f  the image moves at a constant velocity, the
address m n o diti it ion is constant. Once it has been found , successive frames
ar’ ,iiw avs put in to i~x .- i ct  reg istration until some acceleration occurs.

A c o r I i n g lv , •i l i m i t  ca i i  he set  to the unpredictable image acceleration , on
the basis that the res ultsn t reg istration errors (of successive frames) are
kept snail ( ~~IZ of screen width). In this way the blurring effects of the
r i g i s t r i t i u n  error a r -  mi nA m i zed and the error can be quickl y , and unamb iguousl y,
corr . u ted . En a simi la r way, limits can be set for the rotational velocity
and r - ’tatioiial acui’le ratio n o~ the scene image . These motion limitations are
summarized in Tabie A.I

(The general address m odi ficat ion , as derived in Reference 3.1 involving 8
scalar parameters , covers a ll types of image motion di e to translati o:i and
rotati on of the image sen so r  relative to the p Iano 1 the Seen.’ . For examp le ,
aspect and magnification changes , as well as simp le image translations
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I - t h e  ca r - - 0  a ii) f;e S- - n s u r , t h e  I i r n i  tat i )n s on s c -  in- met I o n , shown i n  l - d I-
A .  - , m i - p r - - r e n t  I i t t  to or no practic a l restraint on o p e r . i t  i o n .  A t  t h e s e  l i m i t i n g
m a t - -s  o f n t  ion , t he  o l i r l i n  n o r - i t em h i m s e l t  w o u l d  (Il- ri v on v m i n i m a l i n f - r~n - i t  i on
f r o m  t h e  m o v i n g  im a r - d i s p i .‘- I h a t  i s , t h e  o p e r a t o r  l i m i t  f r  s c e n e  m o t i o n
is ~- q i i ; i l l v , or nor - r estrictive , than that of the reg i stration — system lt m ~ t
‘ii sc .-n.- notio n -

For a 3 t ps sensor , how- -v .-r , lab Ic A. I shows that t i m e  r - g i s t  r a t  t on  s v st -m
c - l u  j r ’ s  r - l a t  i v e l v  S l - ) w - U i - v i ng scene inaoer - It  can  he seen t h a t  t h e se  I -w
rat “ - c r  respond , more i -ar l y , to  tb - i t t i ded by t i - - op e r a t o r  t o r  e f f e c t  iv-
ta r~ .-t search and r e - o g n i t  ioc j For this ( a n d  o t h e r)  r -asons the FUR wil l
gen ’- r i l I v  II  m o u n t e d  o mi  an i n - r i  i n i l y s t a b i l i ze d p l at  t e r m s  w h e r i  i t  i s  t i  he
at  il i ,.- d in a last , or r a p i d l y m a n e u v e r i n g ,  v e h i c le . In  t h i s  w ay  t h e  F U R
s - n s ” r  can  he a i nmost  t r  all y m s o l i t e d  ( t o  t h i i ~ or der  o f p ixel or less) fr in
the angular ( -iz im mi th and e l ev a t  i o n )  not ion ot the veh ic Li - A p l a t  I orm s - n - a r
sv s t e m  in i l  so h . .- - i g in - - t o  s t a b  i I i  z -  a g a i n s t  r o l l  mot ion , a l t  hou~’h th i s
f e a t u r e  i s  i t t  ~—n n~i t  p r u v i  I d  -

Au ~i c r t i a i l y  stih i~ ized i latforrn can isolate the sensor from :-~--y ir c . d i s p l a c e —
mert: aus&-c 1 by angular , b~it not (by itself) from the translationa , r o t iO f l  ~- i

t ru e aircraft. To i l l u s t r a t e  t h i s , f o u r  m ission scenar ions  a re  S ii O ’ ~~ i I~~~ ~l - r r e s
A l , L~.2 , A . 3 and A . 4 . For example the vertical motion of the helicopter , Li

c PO;~~~~j maneuver , w U l  cause the scene image to move in the  v e rt i c a l  d i re c t i o n .

Scen,- i n i ~ i~ m o t i o n  d i i - t o  a i r c r a f t  t r a m i s i  a t  ion r e lii i i v -  t o  t h e  s c e n t -  can he
coinp --n sri t i d—for if t i -  aircraft v - l o  itv acc ierat i o n  a m i d  posit i~~ n arc k. ’s : u
r - - l a t i v e  i - u  t i . -  s c n -  Such informa t ion r u i n - .- b a v a i l a b l e  f r o m  t h e  a i r c r a f t
n a v i  - r u  i o n , I sy s t e m , I ron a r a n g e f  i n d e r  , and I r u m  operator i n p u t s  of ~s t i m a t . - d
t a r g e t  c i t  i o n  F r  t h e  p u r p o s e  of  t h e  p r u r i e n t  d i  s c r i s s  ion  i t  w i l l  he a s s u m e d
t n a t  u , l  I s u c h  n a v i g i l  i o n a l  i n f o r m a t i o n  b e ar s  -i 10% e r r o r  - so t h a t  i t s  O H - h ea t  ion

t o  ~~u i t  i n n  i c a l l  v St  - i -  r t h e  p lat form so as to  c o m p e n s a te  f o r  a i r c ra  t mot i o n )
cot ,  i t  r .- d u m t - .- t h e  d i sp l a y e d  scene  v - b c i t y  a n d  r i c c - l e r a t  i o n  b y a f i r  t ir  of  10 .

~ i t l i  t h i s  - i s s u r n p t  m u  T a b l e  A 2  s l i m r i u n u i r i z , - s  i i i .  app l i c a b i l i t y  i t  a 3 i ps
r eg i s t r i t  i o n  s y s t e m  t o  t h e  f o u r  sc - I l - t r i o s  c o n n i i I e n t -d , w i t h  a m i d  w i t h o u t  t h e
use of - i i r c r i t  t m m r i V m ~~’ ;u t i o m u i  1 i n f o r m a t i o n .

Ta h l - A . 2  i s  i i  l i ~. t r a t  i v . -  e m i l y ,  to  show t h e  p o s s i b le  r in g e  o f  ap p l i c i t i e n  of
m r . -  p a r t  j t  m i l a r  r~~gI  s t  r . i t  i n n  s y st . - i n  app b i ca t  ion — n o r m - - t v  the 3 f ps s, - n s c r  c on c e p t  -

I t  m a y  he recall ed t h a t  t o m  a bO I p s s e ns or , t i m e  i m n a g .  m o t i o n  r - - s t r  i c t  i n  ( f o r
r *-g i sir - i t ion) i s mu c h  I -ss  s i r  i n g . - n t  - R - c .  i st  r i  I i itil , w i  i b m  i 30 f ps se n s o r ,
i s  app l i c a h l . -  i n  - i ll four c itieS w i t h o u t  the ‘n e  of  a i r c r a f t  d a t a
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i t I APPENDIX B

EFFECT OF FRACTIONAL PIXEL ERRORS

B l  I NTE GRATION

To integrate a continuous image f u n c t i o n  V (x , y )  In d igital r - -or y ,

i t  must  f i r s t  be samn~i~ ed into a discrete array :

ff V ( x , y )  dx dy

where the range of integration is:

(M-i)  < x < (M+1-i)

-
~~~ ( N - j )  < y < (N+1-j)

w h e r e

1 < I < H

1 < j < N

This  corresponds to a discrete representation of V over an H x N pixel  a r ray
w i t h  screen dimensions D x F.

Consider the particular case of a sinusoidal image , given by

V(x ,y) — A sin (x+~)

where ~ is an x displacement that will vary fromn frame—to—frame (That is, ~
will represent the motion of the image). This sinusoid is at f cycles per

frame width .

Let V
1~~

’, V
1~

2 , V~~~
3 be the discr ete arrays corresponding

to -~ values 
~~~~ ~‘2 ’  -

~ 
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If the c~Isplacemen ts 
~~~~~, ~~~~~~ ~~~~ 

- . . .etc correspond to exact inte-
gral ciiargm-s in i, that is

- INTFGR AL MULTIPLE OF =

(where  C.i is an integer ) then the various arrays V
1~~

’, V
1~~

2 , v
1~~~

, e tc

can be put  In to  exac t  r e g i s t r a t i o n  by an Integral  s h i f t  (address m o d i f i c a t i o n )
in 1.

In general , however , the change ~~ in ~ be tween frames w i ll no t
cor respond to an In tegral-value  change In i. Then the arrays (V .~~F’)~ can
never be put  into exact  reg is t ra t ion.

By choosing the closest integral value change in I be tween the
arrays (corresponding to the actual disp lacemen t t-.~~) the best possible
registration of the arrays is obtained .

The image degradation resulting from this compromise (i.e. inexact)
registration will now be derived .

The d i sc re te  samp le V
1~ is g iven by :

— ff A sin (x+~ ) dx d y

DA [ j (x+)~~~ 1 r
- 

[
C0s2TT 

D ] ~
where the range of in tegra t ion is

(M- i) < x - (M+l-i)

(N- j )  < y < (N+l-j )
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I
Thus

— -

~~~~~~~ 

~ ~~~ ~~~ { ~ (M+l—i) + 
~ J

— cos 4~~~~~ {
~ 

(M— i )

- 

2A sin (M-1+½) + sin

As ~ changes , in tegra l  changes in I can be made to approximate ly
compensate (I.e., to match the x shift). However , there will , in each case ,

be a residual component of the angle that cannot be compensated for by

an i-shif t. This residual angular error will , in general , be uniformly (randomly)
dis tr ib uted and can ~e represen ted by

6 . - -
~
-
~
- c~~(K)M

where - 1 < ci. (K) < + 1

Then the sum ( i . e . ,  average) of the approximately  reg is te red
arrays  Is

V
13 ~~~~~ 

~~
‘T~~N 

sin {-

~ 
(M-I+~ ) + sin

The mean value of V . (over the random distribution of 0 ) is
K

given by :

- 

~ 1N 
sin ~~~fsin ~~~~ (M-i~~) -fO J 

{21
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1

-f-~T f
= sin ~ cos (M-14 _u ) + 0~

_________ 
N

2~rf
M

IJEA ~cf sin ~~~ sin ~tf
— sin — - — (M—i+½ ) ——

M M M
in

M

The attenuation of the average (V) relative to a perfectly rey is--

tered sing le frame is

V 
— 

sin inf/ M
V

R 1  
— 

vK (0 = 0) 
— 

lTf/M

13 K

This result shows that the mean amplitude of the sinucid , over the

se t of sinusoids with random f rac tional pixel errors , Is as given in Figure B.L

The aliasing freq uency f is given by :

f /M — 0 .5
in

i.,~- .

I — M / 2  (cycles/screen width)
in

The aliasing f requ ency ( f )  is the maximum spa ti al f r e quency f or

which the discrete samples (M/screen wid th) can be used to accura tely recr eate
the orig inal Input function . If the Input function contains spa tial f requ enc ies
In  excess of M/2 (cycles/screen width), the sampling process generates a fold—
over of the spatial frequency spectrum which causes errors in the recreation
of the ori gianl function from the samples.
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I

‘ 
For t h i s  reason , the sampling frequency (N) is usuall y chosen to be

t~ ice that of the highest spatial frequency in the input irnape. Under these
cc-nd it lons the attenuation Introduced by fractional pixe l errors is minimal
(Figure B.1). To further illustrate this point , the example given in Table 3.5
01 Reference Bi Is cited . This gives the MTF ’s for a typical FLIR system
In which the detector rut—off frequency (1 cy/m rad) is one—half that of t h e
diffraction—limited spatial frequency (2 cy/m rad). The overall transfer
function of this lil ~ o,tratI-’e u :-stem (including optics , detector , el ec trcri r s ,
and monitor), is plotte’ io Fi gure B.2, together with the attenuation intro-
duced by integration witi random fractional pixel errors.

It can be seen that the overall effect of the fractional pixel
er rors  is negligible.

The same kind of analysis (as that presented above) can be perfcrr-eh
In the spatial domain. Consider a band—limited , continuous-input impulse—
funct ion V(x ,y) given by:

sin inMx

V(x ,y) = 
D 

-

(N Nyquist samples/screen width D: upper cut-off spatial frequency M / 2
cycles/screen width).

Because of the fractional p ixel problem this function will smear out
when integrated many times. The mean values of the integrated function is:

— Expected Value (
~~~~~~)

( M x
sin — + cij

Expected Value E

Mx
~T

where Is distributed uniforml y over the range ± ~~~~

— ~f 
~ In +

— 1/ 2  iT [T- + cz]

r / Mx \ 1  ~~ 2
= — Si ( i n  — + a  I I

~~ L \ E 1
2
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I
where SI (x) Is the s ine  in t e ~;ral

Si (x)  ~ Sin(u~ cu.

0~
and i t s  value Is given In  standard mathematical tables.

The f u n c t i o n  ~ ( x )  is  p l o t t e d  in Figure B. 3. I t  can he se i - i .  ‘h ~it
the effect of averaging the  i m j ~u 1se  f u n c t i o n  over a set of random f r a c t i o n a l
pixel errors is only a slight reduction in amplitude (consistant with t h e
NIF degradation indicated in Fi gure B.1).

It is concluded , from these frequency and spatial d o m a in  results ,
that the effect of fractional pixe l errors is negligible ~nr the  ca s t  of
integration , in best registration , of a number of successi~-~ rm\-inF) .idIO
frames.

In  a t ’.-p i ca l  in t e g r a t i o n  app l i ca t ion  the avera ~~i I , o t  t u -  r e t  l on a l

~ ix e 1 er r o r s  w i l i  be over a r e l a t i ve ly  large number of f r~ir. es ( e . . - . . €d - i a m s) .
• so t h a t  the  d e v i a t i o n  fror- the mean value wi l l  be small .

B. 2 - E: ;l :RAT I ON OF NOV l-~ 1L~~T

The samp l ing  theorem shows tha t  a band l i m i t e d  f u n c t i o n  -an e
sa m p i e d , and then exactly reconstructed , f r o m these samp les  w i t n e ;t any err (~
at  a l l , i r r e s p e c t i v e  of any f rac tion pixel positioning of toe input. That is ,
if the input function displaces by only a fraction of a p ixel , then t i -  o : tF n t

(reconstructed) function will also (automatically) be displaced by that same
fraction of a pixel.

i~ fractio nal pixel limitation arises, however , when it is desired ¶

shift an already sampled image , by repos i t ioning  t h e  samp l e  va i i e s  w i t h i n  the
samp l e m a t r i x .

r t  has been seen that these  f r ac t i ona l  pixel  errors  average out  to
a n~-p ii F ! L i e  v a l u e  when a number of samp led image—arrays  (each w i t h  I t s  own
r a n d c r. f r ~i -  t i onal  p i x e l  err o r )  are superimposed . However , when a single
sam p l ed—Ira ~-t - - a r r a y  Is to be moved (by pixel repositioning) t h e n  fractional
pixe l er r s- , w i l l  be s i g n i f i c a n t  -

1-or example , in one app lica t ion of the r e g i s t r a t i o n  t echno logy ,  the
sensor t r ,-~rnv rate Is reduced ( e .g . ,  to 3 f ps) and the e l e c t r o n i c  system gener-
ates the missing 27 f ps by sui tably moving one sampled f r am~ In order to
sim ulate the effect of a 30 fps sensor viewing the moving scene .
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I
I n  n : c t i t c r  app l i c - i t i o n , a sarnp 1 .t- (i—I ma~~-—-ar r ay (stn re- .i n. r c-!r:ory) 2 5

be : t 5 t  i t  ic la l  l y zoomed . Thu is , y r . - 1/30 of a second , t o  s tric - i n a ;~~ Is read—
u t  from memory s-I t i . an ever  I n- r e a s l nF  ma~ n I f i c a t i o n — t y p e  of ad ress- no’. - -

cat ion.

In  tn c- se app lications the fractional pixe’ --r ror w ill ~-r ’ d u c i -  a sig-
ni  f i st  f f t - ~ t . I -or  examp le , suppose the scent- cons I St  s of  a horizoi ?.,d I inc
I p i x e l  widt - , runn i np exact y along a scan I in - The tm.:ige in : i emer ’~ would
b e as in l - l gur e  B. - + ( a ) .  Now If  the I m.ape is r o t a ted  ( f o r  :-::Lc1 Ie ) h\ ~o~~ts- ,r-
V~tfl I j - u at  ions i ts  r t - p r e se n t a t  i n n  in r. er . ( r y  becomes as in F i gu r e  it . t~

Ti ls prosier: ( i l l u s t r a t e d  in Fi g ur e  13.4) arises bc-cans -- o’ t i  lu r e
to imp l omint fractIonal pixel shifts. However , such sh i ftn can be ~n; lt r:e nt -d ,

I t x  ~- :-:amp le  the t i m e  ser ies  a cat h e sh i f t e d  b - 1/2 ix e l ~w i  t h ot .r t
n -

distortion) by convolution with t h e  t i r e  ser i e s  b
n

b — 
sin in (n+1/2)

n ( n + l / 2 )

By t r u n c a t i n g  the  ser ies  b
n 

a s imp le r  imj ~- ne-n~ .ution is obt aiu ~ d . but

wit: less f i d e l i t y .  For examp le with just two x erms ;

b
1 

— b 2 = 2/ in ,

the t r a n s f e r  f u n c t i o n  is as sr os-n in  Figure B.S. By p o i ng  t’ - ou r  terms .

2 2 2
— ~~

‘ ~

the t r .u: -Ie r function is is-proved , as illustrated in Figure B .~ -

Ia the  .- t s e of a tw o  d i m e n si o n a l  image , these convolutions n e s t  be
app l ied  In  two d i m e n s I o n s .

The s imp le  t w o — t e r m  c o r r e c t i o n  (F i gure  B . 5)  would be most easily
1;- ; ~~- r : - t - n t e d  b y a r r a n g i n g  fo r  t he  p ixel s el e c t i o n  be tween  t w  a d j a c e n t  p i x el s
(whosi- addresses b r a d — c t  the f r a c t i o n a l l y  i n d i c a t e d -  add res s )  to be a statistical
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function in both the x artd y directions of the fractional component of the
pix e l address. For example:

fractional address 3.5: actual addresses of 3 and 4 would
be equall y likely.

fractional address 3.1 : address 3 would be 10 times more
probable than 4.

Multi—term corrections would be implemented in hardware utilizing
l i n e  storage registers and high speed di gital multipliers.

A c o m p l e t e l y  d i f f e r e n t  approach to the  problem is to arrange for
tue memory-r ead—out system to generate a fractional p ixel d isp lacemen t command
(in x and y) that would constitute two additional inputs into the display inon—
i tor . These two monitor inputs would be used to displace the flying spot by up
t u  ± 1/2 pIxel. In th is way the Image in digital memory is disp layed wi thou t
any fractional pixel errors.

This l a t t e r  t e c h n i q u e  is simpler , in concept , but requires a
spec ia l ly  mod i f i ed  moni tor .
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