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Focusing

Berthold Horn

This memo describes a method of automatically focusing the new
vidisector (TVC). The same method can be used for distance
measuring. Included are instructions describing the use of a
special LISP and the required LISP-functions. The use of the
vidisectors, as well as estimates of their physical character-
istics is also ineluded, since a collection of such data has
not previously been available.
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Introduction: This memo describes the application of

a fourier transform method to the focusinz problem. It

is assumed that the reader has sume familiasrity with
various modes of fourier transform. In pgarticular use
will be made of certain similarities ocetween the transform
of a function of a continavous variable and that of a
function of a discrete variable, since the discrete
transforms usually have much more complicated analytic
expressions yet have much the same behaviour. It «ill be
seen that the function E*Jl(x)/x plays the same role

in the two-dimensional transform as sin(x)/x does in the
one-dimensional transform. It may te found that some of
design has been spelled out in too xuch detail - if so
forgive those of us who have forgotten their optics and
would like it spelled out. The ordering of topics may
also be found to be unususl - it is an attempt to write
it such that forward references were not required. This
work is part of the work done towards a ilasters Thesis

on the application of fourier transforms to image processing,

and comments would be appreciated. Finally, no guasrantee
is given on the accuracy of the vidisector constants
reported herein - when more accurate values become
available they will be reported in the log-book(under the
monitor).




0se:  Focusing is one aspect of camera ovseration thag
is not usually automated (unlike exposurc time settins-).
It was thus of interest to show that it is possible to
focus an onticual device asutomatically wita the sume de-
rsree of accuracy acnieved by a human watching the picture
on a ground-zlass screen (or in our case the monitor).
The method described sunows one of a numver of applics-—
tions of the fourier transform in imaﬂé processing.,
Another goal is distance messuring without utilizins a

stereo effect (thus avoiding the stereo metch nrotlem).

Variations on the rourier thems: The standsrd fourier

transform pair of a function of a continuous varisbtle can

be written as:
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This can be extended to functions of more than one dimen-
sion, by allowing the transform to be a function of as
many frequency-variables as the original function is of
space-variables.
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Fhen the function depends on disciete vosriables ratiher
thuan continuous ones we may use the discrele fourier

transform:
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This again may be simply extended to more than one Aimnen-
sions. In certain cases it is possible to celculute dis-
crete fourier transforms (DFT's) very rapidly by the me-
thod of fast fourier transforms (FFT) described in an ap-
pendix. |

Note that the DFT assumes a certain veriodicity in the
function:
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ie. both the function and its transform are periodic
functions of discrete variables. Another interpretation
useful in certain cases is that one of the two reoresents
samples of a periodic frequency-limited function, tue

other one then is discrete but nonzero only over an ia-
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The effect of defocusing an imanse: Consider an inmape of

a plane pverpendicular to the opticel axis. Each noint of
the object generztes a point on the image with intensiﬁy
proportional to the source point. When we irnsert & »lare
perpendicular to the optical axis between the image plane
and the lens we cut each cone of light (corresponding to
an image-point) in & circle. The intensity in each such
circle is again proportional to that of the corrssponiing
source point, uniform across the circle and decreasing
with the radius of the circle such that the totsi light
is constant. The new image is thus the convolution of
the in-focus image and a little pillbox(whose height is

2 +he squore ok *
inversly proportional.to, its radius). This effect is
ezsier to describe in the frequency domain, siace convo-
lution in the space domain corresponds to mulviplication
in the frequency domain. In other words the frequency
spectrum of the defocused image 1is that of the in-focus
image multiplied by the frequency spectrum of the pill-
box. This transform is found in an appendix to be 2
jl(P\'p) /f&p) where p is the frequency (in radians
per unit distance) in polar coordinates end R is the ra-
dius of the pillbox. ( 2, is the Bessel-function c¢f
order 1). Also ghown in the appendix is a cross-section
throurh this funbtion (which is symimetrical about the
origin).
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It will be secn that u%is function conlbractn gas R incrao-
ses (die. the first zero crossine approscher the origin)d

and the cffact of defocusing can thus be seen to be o 10—
duction of hirh freaquency components in & certain way and
such thsat lower and lower frequencies are affected as we

~defocus more and more (ie. increasing R). Taking the

fourier transform thus gives us a function in wnich the
effect of defeocusing is easy to interpret. Various func-
tions of this transform can now be used as functions to
be mawimised so as tc obtain best focus (w.r.t leus posi-
tion). A description of such a method is not complete
however without an analysis of noise, since it is triviel
to focus in the absence of noise (for example by nmaximi-
sing the difference between the light-intensity at two
adjacent points on the retina corresponding to two n»oints
close vogether on a part of an object which has other
than a uniform light intensity distritution). Noise ap-
pears in various ways in vidisector images, the most im- .
portant appearing in an obvious way in the intensity
values returned, caused by the statistical fluctuation in

- the number of photoelectrons generated at the area under

ponsidefation. The function of the fourier transform to
be used has to be designed as a compromise between ones
relatively free from noise and oneswith a narrow maximum
(in the absence of noise it is trivially possible to nar-
row the width of a maximum as much as oane pleases by rai-
sing the function to a high enough power).
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Sensitivibtv: We would like to know what eriror in dic-—

tance nessurement is incurred by two #xinds of error:

a) Limitations on determining correct focus due to

a combination of vidisector resolution limits
and noise.

b) ZError in lens positioning.

We have a fixed object plane and & fixed imagze plane.

'The lens is moved about, csusing the true imaze to form

somewhere behind or oefore the image nlane. First let u

us
find the change in. true image position due to a small
change in lens position: |
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liext we would like to know what change in image disvance
this corresponds to:
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Pocuain~ funchion: Tafore continuing Lo an analysin af

noise effechts it will Le necessary Lo denscribe the furc-
tion vied in more detail. This is done with some hesi-

mnlo—

tancy since it is rather ad hoc, snd many other

o

in
minded procedures would have been satisfactory. The

<

noint is that the information is vresent in the fourier
transform in a 'convenient' form and the practical de-

tails. of the particulsr function uscd might debract from
this fact. To get some idea of how the nurber of points
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used, their spacing, noise snd resolution limits

-
(o]

the accurescy one has to ve specific however (and
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make some drestic simplifying assumptions in the
tie)s

‘Tor each setting of lens position investigated, intensity
values are read for N points spaced uniformly T cms apaxrt
along the circumference of a circle (the reason for
choosing a circle will be apparent later). We now per-
form & one dimensionel F¥T on these points to obtain N

- frequency components (the reason for using the less
powerful one-dimensional approach will also be discussed
later). ©Next we form the power spectrum by adding the
square of the imaginary part to the square of the real
part at each frequency. One now sums all components
starting at some mininum. freguency N\W up to the centre
freguency (¥-1)w . The top half of the spectrum is not
used since it is merely a reflection of the lower half
(the transform of any real function has this symmetry
property).

To obtain some independence of chanses in overall level
we have to normalise the result. Dividing by a single

value (eg. the DC or zero-frequeacy componeni) causes



relutive noise in the result of equal mapnitude as the
relative error in this sinsle value and is Lhercefore not
advisasble, Emnirically it was found thst 'best' resultis
could be obtained by dividing by the sum of all verms; ex-

cept the DC term(?&ro 4vequenc7 tevrm),

The prosram now proceeds to carry out this operation for
some ‘rance of lens-settings, thus forming a fuacticn F
of lens-setting which has a noisy peak near optimum fo-
Cus.

Sirnal to noise ratio: The main noise contribution t

the signal is ccused by statistical fluctuation in the
nunber of photoelectrons emitted by the photocathode.

The video processor is so designed that the pezk-signel
to rms-noise ratio increasse by a factor of 2 for each in-
crease in the confidence level, by counting 4 times as
many electrons.

Siegnal (Peak)

Confidence level Noise (RLS) Photoelectrons
o 8 &’
1 12 =3
2 7. o

The vidio-processor is so built that this relative error
is the same for different levels of illumination, so that
the absolute error in a low value will be smaller than
that in a high value. It is convenient to assume however
that the error in all points is the same, and equsl to
that in the point with the hishest invensity. This quon-
tisation error has a roughly uniform distribution. Ad-
ding many terms, as we do in forming the transform, gives



us a roughly saugssian digtribution. Let £ be the purs
"sisnal and g a superimposed noise:
b b ' . [
[T — \ .
LC‘+ ~ ,(; ()(T) = J S o e -F\T ? ;:) (IT) — 3l o
o Ve
S (Sca’,ka\ To werse power) = 0 Jia=

Led f:—-DFT(-F) o wok '5= DFT(Q}\;

thew DFT (f44) = DFT(H + DFT(q)

Each g(uuﬁ is the sum of N independent vectors each with
+ variance o . N/P of these point in one of p directio
(where p depends on the common factors of u and N). The
sums in each of these directions, have mean zero ard &
variance of po~. Decomposing these variations aloag the

L]

real and imaginary axis we have:

.

N it =X
Real contributions s F P
Imaginary contribution :;!_i‘_" N AT
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The resultant vectors thus have zero mean and variance
Ne¢. Since we divided by {N" in formiﬁg the DFI we
have to divide by N to get the variance in each of the
frequency components. The transform of such a noicse sig-
nal thus has the same characteristics as the original
noise signal (ie. zero mean and variance o ).

We next have to consider the power spectrum:
] e - T 4 -
\$.+3|L'= 1315 +5)° 4 21650

where -C-Sc. v Yl (bl‘-\fi'l)c. (cn.._')u:)odte a.{. ?5
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t can be assumed Lt Lhe nolise power (9] 16 small com-

=

nared to the signel power Lﬁland the cross-term. This
cross=-term thus is the main source of noise in the powur
svectrum, it has variance |T1%ox% . In forming the sunm
from N, to f%-o we find the ratio of power of the value
so formed to its noise is:

Moy E'—_\.' _ My -1 _ N/ - o
L 2R 2 ) PR
{‘. _‘l ¥ w,,-: _ 1?.* N‘JL’:‘; __L‘r( L— % \J;o

ol R oy Ml ] i R S T

vEN, ush,

S¢ = F, x Fao x(-—'}_’—\)x'S;

WL\Q\PQ ?l JF:_ are +he 'rt‘;\.'*fo& Lin "H-\Q. ‘:\-Ltﬁ""z Ry AR SICPq

Note: 1) The result is only approximate and merely pre-
sented to give a clue as to what factors make for a good
'signal to noise ratio; the variation with N is particu-
larly important.

' 2) The form-factor ¥ depends on the imaze snd is
approximately core for an image having a more or less flat
spectrun, and is inversely proportional to N, for one
having a hyperbolic (l/u) spectrum.’ liost images lie
somewhere between these two extremes; an imafe with a lot
of texture coming closer to the first form, one with a
single edge coming closer to the second. ¥ describes
how 'wobbly' |\?| is above the minimum frequency N,w .
The other form-factor F,. describes how much of the sig-
nal power is in the high-frequensy part (above N,w ) of
the spectrum. It has a similar variation as F, , but

'is not as sensitive to small changes in an image.
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%) It is clear that one should try for a high sis-
nal to noise ratio in the image and besides using hirh
values of the confidence level one can help to achieve
this by averaging light intensities at each point over
more than one recading. This was not found to be neces-
sary (unlike such local operations as homopeneity deter-

mination where this is necessary to avoid missing sm

all
changes in level between regions differing only slightly
in brightness). '
4) The last term in the product is in fact 5¢ since
the sum of sguares in the transform is equal to the sum
of sguares. in the original function and since the trans-

" m "
form is symetric.



width of the "‘**fﬁrvl*“ in 1‘*r‘ f{ﬁc nine F..rlc L .t)'J' et the

width b2 tvhe dlstlnbv botvbpn two 001nto on Lne'curve at
which the function resches VAT of its maximum valune. IT
L(KTﬁ is the intensity function when the true image
falls on the image-plane 6{*Trk) the Bessel-defocusinsm
function with R the radius of the circles corresponding
to each in-focus image point. We have to find two values
of R s.t1

N/ =\ Myl
j{: 4(1T)X‘35*T'93//521 i(xTﬁ = Réﬁ?

Since its such a2 pain to do arithmetic on the Incormpztable

Time Sharing System (ITS) and since we only need approxi-

‘mations, we only have estimates for R:

d ! ~ ; o
?"331 -—‘-w = N, + _r_:__ for a 'flat' spectrun
3-12'2. . _\L': AN, + -3 S hyperbolic spectrum
: ) 5 P -
For N, large (. near BL): Ro= 2, = - ()

In prectice however we keep N,small so as to give us high
form-factors in the signal to noise expression and we do
not have 'flat' spectra. ZEmperically it is found that
one can achieve & width 1 to 2 times the above ideal case.
It is clear that the choice of N,is one place wniere one
can trade off signal to noise ratio versus width of the
maximum. Clearly aslso the width depends on the relative

high-frequency content of the intensity function: it is

_easier to focus on a line (two edges) than on a single

edre and 1t is very essy to focus ©a say newsnrint or
coarsely textured material. It would seem at first sight
that one could improve matters without limit by decrea-
Lri

[0 I N 1 0
.

T. Intuitively however we know that one cannot ex-
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pect to ot much imorevement once T is sualler Lhan the
resolution limit of the instrument. So we need next to
concorn ourselves with this kind of limitation in the vi-

disector.

Tistortions: All optical instruments have certain limita-

tions (if only to preserve our belief that one cannot
obssrve nature exactly - whatever that means). Some of
the distortions are plobal in character (such ag pin -

cushion distortion and spherical distortion) and do aotb

concern us here, ' Othsr distortions sre nore e?&il; Ges-—
eribed in terms of local efiects (ep. diffraction). These
distortions act in a similar way to defocusing in thst

they take each point of the image and 'smudge' it over
1ts neighbours. The smudged image then is the true
ATaae convolved with some function which is large only in
a small area nesr the origin. The shape of this little
'hill! depends on the distortion under discussion, for
diffraction it is 2= D, (Rx) ARx) . The scale fsctor R
is Fﬁ/X}x(“/&) ( M- wavelength of light, f-focal
lenzth of lens, a - diasmeter of lens). 3By the well rnowx
duality of transforms we can immediatly conclude that the
effect of diffrection is to multiply the inage spsctrum
by a pillbox of radius (*AA)(A/Q) . Diffraction thus
has the effect of lo

. -
naxinvm frequency padsed with A" Aand a numerical aper-

f-a

-pass filtering the signsal. The
ture of 4 is 2500 cycles/cm. The well known prenomens of
resolution limits in telescopes and microscopes are Qug

"to exactly tnis.

4 larser effect in our csce is dus tou the vidissctor. It
operstes by allowing vhotoelectrons from the photocathode
+o fall on a pinhole (approximote diameter 0.C05 cm).

.




Tho: o emareing on Lhe othery sida ara counued, The migno-

4t

tha tube seleehs the narticular circular
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arcu of the photocathode from which tHnsc photoelectrons

coma. The effsct is thus scen to be identical to that of
delncusing. In DPWCu1Ce however various other effects
set in, causing electrons from the outside arca te ne
counted and the loss of somz of the elesctrons from inside
this area. In other words we have ‘smudged' the irsce
not by a pillbex but a smoother, larger 'hill'., The size

anéd shape of tnis hill depend critically on the adjust-

~ment of the vidisector. To get some idea of the effecy

this new 'smudging' has, we will assume that the 'hill'
has a gaussian shape, ie.:
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transforming we get:
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‘The radius of the gsussian 'blod' before transfornation,
~(out to where it hes !/{2' of its maximum value) is .213 R

the radius of the gaussian 'Dlob' in the fregquency do-

main is -233/R° . IBxperimentslly it is found tha%t the
vidisector had a halfpower frequency 45 of 26 cycles/
cn (when adjusted - even slizhtly out of adjustment the
cut-off frequency dropns considerably). This corresponds

to a 'blob!' width of 0.00% cm, which indicates that



points have to be at leu..t 0.01H cm apart tu bhe reasona-

A knowledre of 4; allows us to choose reasonable values
for T. The maximum frequency appearing in the transform
is %ﬁ ?%' 2;— » It is apparent that there is no point
in making T sc¢ small that 23.>7-f (or else mary of tae
high-frequency terms in the transform will alwoys be n=ar
zero). ZHEapirically one finds Y4t = 24 satisfactory.

( T = Y%y, =+°olem ) A practicallyachieveble width for 1hs
maximum in the focusing curve is thus = 1122xT (.0l2 em)
(ie. .0l cms). To find the corresponding allowed varia-
tion in the image plane positicn we hsve to multiply by
the numerical arperture r. Using our sensitivity result
we finally obtain:

: 2L
c;\v-' (diﬁa\hce r'amsq\ = P22 X% ';t_,;nk [(( %)—1\ oo 21
=.012 ((%—i?—lh

Qs Pel (4/4)=¢ b =6 cim

Servo inaccuracy: The main obstacle preventing one from

achieving such high accuracy is the servo controlling the
lens position. This servo operates in units of about
0.005 cms. The error in positioning is made ud of thrse
components:

a) Systematic error causinzg the servo to settle &
units higher than requested.

b) Backlash of about 2 units.

¢) Unoredictable variation of about 4 units in both

o]
Girections. Tnis is sctually a time variatio

3O

P
a0

i




ie. bthe servo 'uscillates' by this amount about
the steady position at a very low frequency
(approximately 0.4 cycles per second)

In addition the lens holder can move the equivalent of 2
units w.r.t. the servo positioning mechanism by tilting.
srrors a) and b) can be accounted for, leaving us with a
total error of about .03 cm in either direction, (‘nzan
badly adjusted the servo mechanism can be much worse then
this, as much as 20 units either way where observed when
the coupling between motor and ceam was too stiff or To

(@]

loosc) This. error now has to be multiplied by one of cur
sensitivity terms:

2 ixX— |
X - ,l X =\

which for x? IS is also about bx™~ 2
dg (distance rangg) = o0l ® {(%"—2.)1".—'2.)

The servo error thus is dominant unless the numerical ar-
perture is more than about 6. (the cross-over point of
which of the two errors is more important depends very
much on the adjustment of the two systems).




Practical Toiblas: ‘'tThe molbion of the lens elso cauges 130

o < + ¥
side gl ects:

.) * Chanze in magnrification.

&

; x 2 andh i
b) Change in numerical apersure (ratio ofilens to

imape plane distance)to diameter of iris

g

£

(¢4

ST & 2

The chanj& in masnificstion can be tqken care of by rels &
all coordinates to a standard system rixed w.r.t the lecns.

In the program the distance was arbitrarily cnosen equal to
the focal length.

< £

raR— i

redevence
Pane

The transformation of coordinates simply multiplies distances

from the opticel axis by fl/f . This introduces two new
efrects:
a) Some points of the image may move outside
the useful imase areca of the vidisector as
the lens is moved further away.

‘b Ths seperation T, of points at which the imace
;

intensity is measured, increases as the len

]

moves forward. This causes a decrcase 1ixa
sensitivity - unless T is chosen small enou:h

so that accuracy will ® limitec by fo rather
“than 1/7.

Changes in numerical aperture can be corrected vy overatling
the iris servo - since it doesn't work one nhas to account
for chanres introduced by two effects:

a) Image dimming.

b) Cnanze in zécVracy oi the focusiny functiovn.




Inaca dimrins is not a airect protlem sincee Lhe cslculsliono
are porsalised. It is however a practicsl problem since ono
has 1o adjuctu the iris when the lens is cloce to the vigi-
seabor (ie. whenthe nurerical aperture is cwmallest, miving
the hirhest light-intensivy). Since intensity depenus on the
square of numcrical aperture, quite a ranse of intensities is
irvolved and some sirnificant areas may be 'dim-cut-ofl’
‘when the lens is in the fully cxtenéed position.

o

'he change in accuracy is due to the fact that the defocusing
circles are swaller for smaller numcrical aperturecs. Lost

of the above effects are of no concern when one huas a rough
idea of where the lens should be, and are not iwmportant
problems normally.

Another problem, possibly more of historic interest, was
caused by occasional bad points. At times. an intensity
would be returned by the system in a garblea form - tThe
problem was highly irregulsr and most prevelant et high
intensities. An individual bad point acts like a pulse

and thus adds very high values to the transiorm, resultving
in completly useless results for that particular setting
of the focus servo. Smoothing the resulting focus functicn
" F was found to be quite useless and the disturbance rsiu

a non-linear method for removal. It was found that most of
the bad spots in F could be located by compsring points to
the sux of their immediate neighbours - if high the value

at that point wss replaced by the average of its neighbours.
Since the problem is now well hidaen it was never deternined
wether it was caused by the video-processcr or the time-
sharing system{or wether < ¢Fill excists).

The function I' presents a last place where one may trade ofr
siznal to noise ravio arainst wiuth of the peak. The trade-
off aschieved in designing the focusing function apears here
in a somewhat srbled andé hichly varisole condition, s

is.sdvisable to smooth F a bit.




Cne~dimansional varsus two-dirensional: The choice of which

Lo use involves itwou Juactors, namely spe2d and ar2s. Jheo
using the two-dimensionsl transforn (and dolns much tne same
to it as we did to the one-dimensional one) one can obtain
similar results to the ones we obiaincd. For the same SOCNTHCY
" one requires approximatly the same namver of poinks - exeapt
that they ar- now arranned on a ructangular area. The tine
required for the dransform is still rouzhly the same, but

a much smaller area of the image 1is used. The resulbt is bthus
highly. dependend on small movements of the camera (the canera
moves around quite a bit on the raised floor when somebody
walks a few yards sway). Also of -course,one has to know o bit
more accuratly where the area or feature is that one wants to
focus on. The alternative is to work with e larger area with
a correéespondinsg increase in time. It was found eperimentaslly
that the two-dimensional transform allows:! cone to meas
distances to very small areas of the image, prcvided thnese
areas contained some detail (edge or texture of some Xind)
and the vidisector was supported to stavilise it w.r.t

the object; The one-dimensional approach wes used in the

. general—use program since 1t 1s more 'robust’'.

Choice of curve in ims~e nlanc: The DFT asiumes a certain

PR =N

periodicity in the function to be transformed. “hen reading
light-intensities this periodicity is not necessarily preeent
and this causes ‘certain provlems. In effect one is introd-
ucing a sharp edze (with its atvendant high-fresjuesacy

components) at the Jjunciion between two cycles.

.‘.\--'%__

T discentineity




Cne capn match wn 1o o apdn Ly suctracvin e Liynaar
funchin, Thourcticsliy one ehoulda satel us o1l uhe seiv-

atives as weli, bl {a practicys nieds ds ol 1oquirsd sine:

the connoncnes introducsa vy nob mabeinilsgt Vhem s Soalied

then vhae 1 T ra DY St Paothe B Rt I R it o ae gyt e T i
COABENL Ve MOoLES Pl Faflv.e LIOLAET, JOSDLLLY sk sk WL e DS
ie ‘Lo pea.ure lisht=intensities slong a closéd curve, I ihar

than a straisht line, thuvs assuring the periodicity rojquireint
Phis marks very well despite the fact that 1t is Gidfrenlt

Lo interpret what is meant by a fourier transtorn :long a
curved line{The iwffes?ohAihﬁ problewa for Fwo-dimensians has ueot begy
Sclveel) '

THH PROaRARM:

Cnzration: “he user calls the focusing function and zlves

it two values representing the range ol servo positions
over which the search is to take place. The program tnen
.cvalua es the focusins fusnction at about 15 wnifeormly

oaced povlulons in this ranze. At each position the limit
intensities correspondin.g to two intersecting circles are
measured and used as the real and imapinary parts of =a
functicn to be transformed.(as is expiained in the appendir,
one can obtain the transform of Ttwo Ir<al functions as
cheaply as that of one). There are 128 points on gacnh circle.
Afte: taking the transform and seperating out the two
transforms, the power spectra are formed by addlsng the
square of the real part to the sauare of the iwmazinary
part. Now all but aboul the first 5 components are sdded

and divided by the sum of all out the DC componenv. fae
value used is the geometric mean of the two val ues so formead.

.The set of values F, so obtained is then 'clipped' to
remove noise, smouthed &nd normalised to nave a miniwur

of zecro and a maximum of one. The new rance in which the
cearch is to be continued is then found by findine where
"the function exceedas about .8 . The 21ange is actually race
slightly larser 'Jjust in case' (doicre may have caused one
to select a range not containini the maximum.)




This ngw ran~a 10 ovhen LTreated sirvilar to tae Pires ose arxes

that Tewer invarvals arg usad, the neak is sharpepod

a s1i-htly smaller T und alisely lax.cer Hl
the cut-0fy for {indinc- Lhe next rshre is ¢
1T pecessary a third range is found and searched wish

similarly modified paramcters. At eaca stage the rane: is

checked to see if it is les:s than about 40. focur servo u
(0.2 cm). If so the wmidpoint is choscn, tae lens o itic
and various uceful values nrinted (such st distance focu
at, numericai aperture etc.). The whole process taxer O

s b

FR AT
20 to 70 seconds. The limitinpg factor is the servo scettlin:
time and a more sopatiicated search procedure should ve

able to operate wuch faster.

and in nd<iticr

et olichly hiche
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The ar:a foc“seg on is on the uptical axis,unless the user

chanses this to & »s0oint of more interest to him. F
are orovided for relatiﬁﬁ‘coordinates to the staatszd
coordirates and also for ovtsining a print-ovv of i
values in a selected rectanmle or the ipame. This 1lses
item a2lleviates the one seriuvus practical problem i i
tThe focﬁsing oro-ram(ané in fact in using the vidi-sector
at all) namely findin= where the . areas of int

Calling the orocrem: The srithmetic part of the prorram

is written in IDAS and .as loaced tojether with o
relocataople LISP, usinz STIMZ. This modified version of
LISP was then dutped onto tape RS4 as a file named
FTOCUS BIN. The required LISP-functions are on the cane
ta?e " as FOCUS TEXT. The coliinr sesuence is:

&
DT trpe LISPEJ, thaen

$LFOCUs BRIN UTn 2

Then loaded, type LISPGO.:uG

Answer Y to ALiOC , and allocate.

25 blocks of core and 50008 inary Program Space.
Then tyne (URZAD FOCUS TZXT n) v

The LISP will grint (V) when ull 1he functions
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The wvidco-aroces~or hss te be on, the multiplaexor runt
be in comnuter-innut/cormnuter-output mode snd the focus
motor switch in tha servo position (sec Appendix). ‘ihe

focusinm function can be called by

(R3CH Rl R2)

where Rl and R2 are the limits of the range to ne

investigated (in servo units). The maximum rances are:

for the 154mm lens 300. to 2830.
for the 254mm lens 300. to 1700.

The prozram will print each new ranze it is investigating

and a number of useful values when it has focused succesafulliy.

If it is desired to Yispley' a vart of the 1mage o

wld

o)

LH

ew

=
I

LoONBOle, L w el

(LOOK XLOW XUP YLOY YUP)

Where (XLOW,YLOW) is the lower left-hand corner, (XUP,YUP)
the upuer right-hand corner of the rectangle of

interest. The intensity values displayed are nultiplied oy
a scalefactor LSCL, which can be modified to bring the
numbers into a convenient ranze. The coordinatess are for
RES = 20008' Once the coordinates of an arez of interesv
have been determined, one can scale them to the

reference plane by executing:

(SCALE) (S50 X(XEL x))(S319 Y(YRL y))

r.,J
v
=0
[47]

where x'and y are the centre of the arca onc would

‘to focus on.
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Perjornaness BRE  BrOSTan oone wa boo thaure il exnpoetzibignn,
ard . wap tound bto perforwm as well as o huwan onralor
obrorvin-s she ronitor serzen (ohere the more noisy ri-casl

on the screcn is improved gosewhnt by averazins ir the oo},

In addition a corparicon was made vwith two netaods of Tiqdinz

onti-um focus used previously.

1) 8UL=-0#-5 UARES: The specinl case that hiy = 0 is of
irntarest since the sum of o unres of the trﬁnrform ie anusl
to the sum of squares of the function. e can expect then
tiat the sum of squares of the intensity funcbtion slfo
showes a maximum acar best focus. We also know that 1t

will be much 'wider' than the one that h-s teen achieved

by throwing out the low frequency com~oneats. Snall
mosemanss of the camera slso have a large effect on tais
measure because of the Larsc resultant charcge in the low
fresauency comvonenis. Also it is not easy to normalise

the result (in fact we daiviced by this number to aormalise,
illustrating our fnith in just how flat a msxitum 1t has ¥
All of these problens wveve born out in practice, the last
one being most serious, often the function would indesd nave
a hill, but it was difficult to find becsuse of the

slopina sround it stood on.

2) 8UL~OF-S jUAR.LS-0F-DIFFSRINCE

S:  This function (susm "ested
by J.L.%hite) is also more easily analysed 1in terus of
i

frequency spectra.'Differcatiati

is'equivalcnt to multinlyinp the transf

ncies and 2ophagcining

R LS S S TG

. That is de-cmphasising low=iTe:n

o
[
w

nigh rejuencies. The- first of tnece two efrects is ghure
with our method, the second xives the hint 2s to why tnis
funeticn is inferior. The nis~h frecuencies consist larels oF
Avise (uniess T was much lar-er than the recolution l1imit, ig

whicn cuce e have lost ccasivivity) and tue Hin-ti.n 2

a1
da

(o

is excesaively noisy. 'whig woisyness was confirmed Ly

‘J.L. hlLe and also u51nz this prosram in a modiried rora.
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Lut aroduce distortions on ranic chancee of taa corivative,

He mar in fact derimn a matched difrerenciation fiiter to

rive him the aesired trade-off between trnese tvwo leatures

in the best possible way for the particular class of functione
and the particular noise he has to put up with. Buch a
differentiation apsnroxinator is more easily underctood in
terms of the frequency domsin. One han to desigsn a iunction
whose transform matches zg closely as nos.:ible (w —\) over

o 1
Y{Jt mMasg 10

.

the rance where the sisnal has high cowponents,
small whereever the noise has hipgn comm»onents (tninrss are
not-just done by siming over the tuumbj there i1s a respnectavie
theory to this). Typically the function will oce a close
epproximation to (w™ —-0 at low freauencies and fall off
at higher frejuencies. Usinz this kind of cifferentisti
would probsbly te tne one way of improviny on the focusing
function presented in this memo. It will be seen tha
‘rapid way of using this function would azein te to first find
"the transform, then apply the transform of the matcned ‘
differentiation function, square and sum.

OU“ rg-m‘.v&fng -J;-uv\dl'uk
/ \.___ possible atchod
dig{-ﬁrﬁhtit\'foi'.

('—E’-t}w

The above discussion should have made it clear tnat the fourigr

Ow N w

transform is a tool, rather than an end in itself. It is

(]
}_u
Lo

very uceful in thin.ins acout cert spects of imames, such
o i} i

as ¢istortions of various xkiads.
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15 Focezin:

Sladjerstrent of s2ither vidisscbor or servo can caugs rancos

L3

to bz As bal as 40. The relative accuracy 1s thus:

dem 10 x (($-2)"-2) o

es. (a/£)=6 dr=l.4 cm

The absolutt accuracy is not so goué since similar errors

~are encountered in calibration.
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APPENDIX 1: Vidisectors:

0ld functions: (for the old vidisector only)

The two arguments to these functions specify the
location of the point whose intensity is to be read;
they range from O to 1777g.

(VIDI X Y) returns valve from O to 400g» proportionsal
to inverse of intensity.

(VIDLIN X Y) returns value from O to 4008, proportiocnal
to intensity.

(VIDLOG X Y) returns value from O to 4004, proportional
to log of intensity.

New functions: (these use the video-processor and apply
to both the old vidisector(TVE) and the new vidi-
sector(TVC))

Before using the new functions one has to initialise
the system by calling NVSET. NVSET can be called
again if required to change parameters.

(NVSET FIL CONF RES DIM XYZ)

where: FIL 0-7 Filter selection, any combination
of the three filters can be select-
by the appropriate bit combinat-
ions.(not operative as yet).

CONF 0-3 Signal to noise ratio; 3 gives
highest ratio, but takes longest
per point.

RES to 4OOOO8 number of lines in raster
(usually 1000g to 40008)

DIM 0-7 Dim=-cut-offy O @8 most patient ie.
darkest cut-off.

XYZ 0 indicates new vidisector.
1,2,3 indicates o0ld vidisector.

The two arguments to the following functions again
indicate the location of the point whose intensity
is to be read; they range from O to RES~I.




(NVFIX X Y) returns a value proportional to the log of
of intensity; the values rgnge from x to:gl77?8,

77 0

where x is 277 when CONF is 1
477 2

677 3

(NVID X Y) returns a value proportional to the inverse
of intensity; the values range from =1.0 to y,

~16000.0 0

where y is « 4000.0 when CONF is 1
* 1000.0 2

= 250.0 3

Note: 1., NVID is the only function that returns floating
point values.
2. For points that are not cut off by dim-cut-off
the values returned are independent of CONF.

SWITCHES: 0ld vidisector:

1. Small switch on the back of the camera selects signal
to noise xatio; usually set in up(high S/N) position.

2. Second small switch on the back of the camera, below
1. selects 0ld or new interface( set according to
whether one is using the old or the new functions.

3., On the trolley on which the old vidisector is mounted,
is a large black power switch that controls power to
the receptacles into which the two sunguns are usually
plugged.

4, Above it is a smaller power switch for the camera
itself.

5. On the other side of the trolley is a switch selecting
the origin of the deflection signals, either the
340 display or the Video-processor (set according to
whether one is using the old or the new functions.

Note: To set up the old vidisector it is convenient to
set switches 2. & 5. as though one was using the new
functions (even if one is going to use the old ones),
so as to connect it to the video-processor and allow
displayon the monitor. They then
have to be reset to their correct positions before
commencing read-in.
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New vidisector:

On the right of the main pasnel of the video-processor
is the power switch.

To the left is the LIN/LOG switch set according to
whether one is using NVID or NVFIX (although only low _
order bits are afiected if it is set incorrectly)

The left-most of the row of small switches controls
the choice of vidisector connected to the processor,
up for the new camera, down for the old.

Not far to the right are three small switches which
select wether the monitor display is controlled by
three pots mounted approximatly below them(switches

in up position) or by three remote helipots (presently
mounted lower down on the processor).

Retween 2. &% 3. is another small switch which controls
the defledtion of the monitor; in the up position the
monitor behaves normal, ie. when the magnification pot
is turned left so as to display a small area, the
deflection is increased so as to always fill the
monitor screen. When in the down position, the monitor
is deflected in step with the vidisector.

Small switch on extreme right has to be set in out
position or you loose.

Potentiometers:

I.

Mentioned in 4. above are three pots just to the

right of the meters on the main panel, which control
the position of the area which the monitor is display-
ing and ifts size.

Near the power switch (1. above) is the gontrast
control for the monitor(marked video-gain), usually
turned all the way right.

Mounted low down is the helipot controlling monitor
focus - do not adjust unless necessary - recommended
setting is marked down near it.

Gain controls on the twechannels of the monitor have
standard positions, the left one(y-deflection) should
be turned right when using the monitor as a focusing
aid(by switching a marked switch behind it into the
focus position).When used in this way the vertical
deflection is proportional to intensity and using

the three pots in 1. to select a small area of the
scene, ore can adjust the focus so as to give as sharp
as possible a rise on some edge.
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The two raster-rate potentiometers may be set to
give a flicker free and line free display, but do
not affect the operation in any other way.

The two helipots marked 'Manual reference' and
'Reference gain' control two hardware parameters
normally of little interest to the user and are
usually left in a more or less optimal setting.

If somebody has adjusted them and one has no
reason to set them to some specific value, settings
of 600 for both sezm to be reasonable.

Pushbuttons and Meters:

1.

2 meters display various values which vary with the
illumination. The video processor trips out the camers
if any of them reach a 100 deflection. The right-—
most one is usually observed when setting the iris.
Starting with the iris closed, it is opened slowly
until this meter shows between 10 & 50. Above 50

small changes are likely to trip out the camera, below
10 one has to start worrying about dark-cut-off's.

When the camera has tripped out, the anode-warn push-
button lights up. After reducing the light (or closing
the iris) it can be reset by pressing it.

The High-voltage may be off under other conditions
than such a trip, and it may then be reset by
pressing the Hdigh-voltage button.

The Raster pushbutton selects manual control of the
raster(white light) - allowing the use of the
potentiometers mentioned in 1. Bbove. In the red
state the processor is ready for the PDP-6b to request
input; while busy the pushbutton is not lighted and
the monitor displays the position and intensity of
the point requested by the CPU. When not busy for
more than about a second, the video processor goes
into an automatic raster state.

Note: For more details, cur:ent onroblems and cures, consul?t
the log=book under the monitor-scope.
Optics:

014 Vidisector: 55mm fl.2 lens, raster is .00l inch.

Resolution is approximatly .002 inch.
Distance settings on the lens are not
to ve trusted,-rather use the moaitor
as an aid in focusing.




New Vidisector:

also:

=

164mm f3.2 lens, raster is 003 inch
when RES is 20008. Resolution is
approximatly .006 inch. Some drum
distortion is evident and not all of
the surfac: is available (ie. some is
blocked off). The area of the image is

a circle placed not quite centrally
with a radius 01‘:.\;5008 When RES is 20008.

254mm f5 lens.



APPENDIX 2: Analog Multiplexor:

The snalog multiplexor allows one to read settings of
potentiometers and to cause servo-controlled motors to
operate. In LISP om first has to open the multiplexor oy
executing:

(MPX T)
More than one person can have the mu tiplexor open at the
same time, It can be closed by executing:

(MPX NIL)

To resd s value from channel n:
(IMPX n)

To cause the servo controlled motor n to assume position x:
(OMPX n x)

n ranges from O to 255; x and the values returned by IMPX
are usually some subrange of O to 7777,. Be sure to
the limits of the servo you are contro?ling.

Switches: these are on the multiplexor and the positions
for computer operstion are underlined.

1. Computer output/test
2. Computer imput/clock

When not in use, these switches should be in the un-under-
lined position. Certain servos sare slavad to certain pots
in this position. This for example allows fine setting

of the focus servo. Channels of interest to the vidisector
user:
Servb\Read—inkﬂaved to

Focus 358 548 1538

Thus in the test - clock ppsition one may adjust focus
by using potentiometer 132,. In the computer input -
computer output position one can cause the servo to
go to a certain position by executing:

(OoMPX 33 3000.)

Control is returnéd immediatly to the user program and it
is his resporsibility to check on the servo's position by

executing: (IMPX 34)
Rather than 106p on this test it is fair to other users to
use the function:

(SLEZP n)
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which returns control to the program after n/30. seconds.
n should be about 10. plus(units to travel / 25. )

Both Iris and focus motors can be operated manually

and the switches which select manusl or servoed(ie. computer
output or slaved) are in a small box near the vidisector.
These switches have & third position ( straight out)

which is the one they should be left in when not being

used. Above these are the two switches for manually
operating the motors.

Various useful () constants:

Distance from front of main body of vidisector to surface
of vidisector: 93mm

Distance of equivalent lens of 164mm focal lens from
vidisector:

306. - 0.0459 ¥ CH34 inmm's

330. - 0.0459 * CH34 (for the 254 mm lens)
Diameter of iris:

0.0532 * CH3% - /5. in mm's

where CH?4 & CH3% are the values returned by analog
channels 548 & 53& respectivly.

The limits on the servos are:

Focus: 240. (all the way out) to 2860.
Iris : 1500.(tlosed") to 2300.

The servos can be expected to settle within 10. (better
near centre of range - more like 5.) of the value requested.

Problems: 1. Iris servo inoperative.

2. For some unknown reason servos may sudienly
depart from their position, hunt around for
a second or two and return to their position.~

35
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AP~ENDIX 5: References

Fourier transforms:

Fast Fourier trans:

Apolication of
fourier technijues
to optics:

Application to
Pattern Recog.:

Also interesting:

N.Wiener: "GENERALIZSD HARMONIC ANALYSIS
AND TAUBERIAN THEOREMS".

Rader & Gold: "WHAT IS TdHd& FAST FOURIER
TRANSFORlN 7" June ©7,Proceedings of the
1EEE.

P.M.Duffieux: "L'INTGGRAL D& FOURISR ET
SES APPLICATIONS A L'OPTIQUE" 46,Besancon

F.D.Smith: "OPTICAL IMA:E EVALUATION
AND THE TRANSFER FUNCTION" April 635,
Applied Optics

J.D.ARNMITAGE - A.¥.Lohmann: "CHARACT®R
RECOGNITION BY INCCHERENT SPATIAL FILTZRING"
April ©5, Applied Optics.

L.J.Cutrona: "OPTICAL AND BELECTRO-
OPTICAL INFCRMATION PROCHESSING" 65,
M.I.T Press.

T.G.Stockham Jr.:"HIGH SPE:D COHVOLUTION
AND CORRELATION" 1966, Spring Joint €.

R.Nathan: "DIGITAL VIDEO-DATA HANDLING"
NASA Technical Report 32-877,JPL, Jan 65
Also NASA CR-71399Y, N65-21646.
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A.V.Oppenheim, R.W.Schafer, T,G.Stockhar Jr.,
"T4y NOK LINEAR FILTERING OF MULTIPLISD
ANL CONVOLVED SIGNALS" (to be published)
IEEEZ Proceedings ©8.
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