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ABSTRACT
This dissertation discusses a certain aspect of optical data
processing - namely the concept of performing a convolution operation of
an incoherent optical light field with a specified processing kernel.
The theory that shows that an incoherent imaging system performs a
convolution by the very process of imaging is reviewed.
on the form of the processing kernel are discussed.

The constraints

The most severe

constraint is the restriction to positive real kernels.

Methods for

extending the versatility of incoherent systems to include bipolar and
even complex kernels are described.

The most promising methods are

those that encode the bipolar or complex information on either a spatial
or temporal carrier frequency.

The dissertation includes a presentation

of two systems that are applicable to the demodulation of the signals
generated by a temporal carrier approach.

One of the systems introduces

the concept of bipolar detection, which may have a strong influence on
the performance of incoherent optical processing systems in the future.
The other system is a synergism of optical and digital components that
produces a hybrid system capable of high performance.

The main moti-

vation of this investigation was an outgrowth of our interest in
developing a computed tomography system based on film recording of the
projection data.

The theory of computed tomography is reviewed in this

text and an optical processing system based in part on the hybrid approach to the filtering operation is presented.
x

This system represents

xi
a very concrete example of the capabilities of an incoherent optical
processor.

CHAPTER I
INTRODUCTION
The encoding and manipulation of information on a light signal
is an extremely old idea.

For millenia, people have sent messages by

modulating the intensity of a light beam.

In fact, the United States

may never have existed had Paul Revere not received the (one if by land,
two if by sea) message encoded on a light signal.

This concept has pro-

gressed until today everything from spoken conversation to full twodimensional imagery is encoded on a light beam and sent over tiny glass
fibers.

Researchers are investigating the possibilities of using light

signals to encode digital information and to manipulate that information
in the same logical sense that it is manipulated in a computer.

The

current research on optical bistability has made the concept of an optical gate a reality.

One can only guess where these technologies will

lead in the future.
The concepts described above are basically serial in nature,
and while the performance of these technologies is truly impressive, the
true power of an optical signal is in the inherent parallelism of the
optical field.

That parallelism when coupled with the properties of

optical components such as lens elements makes possible a limited set
of sophisticated operations.

Early researchers in this area used inco-

herent light sources and the geometrical imaging properties of lenses
to do various kinds of correlation operations.

(see Rogers, 1975).
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These systems were ultimately limited by the diffraction of the light.
Later researchers recognized that this very diffraction could be exploited.

The diffraction-based theory of image formation brought to

the fore some very interesting properties of both coherent and incoherent systems.

The realization that a lens could produce the Fourier

transformation of a coherent light field coupled with the advent of
strong, highly coherent light sources (lasers) really stimulated interest in the possibilities of optical data processing.

Some early

successes in this area include the coherent optical reconstruction of
terrain maps using synthethic apertures in side-looking airborne radar
(Cutrona et al., 1966), and a character recognition system using matched
spatial filters (Vander Lugt, 1964).
Now, while there is currently still a good deal of work going on
in coherent optical processing, it is fairly safe to say that the enthusiasm of the earlier years has been tempered.
three reasons for this.

There are primarily

First, the explosion in the capabilities of

digital systems has created an extremely competitive environment for any
optical processing system.

Second, the technology for interfacing to

the optical field has been rather slow in coming.

The performance of

Spatial Light Modulators (SLMS) has just began to be good enough to make
the encoding and manipulation of coherent light fields reasonably fast
and accurate.

Finally, the sensitivity of coherent systems to noise

(speckle) has been extremely problematic.
Because of the second two reasons, a fair amount of interest has
been focused on incoherent systems for optical data processing.

In

3

many applications, the input exists as an incoherent optical field
either by its very nature or by being recorded in photographic film.
Also, incoherent optical signals are not susceptible to coherent noise.
Chapter II of this dissertation reviews the theory that shows that an
incoherent optical system performs a convolution operation by the very
process of imaging.

The kernel of the convolution process is related to

the form of the pupil function.

By specifically manipulating the form

of the pupil function, one can synthesize a desired response.

The

chapter also discusses some of the practical considerations of these
imaging systems such as temporal (spectral) and spatial coherence.

The

reader who is familiar with this theory might simply read the section
Incoherent Imaging to familiarize himself with the notation used in this
dissertation.
The dissertation focuses on the operation of convolution, and
though this may seem to be extremely restrictive, the convolution operation is a very powerful operation.

It allows one to do a number of

interesting processes such as edge enhancement, deb1urring, and pattern
recognition.

Some current research has been directed at extending the

versatility of incoherent optical systems to include space varient
(Goodman, 1981) and non1inar (Lee, 1981) operations.
sider these in this dissertation.

We shall not con-

We envision the optical processing

system as a unit aimed at a specific task, not as a general-purpose computer.

The unit might exist as a subsystem of a larger system just as

an array processor is a subsystem of a larger computing system.

4

The basic properties of incoherent imaging have been known for
a long time.

The problem has always been that the processing kernel or

point spread function (psf) associated with the incoherent optical
imaging system is constrained to be a positive real quantity.
fact strongly limits the applicability of this approach.

This

Chapter III of

this dissertation discusses the constraints on the basic incoherent
imaging system and then discusses the ways that have been investigated
to generalize incoherent systems to include bipolar and complex kernels.
These include the addition of a bias, the use of a two-channel system
with a subtraction step, and the use of both spatial and temporal
carrier frequencies to encode the bipolar or complex information.

The

encoding or modulation of the information on the carrier is reasonably
straightforward.

It is the required demodulation process that to date

has limited the applicability of these approaches.

These limitations

are discussed relative to the currently available hardware.
Chapter IV of this dissertation describes a system for effecting
the demodulation process for a temporally modulated input.

This device,

an Image Orthicon (10) camera working in a novel operating mode, acts
like an array of lock-in detectors.

The chapter represents a verifi-

cation of a concept - bipolar detection - that, it is believed, will
have a strong impact on the field of incoherent optical processing.
Chapter V describes another demodulation technique.

This is

termed a hybrid digital-optical technique because it employs digital as
well as optical hardware to implement a bipolar convolution.

This

system probably represents the ideal marriage of these technologies

5

because it allows the optical system to do the operation that it does
best - convolution with positive real functions - and the digital system
to do the subtraction.
operation.

The chapter includes an example of a deblurring

The hybrid system approach and a straight digital approach

are contrasted.
The dissertation concludes with a description of a system for
reconstructing sectional images from the projection data of that section.
This concept, called computed tomography (CT), is a very powerful medical
imaging technique.

(Swindell and Barrett, 1977).

The projection data

are the line integrals of the x-ray attenuation coefficient

~

in some

section, and the reconstructed image is the distribution of the coefficient in that section.

The commercial CT systems found in many

modern hospitals use discrete detector arrays to record the data and a
digital computer to reconstruct the images.

The system we propose uses

a standard x-ray film-screen cassette to record the projection data and
a hybrid optical-digital system to reconstruct the images.

One of the

steps necessary in the reconstruction process is a filtering or convolution operation with a processing kernel that is a bipolar quantity.
It was our "interest in effecting this convolution that motivated the
general investigation of this dissertation.

CHAPTER II
THEORETICAL FOUNDATIONS OF
INCOHERENT OPTICAL PROCESSING
Incoherent optical processing is based in large part on the
imaging properties of the incoherent optical system.

The theory of

image formation has a long and rich history and ranges from the simple
ideas of geometrical optics, through the concepts of scalar diffraction
theory and those of linear systems theory, to the statistical "formalism
of scalar coherence theory.

The goal of the present chapter is not to

rigorously derive or describe the theories of image formation, but
simply to refresh the reader's memory with the concepts which lead to
a description of incoherent image formation as a convolution operation,
and to point out the approximations inherent in such a description.
This chapter is also useful in setting up the notation to be used
throughout this dissertation.
Scalar Approximation
Any student of physics is well aware that light is described as
an electromagnetic field whose propagation, generation, and interaction
with matter are governed by Maxwell's equations.

The actual solution to

Maxwell's equations with the boundary condition of even the most simple
optical system is, however, hopelessly complicated.
A major approximation, and one inherent in all the theories of
image formation, is to describe the physical process as a propagation of
6
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a scalar quantity.

In geometrical optics, one propagates a ray down the

optical system and associates a scalar quantity related to energy with
that ray.

In a physical optics description, one based on diffraction

theory, one invents a scalar field, in some sense related to the actual
vector electric field, and describes how it propagates from one plane to
another in free space and how it propagates through elements such as
lenses or transparencies.

Also, in scalar coherence theory one invents

the scalar field, defines a function related to the correlation of the
field in space and time, and then describes how the correlation function
propagates in free space and through elements.
The scalar field used in the higher-order theories is related to
the real electric field by dropping the vectorial nature of the electric
field.

To equate this scalar field with a single component of the

electric field is a helpful visualization.
erroneous.

It is, nevertheless,

The electric field components are coupled together via the

diffraction process and require a set of coupled equations to -accurately
describe their development.
For the present discussion, it will be assumed that the scalar
field is monochromatic (i.e. consisting of a single wavelength of light).
An extension to polychromatic light fields will be discussed later in
the chapter.

With the assumption of monochromaticity the scalar field

can be written as

E(x,y,z,t) = u(x,y,z)cos(wt +

~(x,y,z))

(2.1)
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where the function-E is a scalar, u is the amplitude, w is the temporal
frequency, and

~

is the relative phase of the wave disturbance.

Much of the algebra of describing the propagation phenomena is
simplified by using the complex notation

E1(x,y,z,t)

=

U(x,y,z)e iwt

=

u(x,y,z)e;~(x,y,z)eiwt.

(2.2)

The real field quantity is obtained by taking the real part of the
complex scalar field EI.
A comment about the use of the complex notation seems appropriate
here.

The use of the complex notation is very useful in optical systems

because it allows one to express the effect of many phase-modifying
systems as simple multiplicative functions.
restricted to linear operations.

Its use, however, is

One must be careful to take the

real part of the appropriate function before non-linear operations such
as squaring.

Finally, the use of the above exponential function is a

specific case of the more general formalism of analytic functions.
(Beran and Parrant, 1964).
Propagation of the Scalar Field
in Space (Diffraction)
Propagation of the scalar field in free space is explained by
the theory of scalar diffraction.

This theory along with the description

of the propagation through optical elements is fundamental in any theory
of image formation beyond the simple concepts of geometrical optics.
In all discussions of scalar diffraction, it is assumed that the
scalar field satisfies a scalar wave equation just as the vector electric

9

field satisfies the vector wave equation.

The goal of a diffraction

theory is to express the scalar field in some plane downstream, given an
expression for it in some input plane.

One particularly attractive ap-

proach is to consider the input plane field distribution, E(x,y,z=O,t)
in a plane z=O, as consisting of a summation of plane waves which are
known to satisfy the wave equation.

These plane waves can be written in

the form

(2.3)

In order for this to be a solution of the wave equation it must satisfy
the condition that
~

Ikl = (k

2

X

+ k 2 + k 2)~ = ~
Y
z
c

(2.4)

where c is the velocity of the wave in the medium of interest, in this
case free space.
The input plane field distribution can be written as
00

E(x,y,z=O,t) =

I

J

(2.5)

or, if we eliminate the temporal dependence, as
00

U(x,y)

= JJ dk xdky A0 (k x' ky )ei(kxX+kyY)
-00

(2.6)

10

Now, since equation (2.5) represents the solution as a superposition of plane waves that exist throughout the space in question,
equation (2.5) is valid for any plane z.

Equation 2.6 can thus be

written as
co

Uz(x,y)

=

J I dk xdky A (k x' ky )ei(kxx+kyY+kzz)

(2.7)

0

-co

where Uz(x,y) represents the spatial distribution of the scalar field
in a plane z.

In order for equation (2.7) to be a solution, however,

the condition, equation (7.4), must be satisfied.

This places a

restriction on kz . In other words, kz is not independent, but depends
directly on the value of kx' ky and w. Including this requirement,
equation (2.7) becomes
k 2-k 2)~Z i(k x+k.y)
x

y

e

x

y-

-co

(2.8)
Equations (2.6) and (2.8) provide a framework for an elegant
interpretation of the diffraction process.

Those familiar with linear

systems theory will recognize equati on (2.6) as a Fourier Transform
integral.

If a function Az(kx,ky ) is defined such that
(2.9)
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is the transfer function of the diffraction process.

For a review of

linear systems theory and a discussion of this so-called "angu1ar
spectrum" approach to diffracti on theory see Gaski 11 (1978).
The above suggests that a convolution integral exists that
describes the output Uz(x,y) as a convolution of the input U(x,y) with
a point spread function of free space propagation.

Lalor (1968) showed

that indeed this is the case, with the point spread function given by

h (x y) = -

z'

where r

1>.. r"-z (12n r .~ e i 2nf
--,,-

-

(2.10)

-1

>..

= (X2+y2+Z2)~.
Thus, given a field Uo(x,y) in plane z-O, the diffracted field

in a plane zis given by

f

U (x ,y) = 1 oof U (Xl, y' ) (
1
z
>..
0
2>..n((x_x' )2+(y_yl )2+z2)~
_00

(X-Xl )2 + (y_yl )2 + Z2

-1)\

dx'dy'

x

(2.11 )

Harvey (1976) claims that this expression is a valid diffraction
integral independent of the distance z.

If z»>.., a condition we shall

assume throughout the remainder of this dissertation, we can drop the
1

term ~
so eqn. (2.11) can be rewritten as
>..

12

00

Uz(x,y)

= -:

f f Uo(X', y') _
_ _--'z"--_ _----:
((x-x' )2+(X_y' )2+Z2)~

x

-00

i ~7T ((X-X' )2+(y_y' )2+Z2)~
e

((X-XI )2+(y_y' )2+z2)~

dx'dy'

(2.12)

or

=

where R =

,;-;"

~
A

II
00

•

U (Xl y')
0'

kR

~R LR

= ((X_X')2_(Y_Y')2+Z2)~. One will recognize eqn.

(2.13)

(2.13)

as the standard Huygens-Fresnel diffraction integral, ~ being the
e ikR
obliquity factor and -Rthe spherical wave.
Fresnel Approximations
If the extent of the input U(x' ,y',O) and the extent of the output region of interest U(x,y,z) are small compared to the distance of
propagation z, then a number of simplifications to eqn. (2.13) can be
made.

For one thing, if the distance z is quite a bit larger than the

lateral extent of the input (L') plus the lateral extent of the output
region of interest (L), i.e.

Z »

L I+L

(2.14)

13

then the R1s in the denominator of eqn. (2.13) can be replaced by z.
Also, if the square root function in the exponent is expanded in a
binominal expansion, terms higher than the squared terms can be dropped
if

Iz13»

7r(L 1 +L)4
2>.

(2.15)

Under these conditions, the resulting diffraction integral is

(2.16)
_00

or
~(XI2+yI2) _i!(XXI+yyl)
. i kz i~(x2+y2)
Uz(x,y) = .::.l _e_ e 2z
e z
dx1dyl.
U (x l ,yl)e 2Z
>.
z
JJ o
(2.17)
00

_00

(For a further discussion of the Fresnel conditions, eqn. (2.14) and
(2.15) and the resulting approximations see Gaskill, 1978).
Equation (2.17) is the main result of diffraction theory.

With

it we can describe the propagation of the scalar field in free space.
Elements
Elements such as apertures, transparencies, and lenses are
described by transmission functions that multiply the input to obtain an
output.

In terms of the field quantity U, the distribution in some out-

put plane is described by

14

Uz(x,y)
out

= Uz~x,y)t(x,y)

(2.18 )

1n

For example, consider a simple aperture such as a circular hole in an
otherwise opaque material.

The transmission is described by the simple

function

t(x,y)

={~

where ro is the radius of

x2+y2<r
2
- 0
x2+y2>r 2
o
tr~

aperture.

(2.19)

The description of the aperture

by the simple function t implies that the field incident on the transparency is modified so that the output field equals the incident field
inside the aperture but is zero outside.

While the description of the

effect of an aperture by the simple function t(x,y) seems intuitively
reasonable, it violates Maxwell·s equations because it implies discontinuous electric fields.
really much more involved.

The effect of apertures or transparencies is
In fact, it is the approximations involved in

the description of the effects of transparencies and the like that are
the main approximations in diffraction theory, the actual propagation
phenomenon being well understood.

Nevertheless, the description of the

effect of apertures by simple functions of the form (2.19) is reasonably
accurate, and leads to a simple form for the imaging equation.
Lenses
Goodman (1968) has shown that the effect of a thin lens can also
be described as a simple transmission function.

For a lens of focal
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length f, the ,transmission function can be approximated by
T(x,y) = e

where

~o

i kM

e

0

-i

irf (X2+y2) p(x,y)

(2.20)

represents a constant path length resulting in a constant and

therefore insignificant phase factor, and where P(x,y) is a pupil
function possibly of the form (2.19).

The effect of lens aberrations

can also be included in the function P.

A number of lens aberrations

are dependent on the field distribution U entering the lens which results
in a non-stationary imaging equation.

This point will be discussed in

greater detail later in the dissertation.
Coherent Imaging
With the description of the propagation of the field U in space
and through elements, we have the tools to describe the process of image
formation in coherent light.

BY coherent light, we mean light that can

adequately be described by the scalar field quantity U, (i.e., light
with a deterministic amplitude and phase at each point in space).

If

this is the case, the linearity of the wave equation and resulting propagation equations allows us to express the output image field U (x,y)
zim
as a superposition integral over the input (object) distribution

Uz (xo'Yo).
ob

This superposition integral is written
00

. (X,y)
z1m

U

=

JJ
-00

(2.21 )
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where h represents the response in the image plane to a point input at

Consider the geometry of fig. 2.1.

We assume an input distri-

bution of the form

(2.22)

where A represents the strength of the input object at (xo'Yo)'

This

input propagates to the lens element, which via eqn. (4.17) gives a
distribution just prior to the lens of
(xl-x )2+(y'_y )2
_i A ei kdo i k ---=-O--;2:;-d;-o---=o~
UZ{XI,yl) = - - - e
A do

Propagation through the lens is given by eqn. (2.20).

(2.23)

The field dis-

tribution just after the lens {i.e. in the exit pupil} can be written as
. A ei kd o 1. knuo
A
ik
-1
Uz I { x I ,y I} -_ -A--d- e
e
o

-i k

e

P{XI,yl}.
(2.24)

Finally, this distribution propagates from the lens to the image plane.
This propagation is again expressed byeqn. {2.17}.
into (2.17) we obtain

Plugging eqn. (2.24)

17

do -----~I+- d.1

z

IZ'
y'

y

x'

Fig. 2.1.

Geometry for imaging.

x
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UZ • (x,y)

x

1m

ik

00

f

J

«x'-x )2+(y'_y )2

_ _ _0--:=-:-_ _0'---_

2do

p (x' ,y' )e

e

x

-00

(x'X+y'Y)

(2.25)

- i k.----;--d
i
dx'dy'
e

e

Now, the fact that this is an imaging system implies that the
distances do and di' and the focal length f of the optical system are
related by the simple lens equation
1
f

1 +
o

- = -:rU

-d1

(2.26)

i

Here it is assumed that all the distances are positive.

If special

systems, which incorporate negative lenses and the like, are used, one
needs to be careful in defining the distances so as to avoid error in
interpretation.

Also, it is tacitly assumed that eqn. (2.26) is

correct, regardless of the aberrations in the system.

The departure of

the system from the ideal imaging is taken up by the pupil function
p(XI,yl).

We shall return to this point a little further along in

the discussion.
Using eqn. (2.26), we can simplify eqn. (2.25).
within the integral cancel, resulting in an equation,

Several terms
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(x 2+y 2)

=

Uz . (x ,y)

_Aeik(do+di+n~o)

-'-'.::------- e

,·k - e
2d o
0

ik

0

x

1m

f

f

COf

x
x
y
y
)
l
-i21T '(AdO + >:er:)x + (~+_)yl
Ad
Ad.
o
,
dx Idyl
P (x I ,y I ) e
0
1

(2.27)

.

-co

This gives directly the coherent response to a point input at (xo'Yo).
The reader will note that the integral is a Fourier transform relationship.

The coherent point response can thus be written
ik

IX 2+y 2)
\'0

0

2d o

e

x

(2.28)

-

where P is used to represent the Fourier transform of P.
The interpretation of eqn. (2.28) is straightforward.

The

response in the image plane to a point in the object at (xo'Yo) is a
-d·

distribution centered on the coordinates (-d'x

o 0

-d·
'TY
), with a spatial
0

0

form which is the Fourier transform of the pupil function scaled by the
factor Ad i . The response also includes phase factors that are dependent
on the object and image coordinates. It is these quadratic phase factors
that are usually dropped in discussion of coherent imaging.

The reason

is that it is impossible to write h in a stationary form (i.e. one where
h is dependent only on the coordinate difference (x-x o ' y-yo), if those
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factors are included.

Tichenor and Goodman (1972) discuss this in

detail and suggest coherent imaging systems that are stationary to a
much greater degree.

The concept of stationarity is important because

with it and the linearity of the imaging equations one is able to employ
all the tools of linear' systems theory (e.g. transfer function concepts,
etc.) (Gaskill, 1978)).

For our purposes, further discussion of the

coherent imaging situation is unimportant.

In incoherent imaging situ-

ations, the quadratic phase factors cancel, resulting in a stationary
imaging equation.

Just what is meant by incoherent imaging is the

question to which we now turn.
Coherence
In the previous discussion it was assumed that the illumination
in the object plane could be described by the scalar field quantity U.
In many cases the illumination cannot be adequately expressed by this
quantity.

In this case, one must resort to the statistical concepts of

coherence theory to describe the light distribution.
akin to that encountered in

st~tistical

The situation is

mechanics where the system is

too complicated to describe the process by the deterministic variables
of the position and momentum coordinates of every particle.
The principal quantity by which one describes the coherence
properties of the light distributions is the so-called mutual coherence
function.

It is defined as

(2.29)
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where r 1 and r 2 are two position vectors, and the angle brackets indicate
a time-averaging operation. This function represents a correlation of
the field at ;1 and ;2 with a time delay

The dependence of the mutu-

L.

al coherence function on the spatial coordinates indicates the degree of
spatial coherence of the illumination.
coordinate

L

The dependence on the temporal

indicates the degree of temporal coherence and relates to

the spectral content of the illumination.

The subject of temporal

coherence will be discussed later in this chapter.

For the present,

it will be assumed that the illumination is quasi-monochromatic.

This

means that the spread in frequency is small compared to the average
frequency (i. e. liv«v). .
It is always possible to express the field as
. E(r,t) = U(x,y,z,t)e-i2TI~t

where

~

is some average frequency.

This type of representation makes

sense in the quasi-monochromatic case because

~

does correspond to the

approximate frequency of the light source and therefore U is a slowly
varying quantity with respect to time.

With the above expression, the

mutual coherence function for some plane z can be written as

(2.31)
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Now, the irradiance in a plane z is closely related to the mutual coherence function.
portional to rll(o),

I(x,y)

The average irradiance is, in fact, just pro(Corson and Lorrain, 1970) or,

a

(2.32)

(E(x,y,t)E*(x,y,t)

From here on, we shall define I(x,y) to be equal to rll(O); the actual
irradiance is proportional to I(x,y).

With this definition,of the

energy function I, the output energy distribution of an optical system
can be written

Iz . (x,y)
1m

=

(\U . (x,y,t)U * . (x,y,t))\
z1m
z1m

(2.33)

The heart of the quasi-monochromatic approximation is to claim that
UZim(x,y,t) is related to UZob(xo,yo,t) by the same linear equation as
was derived for the purely monochromatic case namely
00

Uz. (x,y,t)
=f f
1m

(2.34)

_00

where h is the same function (eqn. (2.28)).

The above is a good approxi-

mation if the spread in wavelength is small so that h calculated at the
average wavelength is a good approximation, and if the optical path
length difference to an image point from the various object points
involved is small so that temporal variations are negligable in the
integration (i.e.

A2/~A>OPD).

If this is a valid assumption, then

23
eqn. (2.34) can be substituted into eqn. (2.33) to obtain
co

I z . (x,y) =
1m

<J J dxodyo h(x,y;xo'yo)Uzob (xo,yo,t)
-00

00

x

J J dx o' dyo'

co

h*(x,y;x o', Yo' )U;Ob (xd, Yo', t)

00

J J dxodyo J J dx o' dyo'
-00

h{x,y;xo,yo)h*(x,y;x o' 'Yo')

x

-00

(2.35)

The principal assumption regarding the spatial coherence concerns
the correlation in the object plane.

The object is considered incoherent

if the mutual coherence function for the object plane approaches a 0function.

where

K

In other words,

is a constant related to the actual coherence length of the

illumination in the object plane.

Equation (2.36) is the limiting form

for the true correlation in the object.

It is non-physical because it

implies infinite energy in the object but it is convenient because it
allows eqn. (2.35) to be simplified to
(2.37)
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This equation basically says that a linear Y'elationship (superposition
integral) exists between the energy function I(x,y) in the image and
that in the object.

This is the principal result of this section.
Incoherent Imaging

Using eqn. (2.37) and eqn. (2.28), the imaging equation for a
system illuminated by incoherent light (illimination satisfying the
condition eqn. (2.36)) can be written down directly as

This expressi·on can be simplified by scaling the object coordinates by the magnification of the optical system (x o' = mx o ' Yo' = myo;
d·
where the magnification
and defining a new scaled object diso
tribution

m=-i ),

(2.39)

where 0 is interpreted as the geometrical image of a perfect imaging
system.

With eqn. (2.39), eqn. (2.38) can be simplified to read,

(2.40 )

Equation (2.40) is now written in the form of a convolution (Gaskill,
1978) and can be written symbolically as
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I(x,y)

=

h(x,y)**O(x,y)

(2.41)

Equation (2.41) is the principal result of this chapter.

It

states that the image distribution of an incoherent optical system can
be described as a convolution of the object distribution (scaled) with a
point spread function (psf) which is the square magnitude of the Fourier
transform of the pupil distribution in appropriately scaled coordinates.

A convenient notation fot expressing the psf h(x,y) is to use the
Fourier transform symbol

h(x,y)

where C=_ K _
A4 d. 4
1

•

=

c

jr,

whereby

rp(X ',yl HI Xl+

x
yl+
Adi '

~
~

12

(2.42)

1

The arrows indicate the conjugate variables for the

Fourier transform.
The fact that the imaging equation can be written as a convolution implies that the imaging process can be described in the spatial
frequency domain.

Thus, following the prescription of linear systems

theory (Goodman, 1968), (Gaskill, 1978), the imaging equation can be
written as
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(2.43)

where

** indicates

a complex autocorrelation in two dimensions.

Equation (2.43) basically states that the image spectrum (spatial
frequency spectrum) can be written as a system transfer function times
the spectrum of the scaled object.

This transfer function is just the

Fourier transform of the psf, or equivalently, the complex autocorrelation of the pupil function in appropriately scaled coordinates.
Extension to Polychromatic Illumination
In the previous two sections, a formulation of the incoherent
imaging system was given under the assumption of quasi-monochromatic
illumination.

If the illumination is broadband, the assumptions of the

previous sections are not valid.

In particular, it is incorrect to

assume that eqn. (2.34) is a good approximation, where the h function in
that equation is the one calculated for a particular monochromatic wavelength.

Equation (2.28) reveals that the scale of the h function de-

pends directly on the wavelength.
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One might imagine that the solution for broadband illumination
could be obtained by considering the polychromatic illumination to be a
superposition of monochromatic waves.

This coherent superposition

always leads, however, to a time-dependent description of the illumination.
A more accurate interpretation of polychromatic illumination is
to consider the illumination as an incoherent superposition of the energy at each wavelength.

We can thus write eqn. (2.41) as a

wavelength~

dependent equation

= hv'(x,y)**O v (x,y)

Iv (x,y)

(2.44)

and finally interpret the net energy I(x,y) in the image as a superposition

I (x ,y) _.

=

J I v (x,y)dv

J (h v (x,y)**Ov (x,y))dv

(2.45)

where I v and 0v are now functions with units like energy/m 2 /hertz.
Equation (2.45) takes a simple form when the input object can be
written in the seperable form

0v(x,y) = O(x,y)I(v)

(2.46)
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for then eqn. (2.45) becomes

I(x,y)

= [J hv(x,y)I(v)dv **O(X,y)]
=

(2.47)

hpoly(X,y)**O(x,y)

This separation of the spatial and frequency variables (eqn. (2.46)) is
valid for situations like imaging black and white T.V. monitors or transillumination of black and white transparencies.

It is not valid when

imaging scenes in the environment which generally have a spatial dependence to the chromatic content of the light.

In such a case, the

system response is not uniform across the field, resulting in a spacevariant operation.

This fact might possibly be exploited to do desired

space-variant operations.

See Goodman (1981) for a discussi.on of space-

variant processing.
The form of eqn. (2.47) is interesting.

The polychromatic psf

is essentially a summation of incoherent psf's of different scales.

The

particular weighting of the psf's depends on the spectrum of the illumination I(v) and the frequency v through the constant in h.

Recall that

this constant has the form ~.

K

Until now, the constant

was rela-

1

tively unimportant and was simply related to the spatial correlation
length in the object plane.

The Van Cittert-Zernicke theorem (Born and

Wolf, 1975) states, however, that this coherence length can depend on
the wavelength.

For an incoherent source illuminating a film, for

example, the constant

K

will be proportional to A2.

In other cases such
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as T.V. monitors,

K

is independent of A.

Therefore, one must be careful

in describing the imaging properties for broadband illumination.
In this section we have simply stated that eqn. (2.44) and (2.45)
represent the way to consider polychromatic illumination.

These results

can be shown to follow directly when one is more careful and

de~cribes

the imaging system in terms of the correlation functions of coherence
theory.

In this theory one starts with the mutual coherence function

r 12 (T), takes the Fourier transform with respect to the time-variable L,
and shows that this function r 12 (v) satisfies a wave equation in the two
coordinates r l , and r 2 . This results in a propagation equation for
r 12 (v).

A lens propagation equation can also be defined and the propa-

gation equations appropriately combined to give a net imaging equation
for the output r 12 (v) in terms of the input r 12 (v). An input criterion
similar to eqn. (2.36) with Izob(Xo,yo) replaced by a function of xo'Yo
and v, results in a spectral image energy equation like (2.44) with the
function h described byeqn. (2.41).

r(r l , rl ,

Finally the total energy function

0) is obtained via the central ordinate theorem (Gaskill,

1978) which is essentially eqn. (2.45).

This brief sketch of the full

coherence theory derivation of the results in this chapter is intended
simply to aid the reader in further reading on the subject.
Practical Considerations
In this chapter it was shown that an incoherent imaging system
can, under certain conditions, be approximately described by a convolution operation.

This las't section of the chapter will discuss some of
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the points which were not considered above and whjch directly affect
the practical implementation of the theory.
More General Optical System.
In the discussion of coherent imaging, a single thin lens optical system was used as the model (fig. 2.1).

In that discussion all the

pupil planes and principal planes of the system were coincident at the
lens.

In a more general optical system this is not the case.

The

entrance and exit pupils are generally not coincident with the principal
planes which determine the distances for the imaging equation (eqn.
(2.26).

One might expect, therefore, that the description of imaging in

terms of propagation to and from pupils is incorrect if eqn. (2.26) is
used.

In fact, eqn. (2.26) is not correct if the distances doand di are
the distances from the object plane to entrance pupil and exit pupil to
image plane respectively, and f is the focal length defined in terms of
the principal planes.

In

~his

case, the imaging equation is

(2.48)

where mp is the magnification of the pupils.
The interpretation of the lens propagation, however, must be
changed in this case.

The action of the lens can be described as a

magnification change (m p ) from entrance pupils to exit pupil and then
a multiplication by a transmission function of the form eqn. (2.20) with
a change of the quadradic phase factor such that f is replaced by mpf.
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With the above changes the imaging eqn. (2.28) is exactly the
d·
same except that the (-~) term in the argument of the pupil transform
_

d.

0

P is replaced by (-~) which is just the overall system magnifiuomp
cation m. Thus, eqns. (2.39), (2.40) and (2.41) which incorporated the
system magnification are exactly correct, withln the approximations of
the general theory, even for more general optical systems.
The important thing to remember from a practical standpoint is

-

that the pupil function P is defined relative to the exit pupil coordinates.

Thus, if one puts a transparency in the stop plane of an inco-

herent optical system to do some kind of filtering operation, the
magnification from the stop to the exit pupil should be incorporated
into the scale factor prior to taking the Fourier transform of eqn.
(2.41).
Lens Aberrations
It was mentioned earlier that lens aberrations can be included
in the description of the lens propagation equation.

A lens aberration,

for the purposes of this discussion, can be defined as any phase variation of the lens other than that of the quadratic phase factor.

A

careful analysis of the effect of a lens (Welford, 1974) shows that
virtually all optical systems contain some degree of aberration which
is usually described by a function W(x,y; xo'Yo) which represents the
wavefront variation relative to the perfect spherical wavefront in
the exit pupil.

Thus, a function
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P'(x',y')=p(x',y')e

ikW(x',y'; x ,y)
(2.49)

00

where P(x',y') contains the effective aperture and diffracting
structures purposely placed in the pupil, can be used in place of the P
in eqn. (2.20) to describe the lens.

Note, however, that the function

Wis a function of both the exit pupil coordinates and the object plane
coordinates.

This implies that the aberrations change as a function of

the object coordinates and result in an imaging equation which is nonstationary.
From a practical standpoint, the effect of aberrations might or
might not be significant depending on the resolution of the final recording process.

By this we mean that any useful system employs some

kind of detection device to record the system output.
devices ultimately have some kind of resolution limit.

These detection
If the effect of

the aberration is so small that the detection device cannot measure any
significant difference in response across the field, then we need not
worry about the aberrations.

In the event the aberration is significant

relative to this resolution limit, the description of the system in terms
of a convolution is invalid.
In practice, the quality of the lens often determines the resolution limit at which the system will accurately work as a convolution
or filtering device.
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Partial Coherence Effects.
The resolution limit, imposed by either the lens or the detection device, also affects the coherence requirements in the object
plane.

In other words, the overall resolution limit expressed in terms

of the object coordinates will set a limit on the coherence length of
the illumination in the object plane.

If the coherence length is

smaller than this resolution dimension, then one need not worry about
partial coherence effects in the image.

In this case the theory pre-

sented in this chapter for incoherent illumination is a good
approximation.

If the coherence length is larger than the resolution

dimension, the theory of incoherent image formation is not vali.d and one
must describe the image via the theory of partially coherent image
formation.

(Beran and Parrent, 1964).

From 'a practical standpoint, the effects of partial coherence
can almost always be avoided if desired.

Scenes illuminated by natural

light or displayed on video monitors inherently have very small coherence
lengths.

If a transparency is illuminated from behind, the degree of

coherence in the object plane can be fairly large if small sources such
as arc lamps are used to illuminate it.

In this case, however, one must

simply include a random diffuser, such as used in light boxes, between
the source and film to destroy the coherence.

CHAPTER III
INCOHERENT CONVOLUTION
It was shown in the previous chapter that under certain conditions the object-image relationship of an incoherent optical system
can be approximately described as a convolution of the input with a
system psf.

The previous chapter specified the form of this psf as the

square magnitude of the Fourier transform of the pupil function, or
equivalently as the Fourier transform of the autocorrelation of the
pupil function of the optical system.

Indeed, given an optical system

with a specified pupil function it is a straightforward calculation to
determine the system psf.

The general problem in optical processing is,

however, the inverse calculation.

One usually knows the psf that is

desired and needs to determine an optical system that will effect this
psf.
Constraints
Not all psf's are achievable with an incoherent optical system
such as described in the previous chapter.
strained to be a non-negative real quantity.

The psf is, in fact, conThis is largely why the

use of incoherent optical processing has been rather limited in the past.
The constraint to positive real psf's is obvious once one recalls that
incoherent optical systems are linear in the energy (irradiance), or
intensity as it is often termed in the literature.
34

Figure 3.1 indicates
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the interrelationships between, and the limitations on, the pupil
function, the coherent psf, the incoherent psf and the incoherent OTF.
The limitation to positive real psf1s manifests itself in the frequency
domain as a restriction to hermitian OTFls.

Recall that a hermitian

function is one that has a symmetric real part and an anti symmetric
imaginary part (i.e.,

H(~) = H*(-~)).

value at zero frequency.

The OTF also has its maximum

This conclusion derives from the fact that

the OTF is an autocorrelation.
Another constraint on the class of psf1s achievable in an incoherent optical system is that the psf be bandlimited (i.e. a psf whose
Fourier transform is of finite extent).

This is implied by the finite

spatial extent of all physically realizable pupils.
The psf must also be integrable, a requirement of the finite
energy flow in an optical system.

The integrability requirement of the

psf is equivalent to a continuity requirement on the OTF.

In other

words, a discontinuity in the OTF implies a condition of nonintegrability of the psf and violates the condition of finite energy flow.
Synthesis of Pupils for Positive Real psf1s
Given that it is desired to design an optical system to effect
a positive real bandlimited integrable psf, the question arises as to
whether a pupil function exists whose response is the desired psf.
Walther (1963) showed that for every psf with the conditions described
above there exists an optical system (i.e. pupil of finite extent) whose
incoherent impulse response is that psf.

It was also s'hown that in

general there can be one, a finite, or even a infinite number of
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solutions (pupils).

The question is how one actually determines the

pupil IS functional form given the desired psf.
Recall that the incoherent psf, h(x,y), is the square magnitude
of the Fourier transform of the pupil function, P(XI,yl).

So, given a

desired psf, h(x,y,), which satisfies the constraints given above, it
is apparent that any pupil whose Fourier transform is given by

will produce an incoherent psf of the form

The multiplicity of solutions is manifest in the arbitrariness
of the

phase~.

In other words, any pupil function whose Fourier trans-

form has modulus (h(x,y))~ will produce the desired response when used
in an incoherent optical system.
It seems obvious that a pupil function can be specified by
simply inverting eqn. (3.1), namely
P(x l ,yl)

=

;¥-l{(h(X

,y

))~ei~(X,y)} x~x'/Ad.,
1

y7Y'/Ad.

1

(3.3)

where

~(x,y)

can be any function desired.

phase functions,

~,

The problem is that not all

will result·in pupil functions of finite extent.
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In other words, the phase function ¢ is not always arbitrary from the
practical standpoint of being able to physically realize the pupil.
The chosen form of the phase function, ¢' affects the form of
the pupil function P.

For example, the use of a certain ¢ can result in

a pupil function that is a pure phase function, which would maximize the
system's light throughput, or a pure amplitude function, which would
affect the ease of fabrication.

Stoner (1981) has investigated a number

of approaches to this so-called problem of phase reconstruction.
Probably the most promising approach is to use the iterative algorithm
of Fienup (1975).

In this technique, one applies the known or desired

information about the pupil in both the spatial domain and the Fourier
transform domain.

In the Fourier transform domain, one knows the

modulus to be (h(x,y))~.

In the pupil or space domain one desires the

the pupil function P to be space limited and possibly all phase, or all
modulus, or of quantized levels in phase and modulus, or one of many
other constraints on the functional form.

There 'is no guarantee, of

course, that a solution with these constraints exists.

If one does

exist, however, the Fienup algorithm can be shown to converge to a solution.

The simplest form of the algorithm is as follows:
i)
ii)

start with the known modulus

(h(x,y))~;

multiply by ei¢(x,y), where the phase ¢ is some initial
guess possibly equal to zero;

iii)

inverse Fourier transform to obtain estimate of P(x' ,y');

iv)

apply the desired constraints to P (i.e. set equal to zero
outside some spatial region, or drop imaginary part of P);

v)

Fourier transform to get back to the resulting coherent
response;
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vi)
vi i)

apply the constraints in this domain, namely the modulus
equals (h(x,y)~;
repeat steps (iii) thru (vi) until the algorithm converges
to a solution that satisfies the constraints in both
domains.

Fienup (1980) has other algorithms which in a similar iterative
sense satisfy the constraints but which he claims converge more rapidly.
This approach probably represents the best method of determining pupil
functions that satisfy the space-limit constraint and/or the other
practical constraints one might wish to impose.
Holograms in First Order
Lohmann (1968) was the first to point out that holograms can be
used in the pupil plane of an incoherent optical system to produce positive real psf's in the first diffracted order.

The hologram can be

either a natural hologram (fig. 3.2(a)) or a computer-generated hologram.

In either case the hologram records the complex pupil function via

a spatial carrier.

To understand the principle of operation consider

a computer-generated hologram which records the pupil function

possibly calculated via Fienup's algorithm, on a spatial carrier.
transmission of the hologram can be described by the equation,

The
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(3.5)

When this transparency is placed in the pupil plane of an incoherent
processor, (fig. 3.2(b)), the psf of the system is

psf(x,y)'

2

=

2

(3.6)

In general, we know that since the pupil function P is of finite extent,
the Fourier transform

P must

extend to infinity.

In any practical

calculation or implementation, however, the function P ;s also of some
finite extent.

If the offset variable,

~o'

is large enough, the last two

terms in eqn. (3.6) will be spatially separate from the on-axis or DC
terms.

In fact, it is important that

~o

be large enough so that the

object, when convolved with the psf in eqn. (3.6) produces spatially
separate terms; otherwise we'will not be able to separate the desired
convolution result.

Since the second two terms of eqn. (3.6) are

spatially separate from the first two, the square magnitude operation
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acts separately on these.

The resulting psf can be written

The first two terms represent a response centered around the origin in
the output plane.

The third and fourth terms represent responses that

are shifted along the x axis by amounts -Ad iso and Ad iso respectively.
Using eqn. (3.4) the expression (3.7) can be simplified to read

psf(x,y)

a

x+Ad· s
xHd.s
\~ i¢{' 0 , _ L)
m
DC terms + ( h(m' 0 ,-f)} e
m

+ ( h(

x-Ad.s
,
m

0

L)
'm

)~ i¢(
e

x-Ad· s
, 0
m

2

2

,

L)
m

(3.8)

or

psf(x,y)

a DC

terms + h(-

x+Ad· s
x-Ad· s
_ L) + h(
, 0
L)
'
0
m
'm
m' m '

(3.9)

d.
where m = ~ is a magnification factor of the recording process and can
be equal to one if desired.

Equation (3.9) reveals that the hologram

produces the desired incoherent response in the +1 and -1 diffraction
orders with a superfluous zero order term. Figure 3.3 shows the psf of
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the hologram along the x axis.

Again, the size of the DC or on-axis

term, the size of the psf, and the object size are all significant in determining the offset variable So that results in spatially separate
terms in the output.
As stated, the hologram can be produced either as a computergenerated hologram or as a natural hologram.

Figure 3.2(a) indicates

a set-up that will produce the natural hologram.

It produces a Fourier

transform hologram of the transparency (h(x,y))~ with a random phase
factor ei~(x,y) (i.e. ground glass).

The computer generated hologram is

an attractive approach because it allows control of the phase
calculate the pupil P.
orders separated.
in the hologram.
bandwidth product.

~

used to

However, a large offset is needed to keep the

This large offset implies a high spatial frequency
Because of this, the hologram has a high spaceChavel and Lowenthal (1976) suggested an approach

that minimizes the bandwidth of the computer-generated hologram.

Their

approach was to make a computer-generated hologram with just enough offset So to keep the orders of the

~

separated.

They then used a mask

to separate just the +1 order (i.e., h(x,y)) and made a natural hologram
of this with a reference wave of high offset.

The approach has the

advantage of using the computer to calculate an accurate pupil function
P at the minimum sampling frequency.
There are some severe drawbacks to the use of holographic
filters.

Besides the inconvenience of several orders, the diffraction

efficiency of the hologram into the first diffracted order is low.
Light throughput thus becomes an important problem.

There is also a
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m=l
psf(x,y)

Fig. 3.3.

Point spread function from hologram in pupil plane of
incoherent optical system.
The desired response is h(x,y) and is obtained in the
first diffracted order a distance Adi~o from the optical
axis.
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more severe restriction on the monochromaticity of the light source
used in the incohe·rent processor.

This is due to the fact that not

only is there a wavelength dependent scale to the psf, h(x,y), but
also the shift,

Adi~o

is wavelength dependent.

With increasing illumi-

nation bandwidth, the polychromatic psf rapidly diverges from the desired psf.

An attempt to minimize the illumination bandwidth will in

turn affect the light throughput.
Fabrication of zero-order filters
It is advantageous from a light throughput standpoint to make
zero-order filters - pupils that directly produce the desired response
on-axis or in the zero-order.

Given the pupil function, possibly

determined via the Fienup algorithm, the fabrication will depend on the
complexity of the function.

If the pupil is an amplitude-only

function, the pupil can be realized as a simple transparency via a
photographic process.

If the pupil function is calculated in a computer,

the result can be displayed and photographed.

The dynamic range or grey

scale resolution of the display usually is the limiting factor for this
method.

The pupil data can also be written directly on film using a

microdensitometer.

This method is also usually limited by the grey

scale of the instrument.

If these instruments are capable of signifi-

cantly higher resolution than is needed in the actual transparency,
pupil averaging or half-tone techniques can be used to increase the net
dynamic range of the final transparency.
The form of the pupil function often allows an ingenious
experimenter to fabricate transparencies from a physical process.

For
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example, a pupil whose transmission is required to be l/r might be
synthesized by a rotating line source imaged onto film.

In this case,

the dynamic range of the film itself is a limiting factor.
Besides the use of photographic transparencies, spatial light
modulators (Knight, 1981), (Casasent, 1978) are potential candidates
for recording the pupil.

Improvements in performance and reduction in

cost of these devices will probably make them an attractive alternative
to film in the not-too-distant future.
When the pupil is a complex function the fabrication is more
complicated.

One method is to make a transmission filter to represent

the amplitude portion of the pupil function and a phase filter for the
phase part of the pupil.

The phase filter can be made by bleaching a

transparency that has been exposed to a normal irradiance distribution
representing the phase function.

The alignment of the two filters is

often difficult and proves to be the limiting factor of such an approach.
Chu et al, (1973) developed a technique that avoids the
alignment problem.

This ROACH technique (referenceless on-axis com-

puter hologram) uses two or more emulsions of a single color film.
emulsions are each sensitive to a different wavelength.

The

One emulsion,

recorded at its wavelength, is used to record the amplitude distribution.
Another or several other emulsions are used to record the phase information.

They are exposed at their selective wavelength to an irradiance

distribution that represents the phase variations.

After exposure and

development, these emulsions will produce phase variations, but very
little amplitude variation, at the wavelength used to record the
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amplitude information and the one at which the pupil will be used.
While Chu has reported good results, the technique is extremely sensitive and requires a great deal of experimental expertise to produce
good filters.
If only a few discrete phase steps are needed in a phase-only
pupil, a lithographic technique has proven effective.

The procedure is

to coat a substrate (glass) with photoresist, expose the photoresist to
a light pattern indicative of the phase information, etch the photoresist to remove it from the unexposed regions, vacuum coat the resultant with an index material to the phase step needed, and finally
etch away the remaining exposed photoresist with a solvent.

This pro-

cedure has proven effective in making phase ronchi rulings.
The fabrication of complex pupils is a difficult and timeconsuming process.
problem.

Currently there is no really good solution to this

It is hoped that current research with electro-optic materials

will produce reasonably low-cost devices which are easily written and
have the necessary performance factors of dynamic range, resolution, and
clear aperture.
Pupil Replication
In all of the work we have done and with most of the applications
for which we feel optical processing has a potential advantage, video
systems are used to detect and record the output image distribution.
The video system is usually responsible for limiting the resolution of
the final image.

The diffraction limit of the lens usually far exceeds

the capacity of the video system.

The psf's desired must have
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bandwidths smaller or comparable to the limit imposed by the video
system.

Higher bandwidths in the psf's are extraneous because of the

attenuation of higher frequencies by the video system.

In terms of the

pupil function, this implies that the required pupil function has a very
small spatial extent compared to the clear aperture of the optics.
Light throughput thus becomes a problem.
We can circumvent this problem by replicating the small pupil
function across the much larger area of the lens pupil.

This increases

the light throughput by the number of replications N. The separation
of the replications must be such that the repeated spectrum are outside
the bandwidth of the video system.

Braunecker et al. (1979) has shown

that pupil replication is advantageous from a noise standpoint.
Assuming independent pupil-plane errors, the replication process reduces
the noise contribution from the pupil.

Replication is also advantageous

in terms of reducing the aliasing errors that occur when the pupil
function is calculated on a discrete array as is done in any computer
calculation of the pupil.
Extension to more general psf's
Even if the synthesis of pupils were well understood and pupils
were easily fabricated, the generality of incoherent optical processing
would be severely restricted by the constraint to positive, real psf's.
There do, of course, exist operations such as correlation and
low-pass filtering that require positive real processing kernels, but
the vast majority of proces.sing operations such as edge enhancement,
deblurring, or the filtering operation for CT require bipolar (positive
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and negative) processing kernels.

Several methods exist to extend the

generality of incoherent optical processing systems to include bipolar
and even complex psf's (Rhodes, 1980).
The rest of this chapter presents these methods.

It would

certainly be desirable from the point of view of the reader to quantify
the performance of the various methods so that a comparative analysis
would indicate the "best" method.

This is an extremely difficult, if

not impossible, task because:' 1) the performance of any and every
approach is strongly dependent on the particular filtering operation to
be implemented; 2)

the theoretical performance depends on the quality

and form of the input data; 3)

the processing time requirements, the

signal-to-noise ratio (SNR) requirements, and the resolution requirements
are all interrelated and impact on the specific hardware needed; and
4) the hardware choices ultimately determine the performance and cost of
a particular approach.
input and an output.

Specifically, the filtering operation has an
Both input and output are random processes.

The

statistics of the output image are related to both the statistics of the
input and the form of the processing kernel.

Therefore, there will be

some theoretical performance determined by the input and the filter.

A

good designer will design a processing system to achieve this performance
but no better.
The choice of a particular method determines the type of hardware
that is needed.

The performance of the hardware determines the overall

performance of a method.

Given a processing operation, a description of

the input, an approach to the processing operation, and the speci'fic
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hardware to implement the operation, it is a straightforward matter to
calculate the statistics of the output which we use to evaluate the
performance of the entire system.

On the other hand, it is extremely

difficult to say in general what can be expected of a given approach.
The rest of the chapter describes a number of different optical
approaches to performing general convolution operations.

We occasion-

ally mention the type of hardware that is applicable and available for
a particular approach.

We discuss performance of the various approaches

in very general terms.

Our intention is only to give the reader a feel

for where the advantages and disadvantages of a given approach lie.
In the following chapters, the discussion will turn more to
hardware where quantitative arguments are appropriate and essential.
Bias
The simplest way to achieve a convolution of some object distribution with a bipolar psf is to use a bias.

This bias is typically

a constant added onto the bipolar psf h(x,y) so that the resultant psf
h'(x,y) is strictly positive.
achieve the psf h'(x,y).

h'(x,y)

=

A pupil function is synthesized to

The psf h'(x,y) can be written as,

C + h(x,y)

(3.10)

If the input object distribution in the magnified image plane coordinates is represented by O(x,y), then the output image distribution
I(x,y) is
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I(x,y) = (C+h(x,y))**O(x,y)

= (C**O(x,y)) + (h(x,y)**O(x,y))
= C· + (h(x,y)**O(x,y))

(3.11)

The image thus consists of the desired convolution plus a constant.
The constant term can be subtracted easily if electronic detection of
the image is performed.

.

The constant term, however, is a nuisance since

it uses up the dynamic range of the detector and introduces noise without increasing the signal.

In many cases, the constant terms can be

large compared to the desired information.
method is particularly bad.

In this case, the bias

The advantage of the bias approach is that

only a single optical system and detector are needed.
Two-Channel Subtraction Method
The most obvious extension of the simple incoherent optical
system is to use a two-channel optical system (see fig. 3.4).

The two

channels have pupil functions Pl and P2 that produce responses psf l =
hl(x,y) and psf2 = h2(x,y) respectively. The respective output images
are

(3.12)
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fig. 3.4. Two-channel optical system.
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and

(3.13)

where O(x,y) is, of course, the input object distribution.
A bipolar psf can be realized by subtracting the outputs of the
two channels.

The resultant image distribution is

I(x,y)

= 12(x,y)-I l (X,y) = (h 2(x,y)-h l (x,y))**O(x,y).
(3.14)

The effective psf of the two-channel system is the difference of the two
responses h2 and hl and can be bipolar.
If it is desired to convolve some input with a bipolar psf,
h(x,y), the function can be broken up into the two functions

h+(x,y)

=

{ h(:;Y)

if

h(x,y)~O

if h(x,y)<O

(3.15)

and

h_(x,y)

0

= { ~h(x,y)

that are both positive.

if

h(x,y)~O

if h(x,y)<O

(3.16)

Channel one of the two-channel optical system

can produce a response h+ and the second channel a response h_.

The

subtraction of the image data in channel two from the data of channel
one results in the convolution of the input data with the bipolar psf
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h(x,y).

The division of a bipolar psf h(x,y) into two functions that

are positive and whose difference is h(x,y) is not unique.

It was

shown (Lohmann and Rhodes, 1978) that the particular prescription of
eqn. (3.16) is optimum in the sense of minimizing the IIcommon-mode
signal between the two channels.

li

This essentially means that the image

plane bias is minimized in each channel and the resultant difference
image will be optimum from a noise standpoint.
The problem with the prescription of eqn. (3.14) is that the
functions h+ and h_ have discontinuous slopes at the locations in the
(x,y) plane where the function h(x,y) crosses the zero axis.

As such,

the functions h+ and h_ have theoretically infinite bandwidths which
inplies that no spatially finite pupil functions exist that will produce
them.
This problem can be overcome by synthesizing pupils to produce
two responses,

(3.17)
and

h

I

=h

(3.18)

**s

that are bandlimited and produce the proper difference response h.

The

function s is easily described in the frequency domain as a function
that is constant over the bandwidth of h and then drops to zero.
cylinder function (Gaskill, 1978) is such a function.

A

In the spatial
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domain the cylinder function becomes a "sombrero" (50mb) function
(Gaskill,1978).

Thus, convolution of the function described in eqn.

(3.16) with a somb function of proper scale will result in two functions
that are each bandlimited and whose difference is the proper response.
These functions will not, however, be a minimum-bias solution.
From here on we shall use h+ and h_ to indicate any pair of
responses whose difference is the desired psf.

In practice, the practi-

cal requirements on SNR and resolution, and the-available dynamic range
of the detector determine just how much the system designer must worry
about the tradeoff between minimum bias, finite bandwidth and the very
real consideration of pupil fabrication.
Several researchers have suggested the use of two-channel
incoherent systems for processing information.

Chavel and Lowenthal

(1976) suggested the use of a two-channel incoherent optical system for
improving focus errors.

Their system used the basic two-channel sub-

, traction idea but employed first-order holograms as the pupil functions.
They suggested that the holograms be made to produce the minimum bias
solution h+ and h_ in the first diffracted order.

Gorlitz and Lanzl

(1977) suggested a two-channel subtraction system with pupils working in
zero order.

The pupils they described for the operations of band-pass

filtering and differentiation were not based on the form of the psf but
were derived from an intuitive understanding of the desired OTF.

They

introduced phase differences between the two pupils in certain spatial
regions of the pupils to synthesize the specific difference response
required.

Braunecker and Hauck (1977) also described a method of
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producing pupils for a two-channel system.

They forced their psf to be

hermitian and added bias terms in the pupil so that the pupil functions
were positive real.

These they suggested be produced as simple grey-

scale, on-axis, computer-generated holograms.
to suggest the

conc~pt

They also were the first

of pupil replicution to increase light through-

put.
Channel Balance
Once the pupil functions Pl and P have been determined, they
2
must be manufactured as transparencies and positioned in their respective channels.

Extreme care must be taken when fabricating the

pupils so that the transmission of the two pupil transparencies are
matched.

If the two pupils are not properly normalized, the resultant

psf will not be that desired.

In other words, pupil transparencies aP l
and SP 2 result in a net psf of (ah+-Sh_) which is not proportional to
(h+-h_), the desired psf.
Care must also be taken to insure that the pupils are properly
positioned in terms of rotation.

This, of course, is irrelevant if the

psf is radially symmetric.
Longitudinal pupil position, pupil scale, and channel magnification all couple to produce scale errors between the two channels.
Here again, this results in a net synthesized psf that differs from the
desired one.
Apart from these fairly deterministic errors, which can be minimized by careful experimental technique, two-channel systems are plagued
by spatially-dependent imbalances between the channels.

These can arise
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from nonuniformities in illumination, optical differences between
channels (aberrations), and subtraction variations. "These imbalances
are quite often severe because the desired signal is the difference
between the two channels and is often quite small.
errors can be as large as the difference signal.

Thus, the difference
It should be noted

that these difference errors are deterministic errors, not stochastic
noise.

Signal averaging techniques are of no help in improving the

overall SNR in this case.
Subtraction
The method and implementation of the subtraction of the two
intensity distributions strongly affects the quality of the resultant
difference signal.

While conceptually straightforward, the subtraction

step is, in practice, quite involved and often the limiting factor on
system performance (Chavel and Lowenthal, 1981).

In the present context,

there are basically two categories of methods for image subtraction.
These are optical subtraction and electronic subtraction.
Ebersole (1975) has written an excellent review article. on
optical subtraction methods.

A number of these methods require co-

herent optical techniques and are not applicable to the incoherent
optical convolution systems considered here.

Another class of methods

is based on coding the two intensity distributions.

For example, if

intensity distribution 1+ is multiplied by a transmission factor
and 1_ by

l-cos~x,

I

=

l+cos~x

the result of combining these distributions is

1+ + I + (1+ - I

)cos~x

(3.19)
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The desired difference image is seen to ride on a spatial carrier,
cos~x.

A demodulation process can be implemented either electronically

or with a coherent optical system to recover the desired difference
image (1+-1_).

This method has similarities to some modulations methods

considered as alternative to two-channel systems.

The concept of

spatial carriers, demodulation techniques, and the requirements on the
spatial frequency

~

will be discussed in detail in subsequent sections.

For the present, suffice it to say that the transmission mask's uniformity and positioning are sensitive and critical parameters in
obtaining a good subtraction.
Another optical subtraction scheme involves contrast reversal in
photographic film.

This method does not result in a true subtraction

but rather a ratio of the two intensity distributions.

Qualitatively,

this method reveals differences between two images but does not produce
a good convolution result in a quantitative sense.
In general, optical subtraction methods have not proven to be
accurate, reliable, or sufficiently flexible to adopt as the method of
choice for a general-purpose optical convolver.
The other approach is electronic subtraction.

The basic scheme

is to use two synchronized imaging detectors whose scanned outputs are
fed to a difference amplifier.

The output or difference signal is then

sent to some kind of storage device.
diagrammed in fig. 3.5.

A schematic of such a system is

The basic problem with this approach is, again,

the uniformity of response between the two detectors.
range of the imaging detectors is not large.

Also, the dynamic

Therefore, the difference
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Fig. 3.5.

Schematic diagram of two-channel system for bipolar
convolution.
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signal is small compared to the noise level, which adds quadratically in
the subtraction step.

Poor signal-to-noise ratios (SNR) are common.

If the storage medium is capable of addition, signal averaging can be
used to improve the overall SNR of the convolution.

Such averaging does,

however, increase the net time required for the total convolution
process.

With standard video cameras, frame times are on the order of

1/30 sec.

A single detection, subtraction and storage of the scene can

be accomplished in this amount of time.
"real-time" operation.

Most people consider this to be

In other words, the total convolution process can

be performed, albeit at poor SNR, in about 1/30 sec.
ready to perform another convolution.

The system is then

When signal averaging is imple-

mented, the required time, of course, increases.

The time required or,

equivalently, the number of video frames required, goes up as the square
of the improvement in the SNR because the noise in successive frames is
statistically independent.

An improvement of a factor of five in SNR

results in a time increase of a factor of twenty five and would require
about one second at normal video frame rates.

Depending on application,

this mayor may not be considered "real-time" operation.
Modulation Methods
Besides the two-channel approach, there are other methods for
doing incoherent convolution with bipolar and even complex psf's.

These

methods rely on encoding the bipolar or complex information on a carrier
frequency.

This carrier can be spatial (Lohmann, 1977), (Stoner, 1977),

(Stoner, 1978), or temporal (Rogers, 1977) in nature.
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Spatial Carrier Method
The spatial carrier method is best understood by considering the
convolution process in the spatial frequency domain.

Recall that the

system is now described by a transfer function that multiplies the input
spatial frequency spectrum to produce the output spatial frequency
spectrum.

As stated at the beginning of this chapter. fig. 3.1, the

optical transfer function (OTF) is constrained to have its maximum value
at zero frequency and to be hermitian.
net OTF of the system.

These restrictions apply to the

The OTF can, however, have a fairly general form

in a spatial frequency region that is offset from the origin.
example, consider the pupil shown in fig. 3.6(a).
representation has been employed for simplicity.
fig. 3.6(b), satisfies the constraints.

For

A one-dimensional
The OTF, shown in

Note that in the offset

frequency region centered around to' the OTF has a notch structure.
This notch structure, if it existed alone and were centered at zero
frequency, would correspond to an operation that has a bipolar psf, and
obviously would not satisfy the constraints for a single channel OTF.
The point is that the OTF can have a shape corresponding to a bipolar
or even complex convolution in an offset frequency region.
The essence of the spatial carrier approach is to modulate the
input or heterodyne it up to a spatial frequency region where the OTF
has the desired structure.

The output must, of course, be demodulated

to obtain the desired convolution result.
to AM radio transmission.

These concepts are analogous
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x
(a)

OTF(t;)

(b)

Fig. 3.6.

Synthesis of general OTFs in offset frequency region.
(a)

One-dimensional representation of transmission of
some pupil.

(b)

Resulting OTF from pupil of (a) - note structure in
offset frequency region.
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Modulation
The modulation or heterodyne step can be performed by placing
a transparency whose intensity transmittance is

t(x,y)

=

in front of the input.

i- (1

+ cos2n~ox)

(3.20)

If the input is a natural scene an auxillary

imaging system that images the input onto the grating transparency can
be employed.

The optical convolution system views the imaged input.

The net input to the incoherent optical convolver is

0' (x,y) = O(x,y).t(x,y) =

+

O(x,y)(l + COS21T~OX).

(3.21)

In the frequency domain, the input spectrum is
-

1·

1

1

O( ~ ,\.1)**["2 o( ~ ,\.I)+T o( ~-~o ,\.1)+ 4 o( ~+~o ,\.I)J

(3.22)

-

where 0 is the Fourier transform of O.
This equation indicates that the original input spectrum 6(~,\.I)
has been replicated about the offset frequencies

~o

and

-~o.

If the

object spectrum is bandlimited, or nearly so, and the spatial frequency
~o

is chosen large enough, the three replicated object spectra of eqn.
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(3.22) will all be separated.

It is very important that the spectra be

separated if a good convolution is to result.
Recall that the output spectrum is described by a multiplication of the input spectrum, rescaled by the optical system
magnification, times the system OTF.

We shall not worry about the

scaling factors for the present discussion but it is important to do so
when actually designing a system.

The output spectrum is

(3.23)

Now, if the desired processing kernel is a real function, the
OTF must have a particular form in the offset frequency region.
fact, it must be hermitian about the
system must also be hermitian.

~o

point.

In

The net OTF of the

These two criteria imply that the OTF

has exactly the same form (a hermitian form) at So and

-~o'

The re-

sultant image spectrum can therefore be written as

where A is some zero-order functional form and I is the image spectrum
of the desired convolution.

The space-domain image distribution is
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I'(x,y)

= A(x,y)

+ I(x,y)cos2nsOx

(3.25)

This equation shows that the desired convolution result, I(x,y), rides
on a spatial carrier.

Fig. 3.7 indicates the concepts discussed.

The

operation (shown one-dimensionally for simplicity) is that of edge detection.

Fig. 3.7(a) shows the operation in the spatial domain.

The

equivalent operation is shown in the frequency domain in Fig. 3.7(b).
tlote that the spectral quantities are complex and we must take account
of both the 'real and imaginary parts.

Fig. 3.7(c) indicates the oper-

ution of modulation of the input, synthesis of the required OTF in an
offset frequency region, and the resulting output.
When the desired processing kernel is complex, the simple description of eqn. (3.24) is not valid.

The form of the net spectrum is

not a zero-order term plus two equivalent but shifted spectrum.

The

positively shifted and negatively shifted spectrum no longer have the
same form.

We can consider the psf to be of the form

(3.26)

where hr is the real part of the pSf and hi is the imaginary part.
functions hr and hi are both real functions.

The

The OTF we wish to synthe-

size at the offset frequency is

(3.27)
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DESIRED OPERATION IN
SPACE DOMAIN

I

\

I

=

*

x

x

x

(a)

DESIRED OPERATION IN
FREQUENCY DOMAIN
REAL PART

E;

E;

=

x

IMAGINARY
PART

I=a

=0

I =a

(b)

Fig. 3.7.

Concept of bipolar convolution using spatial frequency
carrier.
(a)

Desired operation - space domain illustration.

(b)

Desired operation - frequency domain illustration.
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OTF

INPUT MODULATION
REAL PART

x

IMAGINARY PART
=0

OUTPUT
REAL PART

.s
=
IMAGINARY
PART

(c)

Fig. 3.7.

--Continued
(c)

Modulated input spectrum times OTF (desired response
in offset frequency region) equals output.
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where OTF r and OTF i are both potentially complex and are individually
hermitian. The combined OTF is, however, not hermitian. When this OTF
is synthesized in an offset frequency region as part of a more general
OTF, which must be hermitian, the effect is to produce a net image
spectrum

--J,i
'"

I.(~+~ ,ll)
1

(3.28)

0

where A is again some arbitrary zero-order drc;tribut"/on.

Ihe space-do-

main image distribution is

(3.29)

We see that the real part of the desired convolution rides on a
cosinusoidal spatial carrier while the imaginary part rides on a
sinusoidal spatial carrier of the same frequency.

Equation (3.29) can

be written in the equivalent form

I'(x,y)

=

A(x,y) +

II(x,Y)lcos(2TI~oX + ~(x,y))

where II(x,y)1 is the modulus of the complex convolution and
the phase.

(3.30)

~(x,y)

is
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Demodulation
The demodulation procedure can be accomplished by electronic
post-processing or by coherent optical techniques.

The coherent optical

technique requires that the intensity distribution be recorded on photographic film or converted to a coherent input by a spatial light modulator (SLM).

The SLM allows for the possibility of real-time operation.

The demodulation is accomplished by placing a band-pass filter in the
frequency plane of the coherent processor.
centered at the offset frequency,
the image spectrum.

~o'

The band-pass filter is

and passes a single side-band of

From eqn. (3.24), we can see that the effect of the

filter is to pass the spectral region i(~-~o'~)'

The output of the

coherent processor is an amplitude distribution I(x,y).
distribution is II(x,y)1 2 •
therefore lost.

The intensity

Polarity information in the output image is

For some applications, this loss of polarity information

is not important.

For other applications, it is disastrous.

While the

coherent optical technique will work, electronic methods of postprocessing or demodulation are more appropriate.
The electronic method of demodulation requires a scanning detector, such as a vidicon or a CCO, and a synchronous lock-in amplifier.
The scanning detector converts the spatial signal to a temporal one.
The coordinate transformation is

x = vt

where v is the velocity of the scan in the x direction.

(3.31)

The y coordinate
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can be thought of as discrete sam"ples; each video line is a sample
point.

The above coordinate transformation converts the spatial output,

eqn. (3.25), to

~

I'(vt, Yi)

= ~ A(vt, Yi)

1

(3.32)

+ I(vt, Yi)cos2vsot

1

The action of the lock-in amplifier is to multiply this signal by a
cosinusoidal signal that is locked in frequency to the modulation
frequency.

In this case, the temporal frequency should be Vo

The lock-in amplifier

sov.

=

low-pass filters the resultant signal to

t~en

obtain the desired convolution signal, L
I(vt, y.),
that is subsequently
.
1
displayed or recorded.

1

Appendix A of this dissertation describes

mathematically this demodulation process.
In the frequency domain the concept is fairly easily visualized.
Figure 3.8 shows the demodulation procedure for the same operation illustrated in fig. 3.7.

A line of video information is multiplied by the

synchronous cosinusoidal signal.

In the frequency domain this corre-

sponds to a convolution of the video line's spectrum with two dirac
delta functions.

The output spectrum is shown in the figure.

The low-

pass filter eliminates the extraneous high frequencies, leaving only the
desired convolution result.
spectrum and signal.

The

Figure 3.8 shows the desired signal

~~o~ess,

repeated for each video line, will

yield the final 2-dimensional convolution.

It is important to note that

the output of the lock-in can be bipolar as, of course, the convolution
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Fig. 3.B.

Demodulation of output from spatial carrier system.
The output of fig. 3.7 is demodulated by multiplication
by a cosine (convolution in frequency domain) and low
pass filter.
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result can be.

Some means of displaying or recording this bipolar

quantity would be required.
When the psf we wish to effect is complex, the demodulation
requires two complete measurements, one with a multiplicative cosine
reference and the other with a multiplicative sine reference.
measurements can result in bipolar signals.

Both

Appendix A describes the

mathematics for the demodulation of complex signals.
Performance
In practice, the demodulation procedure is somewhat complicated
by the fact that no reference signal is readily available.

With a fair

amount of electronics, a reference signal can be generated that is
synchronous with the modulation frequency S.
However, geometric nono
linearities in the detector severely affect the synchronization of the
output with the reference signal.

Recall that only a quarter-cycle

shift will result in drastic errors.
The main advantage of the spatial carrier method is that it
requires only a single channel and a single pupil.
speak, is in the electronic demodulation.

The action, so to

Another disadvantage is that

the approach requires a large bandwidth in the x direction.

To achieve

a convolution result with a certain space-bandwidth product, a detector
with a much larger space-bandwidth product is required.

The required

space-bandwidth product of the detector is typically at least a factor
of three larger than the achievable space-bandwidth product of the
resultant convolution.
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The system has the potential to operate at video rates.

Real-

time operation is therefore possible.
Temporal Carrier Method
Besides the possibility of encoding bipolar or complex information on a spatial carrier, it is also possible to directly encode the
information on a temporal carrier.

Essentially,the amplitude or the

amplitude and phase of a temporally modulating signal represents the
value of the bipolar or complex convolution at each point.

To decode

the information, the time-varying signal at each image point must be
detected and demodulated.

This requires a

non-int~grating

detector and

a synchronous demodulation technique (lock-in amplifier).
Modulation
If the desired operation is a bipolar real convolution (i.e.,
convolution of the positive real input with a bipolar real psf), the
temporal modulation can be achieved by pupil switching.

Here, as with

a two-channel system, two pupils are required.

One pupil, Pl , produces
a response h+, and the other pupil, P2' produces the response h_. A

single-channel optical system is employed.
switched rapidly in time between Pl and P2.
in the output plane is

I' (x,y, t)

=[[O(X ,y)**h+(x,y)

•

+

+[[O(X,Y)**hJX,Y)] •

The pupil transparency is
The intensity distribution

(1 + 5gn( c052."0 t))

J

}(1 - sgn(COS27fVot))J,

(3.33)
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where O(x,y) is the object intensity distribution in image plane coordinates, and the sgn function is defined to be equal to +1 if its argument
is positive and -1 if it is negative.

(Gaskill, 1978).

Essentially,

this function converts the cosine function into a square-wave.

The

square-wave implies nearly instaneous switching between the two states
Pl and P2. As discussed in Appendix A, the actual form of the switching
is unimportant; only the first Fourier component of the periodic
switching signal contributes to the demodulated output signal if the
synchronous reference signal of the demodulation is a cosinusoidal
function.

Appendix A addresses the general situation where thp. modu-

lation and demodulation are synchronous periodic signals of any
functional form.

For simplicity,we shall drop the specific form of the

switching and describe the temporal variation by the cosine function.
Adopting this convention and rearranging, we can write eqn. (3.34) as

II (x,y,t) =}[O(x,y)**(h+(x,y)+hJx,y))]

(3.34)

The output intensity consists of two terms; one term that is time independent, and another that oscillates at a frequency vo.

The amplitude

of the temporally varying term is the desired convolution of the input
with the bipolar psf, (h+-h_).
The actual pupil switching can be performed mechanically, using
motors, or electro-optically using electro-optic shutters.

For example,
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a polarization modulator, by application of a voltage, can rotate the
plane of polarization of an incoming light beam.

When the modulator is

placed between crossed polarizers, the optical channel can be switched
on (transmitting) and off (nontransmitting) by the application or nonapplication of the control voltage.

Other types of polarization modu-

lators are resonant devices that require a fixed switching frequency to
achieve the modulation.

Several possible system configurations em-

ploying electro-optic switching are shown in fig. 3.9.

Figure 3.9(a}

illustrates a system in which the actual pupil region is split in half.
Each half will transmit separately depending on the state of polarization determined by the modulator.

Figure 3.9(b} shows a system in which

a beam splitter is used to create two separate channels that are selectable by the modulator.

Note, in this system the light goes through

the pupil transparencies twice.

The pupil's transmission must be ap-

propriately modified to compensate for this double pass situation.
Figure 3.9(c) is a Mach-Zehnder arrangement where again the modulator
can switch between the two channels.
Rhodes (1977) suggested a variation on the pupil switching
schemes described above.

His approach is significant because it allows

for the convolution of the input with a complex psf.

The system is

based on a Michelson interferometer similar to that of fig. 3.9(b).
Instead of the polarization shutter that modulates the transmission
through each arm, a phase shift is introduced in one arm of the interferometer.

In this case, the total pupil function is as follows:
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Fig. 3.9.

Configurations for using a polarization modulator to electrooptically switch between two pupils.
(a)
(b)
(c)

Split pupil arrangement.
Michelson arrangement.
Mach-Zehnder arrangement.
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(3.35)
where ¢ is the constant phase shift introduced.

The psf of the system

is, of course, the square modulus of the Fourier transform of P, or

_ "1-Pl(Ad.
x ' ~
- x
Y i¢12
Ad.) + P2 (Ad. ,>:C["')e
1
1
1
1

h(x,y) -

, (3.36)
where 1P1P21 is the modulus of the complex function P1P2* and 8 is the
phase and is equal to 8,-8 2 ,
Rhodes suggested that if the phase ¢ was ramped such that

(3.37)
then the net output would be

I'(x,y,t) = O(x,y)**h(x,y,t)

+

O(x,Y)**IP,(x,Y)P2(x,y)lcos(2nvot + 8(X,y)) •

(3.38)
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where P1P2 is a potentially complex psf. Again, the output consists of
a temporally constant term plus a term that is temporally varying at a
frequency

One must, of course, synthesize the pupils Pl and P2
whose Fourier transforms, when multiplied, produce the desired psf.
vo'

This problem is considerably easier than the synthesis procedures discussed earlier in this chapter.
Demodulation
Whichever method is chosen to modulate the input, the output
will consist of a constant term plus a t"ime-varying term.

It is the

amplitude (or amplitude and phase) of the time-varying term that we wish
to extract.
If each spatial location (pixel) in the output had its own
detector and lock-in amplifier, the demodulation of the output could be
done in parallel, in other words, all pixels demodulated simultaneously.
However, this type of approach is very expensive.

For this reason, a

more practical approach is to use a scanning nonintegrating detector
such as an image dissector.

The image dissector scans the image dis-

tribution transforming the spatial variable x to a temporal variable t
by the transformation, eqn. (3.32).
We assume the output distribution has a form

I'(x,y,t)

=

Is(x,y) + I(x,y)cos2nvot

(3.39)

wnere Is is the temporally-stationary image-plane intensity distribution
and I is the desired convolution intensity distribution.

The scanning
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detector converts this to

II

= ~II(vt'Yi)
1

= ~.[Is(vt'Yi)

+ I(vt'Yi)cos21TvotJ ,(3.40)

1

.

where the y direction is considered as a set of samples (video lines).
Now,it can be argued fairly easily that the effect of the finite
resolution of the detector is to limit the spatial bandwidth of Is and I
to be

t-o or less, where Xo is the spatial

(i.e., pixel size).

resolution on the detector

The scanning of the detector converts this to a

maximum temporal frequency of

(3.41)

or a temporal bandwidth of v/x o ' Figure 3.10 suggests the frequency
spectrum of the temporal signal from the detector (single video line).
I~

is apparant that, in order to separate the desired image information

I from the zero-order term Is' the modulation frequency Vo must be

Vo

>

2 ._v_
2xo

= ~ = _1

Xo

( 3.42 )

to

where to is the time required to scan a single pixel.

When this is the

case, a lock-in can be used to demodulate the temporal signal just as in
the case of the spatial carrier approach.
be the desired convolution signal.

The output of the lock-in will

Again, if the output is complex, two

measurements, the in-phase and quadrature components, must be made.
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Fig. 3.10.

Frequency spectrum of output with temporal modulation.
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Performance
One advantage of the temporal carrier approach is that the
reference signal required for the lock-in is readily available.

Invari-

ably some kind of electrical signal is required to drive the switching
apparatus.

This signal is usually synchronous, in some sense, with the

switching frequency.

If not, a single non-scanning detector can be used

to pick up a reference signal.

The biggest disadvantage of this ap-

proach is the processing time.

Typically, mechanical switching is

limited to about a kilohertz switching frequency.

Electro-optic

switching is around 100 kHz for electro-optic devices with large enough
fields of view.

The phase switching method can probably do about 1 MHz.

The total processing time is to' the time required to scan a single
pixel, times the number of pixels or, equivalently, to times the spacebandwidth product of the desired convolution.
product is about a quarter million.

A typical space-bandwidth

The processing times therefore range

from around four minutes for mechanical switching to about one quarter
second for the phase-shifting approach.

The phase method is approaching

the "real-time " distinction and appears to be the most attractive system.
All of these methods of temporal modulation require two pupil
transparencies.

With mechanical switching, the two pupils are inserted

in the same optical system sequentially.

Thus, almost all of the optical

system is the same, and the problem of channel imbalance is minimal.
The pupils still require the proper normalization to produce the proper
psf.

(See Two-channel subtraction method/channel balance).

The electro-

optic switching systems have considerably more optical components

82

specific to a given pupil and are thus much more prone to channelbalance problems.

Again,the pupils must be accurately normalized to

produce the desired net response.

The phase-switching method also has

pupil-specific optics and is sensitive to imbalance.

However, the fact

that the psf is derived from the product of two functions rather than a
difference, makes this method insensitive to overall pupil transmission.
The normalization of the pupils is not necessary.

On the other hand,

the response is now sensitive to the pupil position.

This was not the

case for the other approaches because the response is always some autocorrelation or difference of autocorrelations which is insensitive to a
pupil shift.
Another problem with the serial scanning of the temporallymodulated signal is the SNR.

If we desire to maximize the scan time by

using fast modulation methods, the dwell time at a single pixel becomes
very small (e.g., to on the order of

l~s).

Unless the scene radiance is

extremely high, the number of photoelectrons generated at a given pixel
location in

l~s

is very small.

The straight Poisson statistics of the

collection of photoelectrons, let alone the dark current noise, etc.,
in the detector, results in a very poor SNR.

For example, say a vidicon

is viewing a scene in a room with standard illumination and that an
f/2.0 lens must be stopped down 2 stops to prevent saturation of the
scene highlights.

It is fairly straightforward to calculate that the

number of photoelectrons generated per pixel in the highlights is about
40,000.
l~s,

If the image dissector were used with a pixel viewing time of

the number of electrons collected per pixel would be on the order of
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12 electrons.

Even opening up the lens 2 stops would only increase the

number by a factor of 16 for a total of around 200 electrons.

The SNR

of the image would be very poor indeed.
The main problem with the image dissector approach to demodulation is that this method is extremely inefficient in its collection of
the available light signal.

In other words, it is not exploiting the

parallelism of the available light signal.

We stated that a solution,

albeit an expensive one, is to use an array of nonintegrating detectors
each connected to a lock-in amplifier.

The next two chapters represent

ways of achieving a parallel demodulation without the expense of 10 4 to
10 6 individual lock-in detectors.

CHAPTER IV
THE IMAGE ORTHICON AS A TEMPORALLY INTEGRATING
DETECTOR FOR TEMPORAL DEMODULATION
In chapter III, a system for bipolar convolution by temporal
modulation of the pupil configuration was discussed.

The method of

demodulation (i.e. image dissector and lock-in amplifier) described in
that chapter makes very inefficient use of the available signal.

The

present chapter explains and discusses a type of detector, an image
orthicon video camera, that, when modified to operate in a bipolar
manner, has the potential to much more efficiently use the available
signal.

The operation of the camera in the bipolar mode can be made to

correspond to the operation of a two-dimensional array of detectors and
lock-in amplifiers.
This chapter is an explanation of a particular device aimed at
a particular application, but it suggests a general concept, namely,
bipolar detection, that has far greater application and might have far
more generality in terms of the physical processes that might be exploited to achieve this operation.
The Image Orthicon Camera - Normal Operation
The image orthicon (10) camera is a type of video camera that
was used extensively in the 1950's and 60's •. It was, in fact, the
standard broadcast type camet"a for many years.

There is a great deal of

literature that describes the operation and properties of the 10 camera.
84
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Several references are:

(RCA Electro-optics Handbook, 1974), (Kazan and

Knoll, 1968), (Biberman and Nudelman, 1971), (Hendry and Turk, 1960),
~.,

(Rose, et

1946), and (Janes, et

~.,

an 10 camera tube is shown in fig. 4.1.

1949).

The basic structure of

In normal operation, the photo-

cathode converts the incident light scene to a pattern of photoelectrons.

These photoelectrons are accelerated by the potential Vacc

towards the target; electric and magnetic fields focus the photoelectrons from photocathode to target.

When these energetic electrons

strike the target material, a number of secondary electrons are released.

These secondary electrons are collected by a grid held at a

potential slightly higher than the target.

The grid and target form

the electrodes of the signal capacitor, the target electrode integrating
the positive charge.

On the other side of the target, a read beam scans

the target, neutralizing the charge integrated on the target.

It is the

loss of charge in the neutralized returning read beam that is sensed and
amplified to produce the video signal.
The secondary emission process represents an amplification of
the photoelectron signal.

The degree of secondary emission depends on

the accelerating voltage Vacc'

Figure 4.2 shows a graph that illustrates

the type of behavior expected for the secondary emission ratio
accelerating voltage Vacc.

the camera is operated with Vacc around 500 to 600 volts.
0

vs. the

The secondary emission ratio is just the

number of secondaries released per incident photoelectron.

operating voltage

0

Normally,
At this

is about 4 or 5; thus, for every incident photo-

electron, several secondary electrons are excited and released from
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Fig. 4.1.

Basic structure of 10 camera tube.

87

I

I
I

I
I
I

I

- - -1- - - - - - - - - - I

NORMAL OPERATING
VOLTAGE (-560 v)

Fig. 4.2.

Secondary emission ratio
for 10 camera tube.

0
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. the target leaving a positive charge pattern on the target.

If the

system is properly focused, this charge pattern will copy the light
pattern that is incident on the photocathode.
The Image Orthicon Camera - Bipolar Operation
When operated as described above, the IO camera is a unipolar
device.

It integrates strictly positive charge on the target.

the camera can be operated in a bipolar manner.
(Barrett, et

~.,

1981).

However,

(Harris, 1962),

Note that at very low accelerating voltages

(see fig. 4.2), the secondary emission ratio drops below 1.

This

implies that, on the average, less than one secondary is released per
incident photoelectron.
equal to (0-1).

The net charge built up on the target is

The 1 is attributable to the incident photoelectron -

so that, when 0 is less than 1, the charge build-up is negative.

The

device is capable of integrating either positive charge or negative.
charge depending on what voltage, Vacc ' is applied.
Figure 4.2 indicates that a crossover voltage, a voltage at
which 0=1, occurs at around 20 V.

If the system is operated with Vacc

slightly above 20 V (0)1), the target will integrate positive charge;
if it operated with Vacc below 20 V (0<1), the target will integrate
negative charge.

The possibility of image subtraction is evident.

By

properly switching the operating voltage as the input scene is switched,
a subtraction of two scenes can be effected.

The application to inco-

herent bipolar convolution is also quite straightforward.

Synchronously

switching the pupil and the operating voltage effects the subtraction of

89

O**h+ and O**h_.

The result is the desired convolution O**h stored on

the target and put out as a video signal.
The operation of the camera in this way is exactly equivalent
to an array of detectors and associated lock-in amplifiers.

The bi-

polar switching is analogous to the multiplication of the input by a
square wave reference signal, and the integration time of the camera is
equivalent to a low-pass filter.

The important point is that the system

performs as a parallel array of lock-in's rather than

d

single lock-in

that serially looks at a two-dimensional distribution.
Analytic Description
To describe the operation of the image orthicon in quantitative
terms, we must consider the nature of the target in more detail.
Fig. 4.3 represents a model for the electrical structure of the target
The photoelectron current i p•c . is incident on the glass target
material. The secondary emission process creates a current is' where
region.

(4.l )

If the target is designed such that the time constant Rl{Cl+C o ) is long
compared to the integration time, relatively little charge will "bleed"
from pixel to pixel, and the charge will be integrated essentially at
the pixel where it is incident.

During the integration period, prior to

the read process, the current to the target, point A, is

(4.2)
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Fig. 4.3.

Model for electrical structure of the target region of
the 10 tube.

-
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The net charge integrated at the pixel will be

T
Q=

fi

(4.3)

dt

o
where T is the integration time, typically 1/30 sec.
The accumulation of charge at the target is what allows the read
beam to operate.

Typically, the electron gun and target are very nearly

at ground potential.

An accelerating grid or electrode between them

accelerates and then decelerates the electrostatically focussed read
beam; the beam has near zero kinetic energy as it approaches the target.
If the target has integrated positive charges, a small potential will
attract the read beam allowing just enough negative charge to be deposited to neutralize the integrated positive charge.

The remaining

read beam charge is accelerated back towards the accelerating grid,
decelerated as it passes the grid and collected near the original
electron gun.

A dynode chain, similar to that of a photomultiplier,

amplifies the read beam current.

The output is the video signal.

As stated, the read beam requires a positive charge at the target to
deposit its charge and for a video signal to be generated.

So, while

the target is capable of integrating a bipolar charge, the result after
integration must be positive (unipolar) for the read beam to read.

We

shall discuss this point in further detail later in the chapter.
The time constant R2C2 (fig. 4.3) must be on the order of the
integration time or less for the integrated charge Q and the deposited
read beam charge -Q to neutralize.

Failure to neutralize the charge
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results in a "sticky" picture.

In other words, it is important to

neutralize the charge of one frame prior to reading the next frame.
Table 4.1 gives estimates of the physical parameters of the 10
tube that was used to demonstrate the ideas presented in this chapter.
Note that the time constants Rl{Cl+Co } and R2C2 are consistant with the
requirements stated above. Under these conditions, the current to
point A and the signal charge Q are accurately described by eqn. {4.2}
and eqn. {4.3}.
Now, consider an optical input that is temporally modulated in
some manner - potentially by switching the pupils of the optical system
between two states.

i p. c.

We can describe the photocathode current- as

= R Is{x,y) + R I{x,y}sgn[cos(wt + ~(x,y)}] ,(4.4)

where R is the responsivity of the photocathode at the wavelength of
interest, Is is a stationary irradiance distribution, and I is the
magnitude of a modulated component of the irradiance.
~(x,y)

The phase

is included to account for the possibility of a complex convo-

lution or any other input that has a phase variation of the modulation
term (e.g. heterodyne interferometry).

We have assumed square wave

modulation on the input.
If the accelerating voltage is driven synchronously with the
modulation of the input, by a cosine signal varying between the voltage
V+ and V_, the secondary emission ratio can be described by
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PHYSICAL PARAMETERS
t

THICKNESS OF TARGET GLASS

lxlO- 4 in.

x

TARGET TO GRID SPACING

"Ix 10- 3 in.

ELEMENT SPACING (PIXEL)

3.5x10- 3 in.

d

PHOTO-CATHODE TO TARGET SPACING

4.0 in.

E: r

TARGET DIELECTRIC CONSTANT

p

TARGET RESISTIVITY

4.7xlO 11 ncm

B

FOCUSING MAGNETIC FIELD

64 Gauss

8

ELECTRICAL PARAMETERS
pl

R1

IT

pt
17
E:012

R2
Co

X

E:rE:olt
1
E: r E: 012
t

C1
C2

1.85xl0 14 n
1.5lxlO

11

n

2.76xlO -3 pf
1.80xlO -4 pf
2.2lxlO

-1

pf

TIME CONSTANTS

TABLE 4.1.

Physical parameters, electrical parameters and time
constants important to the 10 camera tube.
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(4.5)

where e represents the amount of modulation in 0 and C gives the D.C.
level about which 0 is modulated.

If V+ and V_ are chosen carefully so

that (1-0_) = -(1-0+), then C is equal to one, and the operation is as
described at the beginning of this chapter.

The variable ¢o represents

a relative phase delay between the switching of the voltage Vacc and the
switching of the input scene.
Using eqns. (4.1) through (4.5), we can calculate the integrated
signal charge Q,

~see

Appendix A),

T
Q=

f [e

cos(wt+¢o) + C-l][RIs(x,y)+RI(x,y)sgn(cos(wt+¢(x,y))]dt

o
~

RIs(x,y)(C-l)T + RI(x,y)e cos(¢(x,y)-¢o)T

The normal operation of the camera is

(4.6)

e=O,

and

C~5.

This

results in a signal charge proportional to Is(x,y), the static component
of the input.

When the camera is operated as an array of lock-in de-

tectors, C=l (i.e. Vacc modulated around 0=1 point), and the signal
charge is proportional to I(x,y)cos(¢(x,y)-¢o)' the modulated component
of the input.
Focus
The image orthicon tube uses magnetic focusing to maintain
a good focus for the photoelectrons from photocathode to target.

The
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magnetic focusing is important because the lateral velocities VL of the
photoelectrons released from the photocathode will result in significant
lateral displacements of the electrons in the flight time
cathode to target.

~t

from photo-

Under the influence of a longitudinal magnetic

field, the motion of the photoelectrons will be helical with all
electrons, independent of lateral velocity VL' coming to a sharp focus
after each rotation. The number of rotations n in going from photocathode to target is given by

n

= Bd

(8 m ~ acc )l:!

(4.7)

where B is the magnetic field, d is the distance from photocathode to
target, q is the electron charge, m is the electron mass, and Vacc is
the accelerating voltage between the photocathode and target.
In normal operation, Vacc is about 560 V.

With the dimensions

and parameters given in table 4.1, we calculate the number of rotations
to be 4.

As the accelerating voltage is lowered the number of rotations

increases.
is about 20.

At the crossover voltage (a=l point) the number of rotations
If the camera is to be operated as a subtraction or demodu-

lation device, the focus condition must be satisfied at both the upper
operating voltage V+ and the lower operating voltage V_.

These voltages,

when forced to satisfy the focus condition, may not be equally displaced
from the a=l point.
may not be satisfied.

In other words, the condition -(l-a(V+)) = (l-a(V_))
In this case, the duty cycle for operation in the

a-positive region and the a-negative region can be varied to insure the
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elimination of the DC term (non-modulated component of the input
signal).
Besides the magnetic focusing from photocathode to target,
many 10 camera tubes employ electrostatic fields in the "front end"
to alter the flight path characteristics of the photoelectrons.

For

example, many tubes employ electrostatic fields to demagnify the image
from photocathode to target.

It is important to the successful oper-

ation of these tubes that all "focusing" mechanisms be carefully
matched at the two operating voltages V+ and V_.
Experimental Verification of Bipolar Operation
To verify the predicted operation of the 10 camera, we set up
an experiment to demodulate a modulated input scene.

We used a chopper

wheel spinning in front of a light box to obtain the modulated input.
Fig. 4.4 shows a schematic diagram of the experiment.
RCA TK60A camera with an RCA 7389C 10 tube.

We used an

The power supply, sync

generator, processor and camera unit are the basic components of the
10 camera chain.
To modulate the accelerating voltage Vacc ' we bypassed the normal
photocathode voltage (-560V) and connected the photocathode lead to a
circuit that allowed us to control the DC level, amplitude, duty cycle,
and phase of a square wave signal.

The results with square wave or

cosine wave switching are nearly equivalent.

See Appendix A.

The basic

frequency was derived from a photodetector looking at the chopped light
signal.

Fig. 4.5(a) shows an image of the chopper while stationary.

The image was taken using the orthicon camera operating in normal fashion
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Schematic, diagram of set-up for chopper demodulation
experiment.
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(b)

(a)

(c)

Fig. 4.5.

Demodulation of a chopper wheel using bipolar mode of the
IO camera.
(a)
(b)
(c)

Normal video image of stationary chopper wheel.
Normal video image of spinning chopper wheel.
Demodulated image of spinning chopper wheel.
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(i.e. photocathode connected to its normal operating voltage of 560 V.
Fig. 4.5(b) is an image of the spinning mask (chopper) again taken with
the 10 camera in conventional operation.

Fig. 4.5(c) shows an image

of the mask, still spinning, but with the camera operating in the lockin mode.

This image was obtained by slowly lowering the OC level of

the photocathode voltage, upon which a square wave modulation voltage
was impressed, until the best demodulated image was obtained.
modulation frequency was about 1.4 KHz.

The

The photocathode voltage was

around 20 V upon which a ±10 V modulation was impressed.

We attempted

to verify the demodulation by slowly changing the phase of the reference
signal (P.C. voltage) relative to the modulation of the light field.
As expected, the phase change resulted in a slow rotation of the image
in fig. 4.5(c).
This experiment demonstrates the capacity to switch the response
of the 10 tube in synchronization with that of some incident light scene,
at least at frequencies around 1 KHz.
bipolar operation of the device.

It does not truly demonstrate the

We attempted to verify the bipolar

operations through the following experiment.

We set up an array of LEOs.

Some of the LEOs were modulated; some were run continuously.
of the experiment is shown in fig. 4.6.

A diagram

The camera arrangement was the

same as described in the previous experiment.

Fig. 4.7{a) shows the

arrangement of LEOs as seen by the camera operating at the normal
voltage.

The two LEOs in the upper right and the two in the lower left

of the picture were modulated while this video frame was being recorded.
The modulation frequency was 10 KHz.

Fig. 4.7(b) shows the same input

as viewed with the camera operated in the demodulation mode.

The OC
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ARRAY
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I

LC-_.-J~~
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r ELECTRONICS
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Fig. 4.6.
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CONTROL
ELECTRONICS
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SUPPLY

Schematic diagram of set-up for LED experiment.
The experiment demonstrates the bipolar operation
of the 10 camera.
a
a
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(a)

(b)

Fig. 4.7.

Verification of bipolar operation of 10 camera using constant
and modulated LEOs.
(a)
(b)

Normal video image of several modulated and several
constant LEOs.
Bipolar operation of camera - only modulated LEOs
remain visible.
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level of the photocathode voltage was brought down to around 20 V.
voltage sw"ing was flO V about this level.

The

We see that the lights that

were run continuously are not visible; only the lights that were
modulated can be detected.
This experiment conclusively demonstrates the subtraction or
bipolar operation of the 10 camera.

The heterodyne or lock-in action

of the camera eliminates the DC signal (lights) even though they are
actually twice as bright owing to the continuous vs. modulated duty
cycle.

If the phase of the reference is shifted relative to the modu-

lation of the light, the overall signal from the camera decreases until,
at 90° out of phase, the demodulated signal is
modulation at 90°).

a

(i.e. no component of

If the reference is 180° out of phase, the camera

integrates negative charge, a condition the camera is unable to handle.
We shall discuss further this negative charge situation later in the
chapter.
We verified the operation of the camera in this demodulation
mode through frequencies approaching 100 KHz.

At the higher frequencies,

the video signal began to display a fair amount of pick-up from the
modulation process.

At frequencies above 100 KHz, the waveform to the

photocathode began to become severely degraded, probably owing to the
capacitance of the photocathode itself.
We performed another experiment that clearly demonstrates the
phase synchronization concept and that also shows the applicability of
electro-optic polarization switching techniques (see discussion in
Chapter 3, fig. 3.9).
fig. 4.8.

The experimental arrangement is diagrammed in

Over a resolution chart, we placed a vertical polarizer, a
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neutral density material whose transmission about matched the polarizers,
and a horizontal polarizer.

A resonant polarization modulator that

rotates the plane of polarization by 90° at

d

modulation frequency of

84 KHz was used in conjunction with a polarizer placed behind it to
effect the modulation of the scene.
To understand the modulation process, consider the top polarizer
that has polarized the input to the vertical direction.

As it enters

the modulator, the light is rotated between 0° and 90° in a sinusoidal
fashion (84 KHz).

The polarizer behind the modulator, if oriented in

the horizontal direction, blocks the light for 0° rotation and completely passes it for the 90° rotation.

Between'the two states, the

polarizer passes part of the light (the horizontal component).

The

light transmitted by the system is modulated sinuso'idally at 84 KHz.
If, as is the case for the bottom polarizer, the initial polarization of
the input was horizontal, the rotation process will again cause a sinusoidal modulation of the transmitted light.

The modulation will, how-

ever, be 180° out of phase with the modulation of the other polarizer;
when one is on (transmitting) the other is off and vice versa.

For the

neutral density filter (unpolarized light), the light can be considered
as consisting of all possible polarizations.

The effect of the modu-

lator is simply to cut down the transmission to the average of what is
transmitted by either of the other polarization states.
The rest of the experimental apparatus was much the same as for
the other experiments.
is

avail~ble

A reference signal to drive the photocathode

from the modulator control apparatus.

A phase shift circuit
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was also included to effect a relative phase change between the input
and the reference.
The results of the experiment are shown in fig. 4.9.

Figure

4.9(a) shows the modulated input as seen by the camera under normal
operating conditions (i.e. normal photocathode voltage).
all three input states are of about equal intensity.

Note that

Now in the modu-

lation mode we see that as the DC level on the photocathode voltage is
brought down, the bottom image starts to disappear (fig. 4.9(b)).

The

light from the bottom image is 180 0 of phase with the reference, thus,
the light is on during the time when the camera is operated with a
minimum o.

Note that the middle image (neutral density filter) is still

visible indicating that the DC operating point is above 0=1.
camera is being operated such that the
0=1.

v_

The

voltage is probably very near

As the DC voltage is brought down even lower to around the 0=1

point, (fig. 4.9(c)), the image within the neutral density filter disappears also, leaving only the in-phase image.

The bottom image is

no~

integrating negative charges which the camera is unable to read as a
video signal.
The effect of the negative charge integration is seen in fig.
4.10.

The camera was left operating in the condition of fig. 4.9(c) for

several seconds.

The DC voltage was then quickly raised so that V+ and

V_ were both well above the 0=1 point.

The inability of the camera to

read out negative charge means that this negative charge builds up from
frame to frame.

The dark regions of the image in fig. 4.10 are areas

where the negative charge has been integrated on the target.

It takes
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(b)

(a)

(c)

Fig. 4.9.

Bipolar operation of 10 camera with polarization modulator.
Normal video image 6»1.
Bipolar operation near 6=1 - image 180 out of phase
disappears·
(c) Bipolar operation at 6=1 - only in phase image remains.

(a)
(b)

0
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several seconds for the positive charge integration process (6)1) to
neutralize this negative charge build-up.

It is actually quite interesting to watch the dark regions of fig. 4.10 II me lt ll away when the
operating voltage is brought back up into the region where 6>1.
This build-up of negative charge and the inability to read it
are an annoying problem with this system.
Performance Evaluation
The experiments described in the previous section prove the
principle of bipolar operation for the image orthicon camera.

These

experiments were particularly coarse - small spatial bandwidth, large
modulation components - because we were trying simply to demonstrate
the subtraction operation.

The experiment with the polarization

modulator (figs. 4.8 and 4.9) does, however, begin to evaluate and dis. play the performance of the 10 camera in the 1I1ock-inll mode.
results of fig. 4.9 reveal many of the problems of the method.

The
The

problems evident in the image quality of the 10 lock-in camera are as
follows:

1) the overall resolution of the system is considerably

reduced; 2) the focus condition for V+ and V_ do not accurately match
(note the edge enhancement effect in the middle image of fig. 4.9{c) and
the bottom image of fig. 4.9{b); 3) the sensitivity of the camera in the
lock-in mode is greatly reduced from that with the camera operating
normally.
Problems 1 and 2 above are the result of focus errors.

If there

is poor focusing at either or both of the operating voltages, V+ and
V_, the image quality of the resultant image will be degraded.

If there
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Fig. 4.10.

Negative charge build-up of TO camera.
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is a difference between the focusing at V+ and V_, an erroneous difference image will result.
The degradation in resolution seen in the visible portions of
fig. 4.9(b) and (c) is due to an overall degradation of the focusing
process inherent in operating the camera at these low voltages.

We

discussed previously the condition for focusing (i.e. an integral
number of rotations in the magnetic field).

We stated that the focusing

was independent of the lateral emission velocity of the photoelectrons.
The focusing, however, is not independent of the longitudinal emission
velocity of the photoelectrons.

Variations in this longitudinal

emission velocity ultimately result in variations in the transit times
for the electrons and, therefore, in the amount of rotation of the
electrons.

Focusing is adjusting the field parameters so that the

average number of rotations is an integer.

The spread in the amount of

rotation determines the size of the focal spot on the target.

It is

easy to show that the transit time for an electron is inversely proportional to the accelerating voltage Vacc.

When the system is operated

at the low accelerating voltages corresponding to the 8=1 point, the
transit time is about 5 times longer than for normal operation.

The

spread in rotation is, therefore, 5 times larger, resulting in a larger
focal spot at the target.

The imagery of fig. 4.9 seems to roughly bear

out a decrease in resolution of about 5 times.

The resolution is,

therefore, down to about 100 elements horizontal resolution.
Another focusing problem results when the focus is not matched
at V+ and V_.

Recall that we anticipated finding voltages V+ and V_,
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respectively, above and below the 0=1 point, that would each produce
,

an integral number of rotations.

It turned out that the voltages V+

and V_ were very insensitive to focus.

We tried varying these voltages

and the duty cycle of operation at each voltage to find a point where
the balance was maintained and the focus was maximized.

As stated, the

operating points were very insensitive to focus, probably because the
spread in rotation was approaching the period of rotation and so the
focus was virtually independent of the operating point.
There was an erroneous difference-image component that was
not simply due to a focus error.

The imagery of fig. 4.9 reveals a

slight edge enhancement effect in the regions where the signal should
have subtracted to zero.

This is physically due to a slight image

rotation that ocurred between operating at V+ and V_.

This effect was

totally insensitive (at least visually) to the operating points V+ and
V-.

There is an intermediate accelerating grid G6 between the photo-

cathode and target.

Typically, this grid is held at a voltage of about

.7 of the photocathode voltage.

We experimented with the voltage on

this grid under the hypothesis that it was reponsible for the image rotation.

This does not appear to be the case.

We drove this grid voltage

with and without the modulation over the entire voltage range without
significant success at reducing the image rotation dependence on V+ and

It is our opinion that the focusing magnetic field itself is
responsible for the image rotation.

The magnetic field in the tube we

used is actually a non-uniform graded field that produces, apart from the

111

focusing, an image magnification between the photocathode and target.
Further investigation into these field effects in the image orthicon
camera is indicated.
Sens iti vity
Equation (4.6) states that the signal level for normal operation
is proportional to Is(C-l), where Is is the magnitude of the light and C
is the secondary emission ratio for the particular DC operating voltage.
The equation also states that the signal level for the demodulation mode
is proportional to IE.

I is the magnitude of the modulated light com-

ponent, and E is the amplitude of the oscil.lation in the secondary
emission ratio.
A fair comparison of sensitivity for the two operating modes is
made by comparing the signal level, for Is=x and 1=0 for the continuous
mode, and Is=I=x for the demodulation mode.
is x in both cases.
equal to 5.

At normal operating voltages, C is approximately

Due to the low voltage shape of the secondary emission

curve (fig. 4.2), the maximum modulation of
.25).

The average light signal

Q

is around ±.25 (i.e. E

Plugging the numbers, we see that the ratio of signals is about

4/(.25) on about 16 times more signal for the continuous mode vs. the
demodulation mode.

Thus, we see that the lock-in mode of the camera is

much less sensitive than the normal operation and will, therefore,
require fairly bright light sources if the full dynamic range of the
camera is to be utilized.
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Signal-to-Noise Ratio (SNR)
The signal-to-noise ratio (SNR) of a detector is a very tricky
concept because the term is used in so many different ways.

In many

applications, the peak-to-peak signal divided by the RMS dark cury'ent
noise is used to describe the quality of a detector from a noise standpoint.

This quantity is often misinterpreted as the SNR of an output

signal from the detector.

The misinterpretation comes from neglecting

the signal-dependent noise contribution.
In normal operation, the SNR of the output of the camera is
primarily determined by the number of photoelectrons that are incident
at each pixel location.
the detector.

Thus, the SNR is a function of position on

This process is one that follows Poisson statistics; as

such, the SNR is just the square-root of the number of photoelectrons.
The secondary emission process at the target represents a gain mechanism which will affect the signal and the noise of the incident photoe1ectron stream.

We might, therefore, expect the secondary emission

process to have no effect on the SNR, it being determined solely by the
statistics of the photoelectrons.

The secondary

emi~sion

process is,

however, a random process and will contribute to the noise in the system.
It can be shown (Barrett and Swindell, 1981) that

(4.8)

where SNR t is the SNR of the electron signal at the target after the
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secondary emission process, g is the gain factor of secondary

~mission

(i.e. g = 0-1), and SNRp is the SNR of the photoelectrons.
We can calculate the maximum SNRp for the 10 camera in two ways.
First, from table 5-1 we know the capacitance Co for signal integration
of each pixel at the target. We also know from the RCA specification
sheet l and from measurement that the typical operating voltage for the
target is around three volts above the grid potential.

Each target

pixel, therefore, has the potential to integrate a net charge of Q=CV
or about 5xl0 4 electrons.

Dividing out the secondary-emission gain

factor of 4 gives a photoelectron charge of 1.3xl04 electrons, implying
a maximum SNR of 114:1 or 4ldB.

Equation

(~.8)

tells us that the net

SNR on the target is about 100:1 or 40dB.
Another way to calculate the SNR is through the photocathode
responsivity and the saturation irradiance on the photocathode.
figures are given in the RCA specification sheet.
tivity of the photocathode is

60~a/lumen.

These

The typical responsi-

The saturation illuminance

on the photocathode is around .07 foot candels on an active area (photocathode) of 1.2 square inches for a total of 6xlO- 4 lumens.
photocathode to target current is 3.6xlO-8 amps.

The

If there are approxi-

mately 500x500 pixels and the integration time is 1/30 sec, then about
3xl04 photoelectrons will be incident on the target at each pixel site.
This gives a SNR of 172:1 or 45dB, which translates to a target SNR of
154:1 or 44dB.
1. Specification data for RCA 7389C Image Orthicon tube - available from RCA, Electronic Components and Devices, Lancaster, PA.
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The two calculations are in reasonably close agreement considering the very approximate nature of the numbers used.

Let's assume

that the actual SNR of the signal on the target is around 125:1 (42dB).
The claims for the overall camera SNR (peak to peak highlight videosignal current to RMS noise current for 4.5 MHz bandwidth), is 95:1
or 39dB.

The reduction in SNR from target to output is due to the

added noise in the read-beam process, the dynode-chain multiplication,
and the preamp.

The effect of the preamp noise as minimized by the use

of the dynode chain multiplication.

This dynode chain multiplies the

signal and noise current (eqn. (4.8)) so that the noise current is at
least as large or larger than the dark current noise in the preamp.
Nevertheless, the output process always adds some amount of noise.
The SNR of the camera operated in the lock-in mode is quite
different from that of normal operation.

First of all, in normal

operation, the gain factor of the secondary emission process increases
the sensitivity of the camera at the expense of SNR.

In other words,

eqn. (4.8) tells us that the SNR on the target is nearly the SNR of the
incident photoelectrons.

The SNR of the photoelectrons is, of course,

just the square root of the number of incident photoelectrons that,
after the secondary emission, fill the dynamic range of the target.

The

number of photoelectrons is __
1g of the number of electrons on the target.
We can thus write
SNR

t

=

=

(-.L)~_l
g+l /9

IN

(4.9)
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where N is the number of electrons that the target can hold.

If the

camera were operated at 0 slightly above 1 (g small), then the SNR of
the signal integrated on the target would be very nearly the theoretica 1 maximum (11f) .
The second point of importance in discussing the SNR for the
lock-in mode of the 10 camera is that the camera is not operated at a
constant gain but is switched between two operating points; one has a
small positive gain factor g, the other a small negative gain factor.
To calculate the SNR of the camera in the lock-in mode, consider
again a modulated input producing a photocathode current of the form
given by eqn. (4.4).
(4.5).

The secondary emission ratio is given by eqn.

In the lock-in mode, C=l.

will assume that the phases

~(x,y)

Also, for the sake of simplicity, we
and

~o

are zero.

This implies simply

that the irradiance modulation represents a real quantity and that the
demodulation of the camera is synchronous with the input modulation.
Under these assumptions, we can calculate the charge integrated on the
target during the positive part of a single cycle as
7T

2w
Q+ =

J

£

sgn(cos(wt»

[RIs(x,y) + RI(x,y)sgn(cos wt)] dt

-7T

2w

= Rds(x,y) 2!.w + Rd(x,y).!!.w
where

7T/W i~

the time of 1/2 cycle of modulation.

charges integrated in a given pixel is

(4.10)
The number of positive
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q+

~:"

=

[f)

Is(x,y)rlxdy +

f)

I (x,y)dxdy ]

(4.11)

where "a" represents the area of a pixel, and e is the electronic
charge.
Since this is a Poisson counting process, the number of noise
charges associated with q+ is

(4.12)

During the negative part of the cycle the integrated charge
density is
3n

2w
Q

J

=

E

sgn(cos wt)[Rls(x,y) + RI(x,y)sgn(cos wt)]dt

+n

2w

=

-Rds(X'y);

(4.13)

+ Rd(X,y);

The number of negative charges integrated in a given pixel is

[ fa

f

Is(x,y)dxdy

f)

I (x,y)dxdy ]

(4.14)

the number of noise charges is

n

=;q=-

(4.15)
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Now, if there are m cycles of positive and negative operation
during an integration time T, the total signal charge will be

q

=

=

mq+ -mq

RET
e

2RE7Tm
ew f f I(x,y)dxdy
a

=

Jf I(x,y)dxdy

(4.16)

a

The total noise charge is determined by adding the noises eqn.
(4.12) and eqn. (4.15).

Since they are independent noise terms, the

total noise is

(faf Is(X,YldXdY)'
=

(R~T

(J)

t

The overall SNR is

f

Ia

Is(x ,Y ldXdY)'

I(x,y)dxdy

SNR = .9. = ~RE~T~/=e_T-.::..; - - - - \ 1 :
n IRoT/e
Is(X,YldXdY)'

(f)

(4.17)

(4.18)

The maximum signal q is limited by the charge storage capacity of the
target of the image orthicon.

If the light level is controllable, it
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can be turned up so that the signal level fills the target.

In this

case,

q

= -RET
e

II

I(x,y)dxdy

=

(4.19)

N

a

where N is the maximum signal charge storage capacity per pixel on the
target.

Equation (4.18) reduces to

SNR

=

IN

(faf

I(X,Y)dXdY);

(f)

Is (X,Y)dXdY)"

(4.20)

We see that the SNR of the demodulated signal on the target is
equal to the ideal SNR of the target times a factor that depends on the
relative strength of the modulation and average signal.
It is important to note

t~at

eqn. (4.20) represents the maxi-

mum theoretical SNR that any device can obtain given the number of
electrons involved in the demodulation process at the target.

Also,

for most optical processing operations that require bipolar kernels,
the difference or modulation component I is small compared to the
individual channel or DC component Is'

Thus, the SNR is significantly

less than the maximum target SNR (IN).

The noise contribution of the

read-out process is, therefore, insignificant, and the detectiondemodulation process is nearly ideal given the amount of light collected.
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Advantage
The main advantage of the 10 camera for optical processing
systems is the ability to very effectively integrate the difference
signal or modulation component (i.e. the desired convolution term) in a
completely parallel manner.

In the next chapter, we shall discuss

another system that we developed for the demodulation or subtraction
process.

It too allows one to use a temporally integrating 2-dimension-

al (parallel) detector.

In that system, the subtraction is done in a

digital memory on successive frames of video information where the
successive frames are modulated with the O**h+ and O**h_ information.
The limitation in that system is that the digitization process constrains the integration time of the video detector to be around 1/30 sec.
The dynamic range or signal capacity of the detector limits the amount
of light that can be integrated during a positive frame or a negative
frame.

In other words, the camera dynamic range limits the positi.ve or

negative response to a certain level for 1/30 sec. integration.

The 10

camera, on the other hand, limits the difference signal ·to the dynamic
range of the camera.

Thus, if the difference signal is small compared

to the individual channel signals or equivalently the average static
signal - a common situation - and the light level is high or can be made
high, the 10 camera will have a distinct advantage over the hybrid
system to be discussed.

If the difference signal is large (on the order

of the static signal) or if the light level is low so that the video
camera does not limit the integration, then the 10 camera and hybrid
approaches will be nearly equivalent.

There is still some advantage to
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the 10 approach because the read beam noise is only added to the system
once rather than twice, but this is generally fairly insignificant.
Outlook
The use of a bipolar detector in incoherent optical systems
can have distinct advantages.

The use of standard image orthicon

camera tubes, adapted for bipolar operation, appears to be sufficiently
problematic that a high resolution device based on these tubes is not
feasible.

Specially designed image orthicon tubes might, however,

achieve performance levels that would make them attractive.

The most

likely solution would involve finding another target material whose
response with respect to accelerating voltage was lower, so that the
6=1

condition would occur at a reasonably high accelerating voltage.

Also, a fairly steep slope of the

0

vs Vacc curve, at the

0=1

point,

would allow for reasonable sensitivity with small voltage fluctuations.
The small voltage swings might solve the focus problem resulting from
the difference in focus between the V+ and the V_ operating points.
Another possibility for developing a bipolar detector might
involve a different camera technology.

Other electron-beam cameras

such as vidicons do not appear to afford the potential of bipolar
operation, but solid state detectors 'such as CCDs are certainly capable
of integrating either positive charge (holes) or negative charge
(electrons).

The problem lies in holding the charge of one polarity at

an integration site while collecting and in essence subtracting the
opposite polarity charge.

The development of a high-quality, bipolar,
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solid-state detector would be extremely valuable in optical processing
systems.

Recently, Warde et ale (1981) described a microchannel spatial

light modulator that used a secondary emission process.
achieve bipolar operation.

He was able to

That system used proximity focus and may

have the potential of better resolution.

This type of approach may be

the solution to the problems of the image orthicon camera.

CHAPTER V
A HYBRID DIGITAL-OPTICAL PROCESSOR
In chapter III, we discussed a single-channel scheme that used
temporal modulation and demodulation to encode bipolar or complex infomati on.

Chapter IV described a method of demodulation that more

effectively used the available light signal.

Another approach to demodu-

lation that employs a 2-dimensiona1 temporally integrating detector is
the topic of the present chapter.

It is this method that we currently

feel is the most effective incoherent optical processing scheme for
effecting bipolar processing kernels.
General Approach
The general approach is called a hybrid digital-optical system
because it employs a digital frame storage subsystem.

The idea is to

have a single channel optical system with a video detector, modulate the
pupil function at the frame rate, digitize the video information in
real time, and either add or subtract the video information to or from
a digital memory.

Commercially available hardware exists that is capa-

ble of digitizing the video information and either adding it to or subtracting it from the digital memory in real time - meaning at video
rates.
This system can be thought of as a two-channel system where the
two channels exist in time rather than space, and the output of one
122
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channel is stored until the output of the other channel can be subtracted from it.
A block diagram of the system is shown in fig. 5.1.

The control

electronics is needed to tell the digital frame processing unit to
either add or subtract the video information and to tell the pupil.
switching apparatus to switch in either the positive or negative pupil.
Hardware Implementation
We built a system based on the method just described.

Our

primary goal for this system was to implement the filtering operation
for our CT system, but it is discussed here in general c6ntext.

An RCA

Te 1005 2/3 11 Sb 2S3 vidicon camera is used in the present system. A
Grinnell GMR 27 digital frame processor is used. This unit, under computer control, will digitize and add video information to memory or
digitize and subtract video information from memory.
unit we have is 256 x240 pixels.

The memory on the

The video digitizer is 8 bits.

Because a PDP 11/34 computer was available, we used it as the control
unit.

Its function is to send the proper commands to the Grinnell and

the pupil controller.

The use of a mini-computer is certainly overkill

for this particular application.

A small microprocessor would be ade-

quate.
The actual memory in the Grinnell is 12 bits deep.

The Grinnell

unit normally stores the 8 bits of digitized data in the upper 8 bits of
memory, but under the proper commands, the 8 bits can be shifted down
any number of bits (0-11) and stored in any portion of the 12 bit
memory.

This allows the user to signal average to improve the overall
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PUPIL SWITCHING
SYSTEM
VIDEO CAMERA

OBJECT

CONTROL
ELECTRONICS

DISPLAY

Fig. 5.1.

FRAME DIGITIZER
PROCESSOR
AND
STORAGE

D

Block diagram of hybrid digital-optical processing system.
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SNR of the stored data.
information.

The Grinnell displays only the upper 8 bits of

It accomplishes the display function by sending the upper

8 bits through a D/A converter, applying the proper sync pulses to
synthesize a standard RS 170 video signal, and displaying the results on
a video monitor.
Via a DMA device on the computer and some fairly sophisticated
interface programs, written by Gene Gindi, the computer is able to directly access the Grinnell memory facilitating data transfer between the
computer and the

Gri~nell.

Thus, we are able to rapidly (-1 sec) trans-

fer data from the Grinnell memory to the computer for storage on disk or
magnetic tape, or we are able to transfer data back to the Grinnell for
display.
Performance
As stated, the Grinnell memory is 256 x240 elements.
a space-bandwidth product of approximately 61,000.

This gives

With 256 elements

per line, the maximum spatial frequency that can be adequately sampled
is 128 cycles per line - the Nyquist frequency.
rates (i.e. 62.5

~sec/line),

this corresponds to 128 cycles/62.5

or a temporal frequency of 2MHz.
of around 4MHz.

For standard video
~sec

The RCA camera we used had a bandwidth

To avoid aliasing errors in the digital sampling

process and especially to avoid the noise associated with the added
bandwidth, we reduced the bandwidth of the camera to 2MHz.

This was

accomplished with an active filter tuned to the desired cutoff frequency.
The SNR of the overall system depends on several factors.
of all, the SNR of a single digitized frame is determined by both

First
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the noise in the input and the noise introduced by the quantization
of the signal to a discrete number of bits.
implies a limiting SNR of around 800.

The quantization to 8 bits

(Oya11, 1980).

This number

comes from dividing the peak signal of 256 by the RMS error in
quantizing a randomly distributed signal between .5 and 1.5 to the
value 1.

For the video camera we employed, the noise of the camera is

far worse than the quantization noise.

The quantization noise can

therefore, be neglected and the digitized video information assigned
the SNR of the input video.
The SNR of the camera we used is around 100 or 40dB into a bandwidth of 4MHz.

By limiting the bandwidth to 2MHz the SNR is improved

by a factor of 12 to around 140 or 43dB.
We can model the entire process of convolution with this system
in the following way.
limiting noise

sourc~

If we assume that the noise in the camera is the
in the process - an assumption we shall discuss

in some detail - then we can describe the voltage signal out of the
camera as

(5.1)

where V± is the voltage obtained with either the positive or negative
pupil in the system, I± is a random variable representing the irradiance
distribution on the camera with either the positive or negative pupil,
a

is a proportionality constant (property of the camera) that gives the

voltage out for some irradiance in, and n is a random noise source due
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to the camera.

The noise source n is a zero-mean random process, so

(5.2)

The hybrid processor subtracts the voltage V_ from V+ in the
digital memory, producing a new random process V.

The expectation value

of V is

which is exactly the convolution result we desire.
for V, we calculate the variance of V.

To determina the SNR

From the definition of V, we see

that

(5.4)

Now, substituting in the expressions for V+ and V we can show that
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where we have assumed that the noise n is uncorrelated to the irradiance
I and the noise term n is uncorrelated from frame to frame.

We can also

assume that the error in the irradiance terms is uncorrelated so that
the final terms of eqn. (5.5) cancel.
Now, for vidicon cameras in general and our camera in particular,
the noise performance of the camera is primarily limited by the internal
amplification.

The variance due to n± is, usually much larger than the
In this case, we can neglect a 2 0I 2
±
The result is that

variance due to the light level.
relative to 0n 2 •
±

= a n+2

a 2

V

+a

2

n

= 20 n2

(5.6 )

since the statistics of the noise are independent of which frame we are
talking about.

The resulting SNR is

aO**(h+ - hJ
SNR = - - - - - 12 on

(5.7}

If we multiply and divide eqn. (5.7) by the sum of the voltages
from 1+ and 1_, we obtain

SNR

=

a O**(h -h }

a(O**h+} + a(O**h_}

a O**(h ++h - )

Il on

+ -

(5.8)

The second factor can be regarded, in some sense, as the average SNR of
the camera because it represents the sum of the SNR from the positive
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and negative frame.

Vie can, therefore, write eqn. (5.8) as

2 SNRcamera

(5.9)

Equation (5.9) represents the expected SNR for the entire convolution
operati on - a process that takes two frames or 2 x 1/30 sec.

If the

addition/subtraction operation is repeated m times, the SNR will
improve by a factor of 1m.

SNR =

rn

The net SNR will be

O**(h+ -h J
O**(h+ +hJ

(5.10)

SNRcamera

where n=2m is the total number of frames of video information in the
process.
This same kind of equation applies even when the detector is
limited by some other noise source.

Either a light-limited SNR or a

quantization SNR will imply a finite limit on the quality of a single
recorded frame.

Equation (5.10) then applies where SNRcamera is re-

placed by the limiting SNR.
The form of the object and the filter will greatly affect the
SNR achievable in a single add/subtract.cycle of the system.

The

ability to signal average is tremendously important in being able to
achieve good performance.
filtered image.
of around 14,000.
cations.

There is an upper bound to the SNR of the

The 12 bit memory implies a quantization limited SNR
This SNR is far better than needed in most appli-

The display is limited to 8 bits so

that~

if a visual output
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is the desired end product, a peak SNR in the filtered image of around
800 would be adequate.
To achieve this SNR in the filtered image, it is often necessary
to average a large number of frames.

This implies reasonably long times

- many seconds or even minutes - to achieve the desired performance.
This mayor may not be reasonable depending on the particular application and the stability of the camera.
Example
An example of the operation of the system is helpful in understanding the' operation and the performance.

We chose the following

example because it is related to the pperation required for the CT
system.

We took a normal scene and blurred it with a l/r function.

We

accomplished the blurring by rotating a cylindrical lens in front of the
main imaging objective of the camera.
point image into a line image.

The cylindrical lens blurs a

When that line is rotated through. 360

0

by rotating the cylindrical lens, the resulting image distribution for
every point is l/r centered on the image point.
The goal of our system is to deb1ur the blurry object.

The

question is: what function h(r) gives

(O(r,e)**_l
)**h(r)
r

=

O(r,e)

where O(r,e) is some object distribution.
solve the equation,

(5.11)

Equivalently, we want to
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_1
r

**

h ( r)

= 0 ( r)

(5.12)

for h(r).
It is easiest to see what h(r) is by describing eqn. (5.12) in
the frequency domain.

The function llr transforms to the function

lip, while o(r), of course, transforms to the constant 1.

Thus, in the

frequency domain, eqn. (5.12) is

(5.13)

We see that

.¥ {h(r)}

(5.14)

= p

for eqn. (5.13) to be correct.

We therefore want to synthesize a

system whose transfer function is equal to

p.

From the symmetry of

the transfer functi.on, we know the corresponding psf is real.

We also

know that it must be bipolar since the transfer function does Rot have
its maximum value at zero spatial frequency.

We could do the inverse

transform, indicated in eqn. (5.14), to determine the psf of the system,
break the psf into two positive real functions, and synthesize pupils to
effect these responses.
On the other hand, we note that the transfer function of a
circular aperture is very nearly a cone shaped function.

The difference

between two cones of different width but the same height is, over a
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limited frequency range, a

p

filter.

Thus, two circular apertures, the

larger one of reduced transmission, will give the proper difference
response.
To determine the size of the apertures, we need to consider the
spatial frequency bandwidth of the overall hybrid system.

We know that

the camera and the digital frame storage unit limit the bandwidth.

The

pixel sampling (256 samples/line) sets a limit on the maximum spatial
frequency.

A frequency Qf 128 cycles per line on a camera whose active

area is 8.8 mm
14.5 cycles/mm.

x

6.6 mm corresponds to a maximum spatial frequency of

From eqn. (2.43), we see that the maximum spatial

frequency (-cutoff frequency) of a circular pupil, P{ ~), is D/Af where
we have assumed that the object is far away so that the image distance
di is very nearly the focal length f.
The peak spectral sensitivity of the video camera we used is
around 530 nm; the focal length of the lens was .25 mm.

To match the

cutoff frequency of the pupil to the cutoff frequency of the camera
requires a pupil diameter of about 0.2 mm.

For the positive pupil

use an open aperture of about 15 mm diameter.

Over the passband of the

system, the transfer function of the positive pupil is very nearly a
constant.

Thus, this constant minus the cone is approximately a

p

filter over the desired passband if the transmission of the positive
pupil is matched to the total transmission of the negative pupil.
ratio of the areas of the pupils is around (15)2/(.2)2.

The

The transmission

of the positive pupil must be reduced by this factor to achieve the
proper transfer function.

This would imply an extremely small overall
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transmission and would require an extremely bright light source to
effectively use the signal capacity of the video camera.

We greatly

reduced this light level problem by replicating the 0.2 mm aperture
over the pupil plane.

We repeated the small apertures over a two-

dimensional grid with centers two diameters apart.

The resulting trans-

fer function is a square array of cones over the frequency plane.
cones are packed together but with no overlap.

The

The central cone has an

amplitude N times greater, where N is the number of replicated pupils.
The cones outside the central one are unimportant because they are outside the passband of the camera.

The average transmission of the repli-

cated pupil mask is now

(5.15)

To achieve the proper overall transfer function the transmission
of the positive pupil must be reduced by this factor.

This was ac-

complished with a set of crossed polarizers rotated until the proper
transmission was achieved.

With these two pupils - the array of small

clear apertures and the reduced-transmission large aperture - the difference response of the net system is a

p

filter.

Figure 5.2 shows the results of our deblurring example.
5.2{a) shows a picture of the unblurred object.

Figure

Figure 5.2{b) shows a

picture of the blurred object (i.e., fig. 5.2{a) blurred with a l/r
psf).

This image was obtained with 16 frames of video averaging.

Figure 5.2{c) shows the deblurred image (i.e. fig. 5.2{b) deblurred with
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our hybrid system).

The result, fig. 5.2(c), was obtained by averaging

127 frames of positive information (positive pupil in) and 127 frames of
negative information (negative pupil in).
Figure 5.2(d) shows a deblurred image obtained by a digital
technique.

The blurred image data (fig. 5.2(b)) was Fourier transformed

digitally, multiplied by a

p

filter, and inverse Fourier transformed.

The results of this experiment reveal the significant aspects of
the process.

For one thing, both the digitally and optically deblurred

images are noisy relative to the ideal object distribution (fig. 5.2(a)).
There are two reasons for this.

One is due to the fact that the convo-

lution process itself enhances the high frequency components of the
image where the noise is relatively higher compared to the signal than
at the low frequencies.

This implies that the SNR of the processed

image will be necessarily and significantly lower than that of the
input.

The other reason is due to the multiplicative noise inherent

in the video detection process.

This ultimately limits the amount of

averaging that is useful because the averaging is only useful in reducing the additive noise in the camera.
The digital and hybrid approaches aloe very different in the way
they use the video system.

From the images of figs. 5.2(c) and (d)

it is apparent that the digital-optical hybrid approach produces better
results. in this particular case.

The reason is that in the digital case

the multiplicative noise in the video camera limits the overall SNR of
the input data to some finite and, for our camera, not-so-spectacular
value.

The digital filtering process then reduces the SNR so that the

final SNR is extremely poor.

A perfect example of the deleterious
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Fig. 5.2.

(a)

(b)

(c)

(d)

Deconvolution of blurred image.
(a)
(b)
(c)
(d)

Ideal image
Blurred image
Deblul~red image by optical technique
Deblurred image by digital technique
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effect of this multiplication noise is seen in the vertical line
structure apparent in the digital image (fig. 5.2(d)).

A careful ex-

amination of the unblurred image (fig. 5.2(b)) reveals that this
vertical structure is present in the input.

The source of this noise

is 'probably some pickup in either the camera or the digital frame processing unit.

In either case, it is a multiplicative noise source

which after filtering is enhanced relative to the desired image.
In the hybrid digital-optical approach, the multiplicative noise
occurs after the convolution.

It multiplies both the positive convo-

lution and the negative convolution
plies the difference.

a~d

after subtraction just multi-

Thus, a 1% error in the video response will limit

the convolution result to have about a 1% error.

The multiplicative

noise is therefore not nearly as severe a problem for the hybrid system.
The imaging of fig. 5.2(c) is not limited by this source of error.

It

is limited instead by spatially dependent differences between the responses of the positive pupil and the negative pupil.

These result in

the broad intensity variations one observes in the hybrid system result.
In fact, the 254 frames of averaging is about the limit before these
intensity variations become visually objectionable.

The deterministic

differences between the two responses most likely arise from the pupils
themselves, where variations in the field dependent aberrations in the
system affect the difference image as a function of object (field) position.

These space-variant differences ultimately determine the

limiting performance for our system.
Theoretically, the space variations in the optical system could
be corrected so 'that the image quality of the deblurred image would be
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improved by more averaging.

Also, in both the hybrid and the digital

systems it is possible to correct for the multiplicative type errors
so that higher quality images are obtained.

This is obviously more

important in the digital case than for the hybrid system.

Even if the

multiplicative errors are corrected, the hybrid approach will have an
advantage because of the way it uses the dynamic range of the memory.
In the digital case, the dynamic range of the memory limits the input
SNR to that of any signal quantized to 12 bits, whereas the 12 bit
limit applies to the difference signal or the desired convolution results for the hybrid approach.

The argument is similar to that dis-

cussed in Chapter IV where the dynamic range of the target of the Image
Orthicon camera was more effectively used in integrating difference
signal than in integrating either of the individual channel signals for
subsequent subtraction.

The generalization that comes to mind is that

it is always better to do the subtraction operation as soon as possible
so that the dynamic range limit of some device limits the difference
rather than the individual channels.
In practice, video systems have a fair degree of drift.

It is

often difficult to correct the multiplicative errors except over a short
period of time.

To obtain a high quality deconvolution, calibration

runs at the time of data acquisition will probably be required with the
hybrid approach and will certainly be required if digital processing is
anticipated.
Finally, we should note that the data acquisition time for the
digital approach was about

~

sec.

The processing time was about 4 hours.
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The program written for the digital filter is very inefficient.

An

optimized program could probably do the operation in about 15 minutes.
The use of an array processor might further reduce the processing time
to about one minute.

These times should be compared to the run time for

the hybrid approach which in this case totalled about 10 secs.

The

hybrid approach compares very favorably in terms of the time requirement.
Practical Aspects of

Hybr~d

System

The theory of the hybrid system is quite straightforward.

The

hardware for implementation of this approach is available and getting
better (performance-to-price ratio) all the time.

Several factors that

are important in this general approach are now described.
Spectral Content
The spectral passband of the system is determined by the illumination in the object field and by the passband of the camera.

Depending

on application, the spectral content of the illumination mayor may not
be controllable.

When viewing a natural scene, the spectral content of

the illumination is given.
to the illumination present.

It is important to match the camera response
For example, an event that occurs in the

infrared must be matched by a detector whose spectral response is
peaked at the proper wavelength.
In any event, the physical situation will determine a wavelength
response for the entire system.

It is important to design pupil masks

that perform optimally at the given spectral peak.

Recall that in

Chapter II, we discussed the effect of broadband illumination on the
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response of an incoherent system.

There we were basically concerned

with the scale variation of the psf with wavelength.

In general, the

imaging system itself will have wavelength dependence, the pupil
function will have wavelength dependence (phase part of pupil), and
the scale of the psf will be wavelength dependent.

All of these

factors must be included in determining the overall response of the
system.

In some cases, it will be necessary to limit the spectral pass-

band to achieve satisfactory performance.
In our system, the camera response is peaked at around 530 nm
and falls off rapidly to less than 10% outside the visible (350-750 nm).
The illumination from the light box is matched pretty well to this
response so that the overall response is even more sharply peaked at
around 530 nm.

The lens is chromatically corrected so that the imaging

response is nearly uniform with wavelength.

In the example we described,

the pupil masks were real and had binary transmission so that spectral
effects in the pupil are zero.

The only remaining problem might be in

the wavelength dependent scale factor of the effective filter function.
It turns out that the form of the filter function is wavelength independent.

This is because the linear form

p,

wavelength factor, is still a linear form.

when integrated with any
Therefore, in our experi-

ments, the wavelength spread was reasonably unimportant.

This is not

necessarily the case in general.
Video Stability
One very important aspect of achieving good results with the
hybrid approach is the video stability.

It is very important that the
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video and digitizer are synchronous so that the digitized information
is the same from frame to frame.

Any jitter in the operation results

in slight shifts of the digitized information.

Subsequent subtraction

gives an erroneous difference signal, especially at sharp edges.

Figure

5.3 shows the effect of adding 500 frames and subtracting 500 frames of
the same video information.
zero mean with some noise.

The difference should be zero or at least
The residual image information is most

apparent at edges which indicates a jitter problem.
We found that the jitter problem is much less significant when
the Grinnell is used as the master clock.
the camera from the Grinnell.

Composite sync is supplied to

The Grinnell has a sync output and the

camera has an external sync input so this operation is straightforward.
The Grinnell also has an external sync input but the operation of
the system is very poor when the camera is the master clock supplying
the sync to the Grinnell.

The stability performance of various

camera/digital frame storage device combinations is probably unique to
each combination and will probably require individual experimentation.
Dead Frame(s) on Switching
We suggested in this chapter that it was possible to accomplish
a bipolar convolution by adding a frame of video information to a digital memory with a positive pupil in position and subsequently
subtracting a frame of video information from the memory with a negative
pupil in position.

In Chapter III, we discussed various ways of

switching the pupil of the optical system: Mechanical switching and
electro-optic switching were suggested - electro-optic switching being
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Fig. 5.3.

Demonstration of video stability.
Result of 500 add operations and 500 subtract operations
on the same image. Note some residual image information
on the right side where sharp edges in the image existed.
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considerably faster than mechanical switching.

It is important, however,

to realize that, because of the sequential scanning that occurs in the
camera and, therefore, the sequential integration time, the system
requires one frame after completion of the pupil switch before the
information can be read out.

The pupil switching of course, cannot be

initiated until the last element of a given frame is read out.
The bottom line is that if the pupil switch requires a time less
than the vertical retrace time, then the system will require one dead
frame before the information can be read out.
time is typically about 20 lines or about 1 ms.

The vertical retrace
This is beyond the

limit for mechanical switching but probably very reasonable for electrooptic switching.

Thus, with electro-optic pupil switching, one dead

frame is required between the addition frame and the subtraction frame.
If the pupil is switched back to the positive pupil for the next operation or add/subtract sequence, another dead frame is required.
When mechanical switching is used, the switch may take anywhere
from several miliseconds to many seconds.

A reasonably designed system

should be able to switch the pupil in a single frame time.

This would

result in a dead time of two frames before the information could be read
out.
One way around the wasted dead frame problem is to use a line
transfer, or frame transfer, CCO camera (Beynon and Lamb, 1981).

This

type of camera operates by integrating information for a frame time and
then transferring the information (charge) to a buffer in .some very
short time.

The information is then read out of the buffer at normal
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video rates while the active area of the camera integrates another frame.
Thus, if the electro-optic switching could be effected in the transfer
time from the active area of the camera to the buffer area, no dead
frame would be required and successive frames could be operated upon.
Outlook
The hybrid approach described in this chapter is probably the
best approach, we feel, for effecting bipolar convolution kernels on a
repetitive basis.

In other words, if a particular convolution operation

is anticipated for a number of different inputs, especially if those
inputs are optical fields, then the hybrid approach represents a fast,
reasonably inexpensive method for effecting that operation.
Probably the most expensive and certainly the most critical
components of the system are the video camera, and the digital frame
processor.

The technology for fast accurate digitization of video

information is progressing rapidly.
becoming lower and lower.

The cost for such devices is

The years ahead will certainly see equipment

that is able to keep up with even the most advanced camera.
nology is also advancing rapidly.

Video tech-

Plumbicon cameras can achieve SNRs

on the output of near 500:1 at bandwidths of 10 MHz.
solid state cameras is also developing rapidly.

The technology of

We cannot stress the

importance of the use of a high quality camera in this system.

Equation

(5.10) shows that the quality of the output is linearly related to the
SNR of camera.
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The system may become much more general when high-quality
electrically-addressable pupil filters are realized.
could be written quickly (62

~sec

If a complex pupil

- 1/30 sec) and accurately, the flexi-

bility of the system as a whole would be greatly increased.

The

possibility of its use as a general purpose convolution device for the
filtering of incoherent optical scenes would be excellent.

CHAPTER VI
OPTICAL PROCESSOR FOR COMPUTED TOMOGRAPHY
As stated in the introduction, much of our interest in optical
data processing was motivated by our desire to build a processor for a
film-based computed-tomography system.

Computed tomography is a tech-

nique for reconstructing an object from the projection data of that
object.

A more precise definition of this projection concept and the

reconstruction process follows.

A description of a system for recording

the data and reconstructing the object is also presented.

This chapter

includes results and a performance evaluation of the system.
Theory
Computed tomography is concerned with the reconstruction of
an object from its projection data.

In a purely mathematical sense, the

object is any functional distribution we wish to consider.
two-, three-, or N-dimensional.

It could be

The projection of that object repre-

sents the integration of the object distribution over some portion of its
definition: Typically, the portion is a line through the distribution
at some particular orientation.

The projection data of the object then

consist of all possible line integrals through the object.

The pro-

jection data need not necessarily be integrations over a line.

If the

object distribution is of three or higher dimensions, integration over
a plane or hyperplane is also valid.

The projection data are then all
145
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planar integrals of the object distribution.

The goal of computed

tomography is to reconstruct the object distribution from these projection data.
The geometry of x-ray computed tomography (eT) is quite simple.
The object of interest is a two-dimensional slice or section of the
general three dimensional object (i.e. human body).

The distribution we

wish to reconstruct is the x-ray attenuation coefficient
particular plane or section of interest.

~(x,y)

The projection data of this

object are the set of all line integrals through the object.
describe the object in a polar geometry

for the

~(r,e),

If we

the projection data can

be written as
n/2

f(x',<p) =

J f ~(r,e) 5 (rsin(e-<p)-x ' )rdrde

-n/2

where

0

00

(6.1 )

-00

is the Dirac delta function.

Basically, all this equation is

saying is that, for a particular value (xl,<p), the function

~(r,e)

integrated over all points (r,e) for which rsin(e-<p)-x'=O.

These are

is

exactly the points along a line at an angle <p with respect to the x axis
and a perpendicular distance Xl from the origin.

Figure 6.1 indicates

the geometry.
Quite often

~

projection is considered to be the values of the

function f(x',<p) for a fixed angle <p.

Thus, a projection is a one-

dimensional function of the parameter Xl.

The set of projections is the

set of these one-dimenSional projections over the parameter <p.
6.2 indicates the concept of a single projection at angle

<p.

Figure
For
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y

f(x',<p)

x

Fig. 6.1.

Geometry for line integral projection f(x',<jl) of object

~(r,e).
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y

OBJECT

~(r,8)

x

Fig. 6.2.

The interpretation of

~

projection at angle

~.
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f~(x'}

notational reasons, we shall use

to indicate these one-di-

mensional functions parameterized by ¢.
Equation (6.1) describes how the projection data are derived
from the object distribution.

The inverse, namely the description of

how one reconstructs or finds the object distribution from the projection data, was first investigated by Radon in the early part of the
century (Radon, 1917).

The form of the reconstruction algorithm known

as the inverse Radon Transform is
n/2
~(r,e) =

1

:-z

f

00

d¢ P

C::n -n/2

J af ax'
q, (x ' )

1

rsin(e-¢)-x'

dx'

(6.2)

-00

where the P indicates a Cauchy principal value integral.

This principal

value concept simply indicates how one defines the contribution to the
integral at the singularity in the integrand.
Equation (6.2) can be understood more readily when one notices
that the second integral of eqn. (6.2) is a convolution of the function
af/ax' with the function l/x'.

The rsin(e-¢} represents the shift pa-

rameter or, more exactly, how one assigns the value of the convolution
result back in the (r,e) coordinates.

The principal value affects the

description of the function at x'=O.

In particular, the principal value

assigns the value zero to the function at the singularity.

From a no-

tational standpoint, we can rewrite eqn. (6.2) to read
n/2
~(r,e) = -

2n

2

f

-n/2

d,p

afq,(X'}

f

ax'

1
*p(-}

x'

]

x'=rsin(e-¢}

(6.3 )
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where the P reminds us of the particular form of l/x' we desire, and
the convolution notation simply indicates the operation in eqn. (6.2).
It is easy to show that the derivative of a function A convolved
with a function B is equal to the function A convolved with the derivative of B.

(Gaskill 1978).

The proof involves taking a Fourier trans-

form of the convolution, associating the i2nx that comes from the
derivative with the other function, and retransforming.

Using this

theorem we can write eqn. (6.3) as
n/2
\l(r,e) =

~

f dtP [f</l (x )* d~' P())
2n -n/2

(6.4)

]

I

x'=rsin(e-cp)

Figure 6.3 shows a limiting representation of the function
P(fr} and also the resulting form of the derivative of this' function.

If we call this function h(x ' ), we can rewrite the reconstruction algorithm as

. (6.5)

\l(r,e)

x':rSin(a-.J

This is the form of the reconstruction integral known as the convolution
algorithm (Barrett and Swindell, 1977).
The operations indicated byeqn. (6.5) are really quite straightforward.

The convolution operation, diagrammed in fig. 6.4, is often

referred to as the filtering operation.

The result of the convolution
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{t

1im
e:-+O

E2

--~--------~~~------~------Xl

h (x I)

h(X')

=

d~'

p(;.)

=

1im
e:-+O

Xl

Fig. 6.3.

Form of the function

p(~ )

and its derivative.

Ix I >e:
I

Xl
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is a filtered projection.

The assignment of the values of the filtered

projection back in the (r,e) coordinates is known as back-projection
Indeed, the equation for assignment, Xl

=

rsin(e-¢), is exactly the same

as the equation for the original projection.

Thus, for a given pro-

jection or angle ¢ the value of the filtered projection at some point
Xl is reassigned to every point (r,e) that satisfies the equation
Xl = rsin(e-¢).

These points are exactly those along the original line

of projection.

This back-projection concept is illustrated in fig. 6.5.

The final step in the algorithmic description of eqn. (6.5) is
called the summation operation.
simply says:

Basically, the integration over ¢

do the operation of filtering and back-projection for

every projection - every

¢ -

and add the results.

This concept is

illustrated in fig. 6.6
The result after these operations are complete is a reconstruction of the distribution

~(r,e).

There are a number of other

mathematically equivalent yet functionally quite distinct formulations
of the reconstruction process.

A good review of most of these formu-

lations is given in Barrett and Swindell (1981).

The relative

advantages and disadvantages of the various approaches is a subject of
much debate.

For the purpose here, the formulation of the convolution

algorithm is adequate and, indeed, is the most widely used technique.
To the authorls knowledge, it is the algorithm used in all commercial CT
machines.

These machines, now common in the clinical envi.ronment, do

the processing steps digitally.

The purpose of this chapter is to
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FILTERING
f (x I ) *h (x I )
cp

*

Fig. 6.4.

=

Filtering operation of reconstruction algorithm.
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BACK-PROJECTION
f (X')*h(X')1

~

x'=rsin(e-~)

I _
./"

-')

I

I

' ......

Fig. 6.5.

Back-projection operation of reconstruction algorithm.
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SUMMATION

/

'"

/
I

t

Jl(r,s)

Fig. 6.6.

-"

\
\.

\

\
.)'-""1

--I

'"'-'

Summation operation of reconstruction algorithm.
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describe a system that does some of the processing optically.

Gmitro

et al. (1980) presents a review of optical processing approaches in CT.
Data Recording
Once again, the projection data are the line integrals of the
object distribution.

In x-ray CT, the data set is recorded or measured

by sending an x-ray beam through the object (patient).

There are a

number of different geometries that have been emp)oyed in conventional
CT systems to enable the recording of the projection data.

These are

generally categorized into what are called "generations," A review of
these geometries can be found in Barrett and Swindell (1981).

The most

current geometry, called the fourth generati on scanner, is shown .j n fi g.
6.7.

Basically, a single x-ray source is collimated so that the x-ray

beam is confined to a thin section.

The detector array on the opposite

side of the object records the flux of x-rays passing through the object.
The x-ray source rotates around the object so that, over the course of a
single rotation, ali the projection data are obtained.

The recorded data

must, of course, be reorganized to correspond to the parallel beam recording geometry of fig. 6.2.
When a monochromatic x-ray beam passes through a material, the
intensity in the exiting beam is related to the intensity in the incident beam by an

~xponential

decay.

The so-called Beer's Law attenuation

(Johns and Cunningham, 1974) is given by

I = I e

o

-f~(r,8)d2

(6.6)
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X-RAY SOURCE

Fig. 6.7.

Geometry for data recording of fourth generation CT
machines.
The detector array is fixed. The x-ray source rotates.
The x-ray is confined to the plane shown.
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where I is the intensity leaving the object, 10 is the incident intensity, and [I

d~J

is a shorthand notation for the line-integral relation-

ship, eqn. (6.1).
For most detectors, including those discrete detector arrays
employed in conventional CT systems, the detector response is directly
proportional to the exposing irradiance.

As such, a logarithmic con-

version is necessary in order to obtain the desired projection data:

f

(x ,¢) = 1n(
I

lo)

= - f dr, e )d~

(6.7)

In the conventional CT systems, this logarithmic step is performed digitally within the computer.
Film Recordi ng
For the systems we propose, the data are recorded on x-ray film.
In particular, we use a rather standard film-screen system - the type
found in any radiology department.

It turns out that processed x-ray

film has a transmission T that is approximately linear with the logarithm of the exposure, at least for small exposures.

The film itself

can therefore be used to perform the logarithmic step in eqn. (6.7).
Greivenkamp (1980) gives an argUlilent to explain this particular response
for the film.

Figure 6.8 shows the response of a Dupont Cronex IV film

and Quantum III screen combination.
Kodak Rapid Processor.
of cm of plexiglas.

The film was processed in a standard

Note that the abcissa of the graph is in units

The attenuation coefficient of plexiglas is very

close to that of water - the prime component of biological matter.

The
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T

.6

.4

.2

cm

Fig. 6.8.

Transmission T vs. thickness of water-equivalent absorber
(plexiglas) for film-screen detector.
This data was measured for DuPont Cronex IV film and DuPont
Quanta III screens. The measurement was made with a 120 KVP
x-ray source.,
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horizontal axis is thus approximately equal to the total line integral
of a uniform water absorber or, equivalently, the logarithm of the exposure due to that length of absorber.
The linear portion of the film response extends over a region
of about 9 cm of water-equivalent path length.

By varying the exposure

level on the film, we can get this 9 cm of linear response over any 9 cm
path length we desire (e.g. 0-9 cm or 2-11 cm).

In other words, over

some dynamic range the transmission of the film is

T = To

+

where To is a constant, S is the slope, and
line integral.

(6.8)

S~x

~x

is the path length or

The constant To is unimportant because the subsequent

data processing has a zero-mean response.
The dynamic range of this film-screen system is not sufficient
for most objects of interest in the medical context.

Even the human

head is significantly larger than 9 cm in diameter.

We circumvented

this problem by placing the object to be scanned in a water bath which
greatly reduced the path difference in the various line integrals (projection data).

This is not a viable solution for human patients.

We

shall return to a discussion of x-ray film as a detector for CT towards
the end of this chapter because it is, indeed, the crux of the matter in
evaluating the advantages and disadvantages of our novel CT system.
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Recording Apparatus
We built a fairly simple apparatus for recording the projection
data.

Basically, it consists of a rotation stage that holds the object

and a translation stage that holds the film-screen cassette.
shows a diagram of the set-up.

Figure 6.9

The slits before and after the object

confine the x-ray beam to pass through only a thin section of the object.
The thickness of the section for our work was about 4 mm.

Consider for

a moment that the x-ray source is sufficiently far away from the object
that the x-rays tranverse the object as a parallel beam passing through
the object at some

angle~.

(4 mm) strip of film.

The x-rays expose the film along a thin

The transmission of this thin strip of film

represents the single projection

f~(X').

slightly to the next projection angle,

If the object is rotated

~+~~,

and the film is translated

slightly so that the next strip of film is exposed, another projection
is recorded.

When the process is repeated over 180 0 of projection angle,

the complete projection data set is recorded.

In actual practice, the

rotation and translation motions are essentially continuous and are
controlled by synchronous stepper motors.

The stepper motor on the

translation stage drives a lead screw which in turn drives the film
cassette past the exposing slit.
object.

Another stepper motor rotates the

This object rotation is not the best solution from a clinical

point of view.

A gantry to drive the x-ray source and film translation

stage around a stationary object is a straightforward, albeit expensive,
solution.
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OBJECT
TRANSLATION
STAGE

FILM
CASSETTE

ROTATION
STAGE

FILM CASSETTE
SLIT
OBJECT

LEAD
SCREEN

X-RAY
SOURCE

ROTATION
DRIVE MOTOR
Fig. 6.9.

TRANSLATION
DRIVE MOTOR

Data recording apparatus.
The figure shows the top and side views of the apparatus.
The film translates in front of the slit as the object
rotates.
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Fan Beam Correction
Thus far we have assumed the x-ray source to be far enough from
the object to approximate the x-rays as a parallel beam.
this is not the case.

In practice,

When the x-ray source is reasonably close to the

object, the x-rays and therefore the line integrals through different
parts of the object are not parallel.

This so-called fan-beam geometry

creates a reordering of the data set.

In other words, a single hori-

zontal line on the film is ro longer a IIprojectionli at a particular
angle.

Barrett and Swindell (1977), Gordon (1977), and Greivenkamp

(1980) have all shown that, to a very good approximation, the data can
be corrected or reordered by tilting the film cassette.

The whole

vertical drive mechanism is tilted about an axis in the plane of
interest and passing through the center of rotation of the object.
. tilt angle is dependent on the geometry.

The

It is a simple calculation to

show that, to first order, this tilt angle is

ex. =

L

(6.9)

d';="+-.Q,T")

-"ITT"(

where L is the vertical length of 180 0 worth of projection data on the
film, d is the distance from the x-ray source to the center of rotation of the object, and .Q, is the distance from the center of rotation
of the object to the film plane.

The angle

ex.

is in radians.

For all of our work the data were corrected in the manner described.

The result is a film for which each horizontal line represents

a projection at a single angle, and the projection angle varies
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continuously in the vertical direction.

As an example, fig. 6.10 shows

a diagram of an object we scanned and a photo of the 14 11 x17 11 x-ray film
on which the projection data were recorded.

The recorded film is often

called a sinogram because every point in the object maps to a sine wave
on the film.

The frequency of all the sine waves is the same (180°

down the length of the film).

The amplitude and phase of the sine curve

are related to the radial and azmuthal coordinates in the object.
Reconstruction
The previous section described the recording of the data f(x' ,¢)
on film.

\~e

now describe a hybrid digital-optical processing system for

reconstructing the object distribution
f(x' ,¢) of that object.

~(r,¢)

from the projection data

The operation of the processing system follows

the algorithmic procedure of eqn. (6.5).
filtering, back-projection, and summation.

The required operations are
The filtering operation is

accomplished via the hybrid approach described in the last chapter.

The

back-projection operation is accomplished optically via a cylindrical
lens and image rotator.

The summation is accomplished with the digital

storage device inherent to the filtering operation.
Data Input
To reconstruct the image, the processed x-ray film that contains
the projection data is mounted on a translucent drum.
several long flourescent lamps illuminate the film.

Inside the drum,
These lamps are

run off a DC power supply which eliminates the temporal oscillation of
the illumination.

In front of the drum, a long slit is used to define
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Fig. 6.10.

Photo of x-ray film recorded data set of EM! phantom.
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a single projection.

In other words, the optical system views only a

single projection at any time.

The slit width is around 4 mm which

matches the slit width of the recording process.

The radius of the

drum on which the film is mounted is 9.951 inches.
is, therefore, 15.631 inches.

The circumference

The film was recorded so that the length

of 180° worth of projection data would be exactly half the circumference.
The drum is connected directly to a stepper motor that rotates the drum
to bring successive projections into the viewing slit.

The minimum step

angle of the stepper motor is .9°, thus, allowing 200 projection angles
over the 180° worth of projection data.
Filtering
The filtering operation depicted in fig. 6.4 is the convolution
of a projection f¢(X') with the kernel h(x').
kernel is given in fig. 6.3.

The form of this bipolar

In the frequency domain, the function h(x')

transforms to a function H(s) whose form is

H(s)

=

(6.10)

lsi

Thus, we wish to describe a two-pupil system whose net psf is
h(x') or whose net transfer function is given by eqn. (6.10).
the" filter function is a one-dimensional entity.

Note that

To this point we have

generally been talking about two-dimensional processing kernels.
reduction to a single dimension is no problem.

The

It simply means that we

need only worr'y about the form of the pupil in one dimension.

In the

image plane, the other dimension, it turns out, will have significance
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in the back-projection operation.

In terms of filtering, we simply

want a delta-function-like response in the y' direction, and so the
pupil is a constant in the direction corresponding to y', i.e. the pupil
has the form

p(x,y)

=

P(x)A(x,y)

(6.11)

where A is just the finite aperture of any physical pupil.
In the last chapter, we explained that the hybrid approach has
a finite bandwidth determined by the digitizer and camera.

We therefore

need only synthesize the desired response, eqn. (6.10), over this bandwidth.

Highet frequencies are apodized by the rolloff of the camera

response.
Barrett
this

lsi

et~.

(1979) showed that over some finite bandwidth

response could be achieved with a two-pupil system consisting

of an open pupil for the positive channel and a Ronchi ruling for the
negative channel.

The transmission of the Ronchi ruling varies between

the discrete values of 0 and

l and has a duty cycle of 50%. The trans-

mission of the positive pupil is 50% over the entire pupil region.

The

frequency of the Ronchi grating determines the maximum spatial frequency
for which the

I~I

description of the net transfer function is valid.

For application in the CT or hybrid system, this maximum spatial frequency should be closely matched to the cutoff frequency of the system.
We experimented with this two-pupil system (amplitude Ronchi and
open pupil of 0.5 transmittance) for some time.

It was used in the
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system with some success.

The combination of these two pupils does not,

however, represent a minimum bias solution.

There is a fairly large

common-mode signal between the positive and negative responses, which
adds noise but not signal to the convolution process.
A better solution we found is to use a phase Ronchi ruling.
Appendix B derives the point response and the transfer function associated with a phase Ronchi pupil.

The phase Ronchi is assumed to have

phase steps at the wavelength of interest.
50%.

TI

It also has a duty cycle of

Figure B.3 shows the transfer function of this pupil.

If an open

pupil of equal aperture A(x,y) is used for the positive response, the
net transfer function of the two pupil system is the difference of the
two pupil responses and is shown in fig. 6.11.

We see that over a

certain frequency band the net response is indeed a

I~I

filter.

The

passband of the camera/digitizer system is shown by the dotted line.
The I~I passband of the pupil goes up to ~max

x

= 2~f

In the spatial domain, the psf of the open pupil approximates
the positive part of the desired psf, (i.e. the

6

function); the psf of

the phase Ronchi approximates the negative part of the desired psf,
(i.e. ~ tails).
x

We note that there is no overlap or common-mode com-

ponent of these two responses.

With the amplitude Ronchi ruling, there

is a zero-order diffraction component that subtracts directly from the
totally zero-order response of an open pupil.

A careful calculation

shows an improvement of a factor of two in the noise performance of our
system with a phase Ronchi vs. an amplitude Ronchi.
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TRANSFER FUNCTION
OF OPEN PUPIL ~_ _ _ _ _fB:...-._ _ _ _~

TRANSFER FUNCTION OF
PHASE RONCHI PUPIL

NET TRANSFER FUNCTION
(DIFFERENCE)

Fig. 6.11.

Net transfer function of a two pupil system consisting of
an open pupil and a phase Ronchi ruling.
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We manufactured the phase Ronchi ruling by first coating a
glass substrate with photoresist.

We then exposed the photoresist to

the grating pattern by contact printing through an amplitude Ronchi.
After the development procedure, a photoresist pattern resembling the
amplitude Ronchi was left on the glass plate (i.e. photoresist or no
photoresist in a Ronchi pattern).
about 1 ~m.
chamber.

The thickness of the photoresist was

The plate was then coated with SiO in a vacuum deposition
The index of refraction of SiO in the visible is about 1.6

but the deposition process can influence this number by as much as 15%.
At the peak spectral sensitivity of the camera (A=530 nm), a A/2 path
difference implies a film thickness of
this thickness was deposited.

.442~.

A film of approximately

The coated glass plates were then put in

an acetone bath and ultrasonically agitated for several minutes.

This

process dissolved the remaining photoresist, breaking away the deposited
film in these regions and leaving just a phase grating of SiO.
diffraction characteristics of this grating are excellent.

The

Virtually

no zero order term is visible in the diffraction pattern of a white
light point source.

The grating seemed to operate well over the entire

visible portion of the spectrum.
We stated that the functional form of the positive pupil is
just an open aperture.

Rather than shift the phase grating entirely out

of the pupil area we can simply rotate the phase grating 90°.

In the

direction of filtering, (Xl direction) the grating is then an open pupil.
We shall return to show that the two pupil orientations do indeed give
the proper response but first we must discuss the back-projection.
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Back-projection Smear
The last section described the form of the pupils needed to
synthesize the desired processing kernel.
filtered is a projection f¢{xl).

The input object to be

In our system, we illuminate a single

projection and filter it in the Xl direction.

We accomplish the back-

projection operation by inserting a cylindrical lens into the system
that smears the information in the yl direction.
idea.

Figure 6.12 shows the

Figure 6.12{a) and fig. 6.12{b) show the layout of the top and

side views, respectively.

Note that the cylindrical lens images the yl

direction of the object plane into the pupil of the main objective lens,
which results in a smeared image of the projection f¢{xl) in the yl direction.
The effect of the cylindrical lens is to smear the information
f¢{xl) in the yl direction, resulting in an effective two-dimensional
input
f{xl,yl) = f (Xl)

(6.12)

¢

where the yl functional form is just a constant.
The effective filtering of the phase Ronchi in the two perpendicular orientations is now more easily explained.

The form of the two-

dimensional psf of a Ronchi ruling is given in eqn. (B.6) of Appendix B.
If we assume that the aperture function A is invariant under a 90° rotation, then the image distribution on the video camera is
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(a)

FILM INPUT

SLIT

RONCHI

IMAGE

CYLINDRICAL PU~~
LENS

PLANE

\OBJEC:TIVj

(b)

Fig. 6.12.

Back-projection via cylindrical lens.
(a)

The objective images the projection onto the detector
in the Xl direction.
(b) The cylindrical lens smears the information in the yl
direction.
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IJx' ,y'}

=

f(x' ,y' }**hJx' ,y'}

=

f(x' ,y'}
(6.13)

for one orientation and

(6.14)

for the 90 rotated orientation.
0

The difference image is

I(x' ,y;}

=

I+(x' ,y'} - IJx' ,y'}

which is just

I(x',y'}

=

(6.16)
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because both the y' convolutions are equal to one.

We see, therefore,

that the difference image is indeed the desired convolution in the x',
direction but a constant in the y' direction.

The convolution with

IAI2 produces a negligible blur compared to the bandwidth of the camera.
We can, therefore, interpret IAI2 as just the limitation imposed by the
camera and digitizer rather than the pupil aperture - it simply represents some finite bandwidth limit imposed on the processing by the
system.
Back-projection Rotation
The process of adding and subtracting the video information with
the two orientations of the Ronchi pupil results in a filtered backprojection of a single projection.
y' direction.

This back-projection occurs in the

Recall that we wish to do the back-projection in a par-

ticular orientation that depends on the particular projection we are
vi~wing.

To achieve the proper orientation, we insert an image rotator

after the cylindrical lens and after the phase Ronchi pupil but before
the main imaging objective.

The filtering direction and smear direction

are still respectively the Xl and the yl direction, but the image rotator rotates these axes on the face of the camera, so that, for the
projection at angle
axis of the camera.

~,

the Xl axis makes an angle of

(90o+~)

with the x

Actually, the absolute angle is not important; only

the rotation angle between projections must be correct.

The absolute

angle merely determines the orientation of the reconstructed image.
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The image rotator we use was obtained from an army surplus house.
It is believed to be a submarine or tank periscope rotation unit.

This

particular rotator is very good because it has a reasonably large field
of view.

Most rotators such as the dove prism have a very narrow field

of view.

This prism is also very good in terms of its spectral proper-

ties.

The flat input and output faces allow nearly normal incidence of

the light, thus, minimizing the dispersion.

Dove prisms, on the other

hand, have a high angle of incidence and, therefore, have poor imaging
properties with broadband illumination.
the rotator is shown in fig. 6.13.
are numbered.
silvered.

The design of the optics within

The reflections within the prism

The surfaces corresponding to reflections two and four are

The other reflections are by total internal reflection.

As with any prism rotator, the odd number of reflections results
in the image rotating through an angle twice that of the physical rotation of the prism.
image rotation.

The prism is mounted in a housing with bearings al-

lowing it to rotate.
stepper motor.

Thus, a 90 0 rotation of the prism gives a 180°

The unit is geared 2:1 through a chain drive to a

The gearing allows 1:1 operation of stepper motor and

resulting image rotation.

The stepper motor is the same one as is used

with the projection rotator so that 200 steps of 0.9° per step rotates
the image through 180 0

-

the image rotator through 90°.

Summation
The summation over the projections occurs by sequentially stepping the system through all the projections.

Initially, the first pro-

jection is viewed; the hybrid system adds and subtracts video
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PRISM MOUNTED IN HOUSING
ALLOWING IT TO ROTATE

or-- ---~- - I
I

I

I
I
I

I

I

I

I

I

I

I

I
L ___ _

I

I
I

..-l

UNFOLDED PATH THROUGH PRISM = 12.25"

Fig. 6.13.

Diagram of prism r?tator.
The prism rotator is used to rotate the image of the
filtered back-projections on the face of the camera.
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information for the two orientations of the pupil.

Then, the next pro-

jection is switched into view, the image rotator rotated slightly to
the next orientation, and again the video information added and subtracted for, respectively, the positive and negative orientation of the
pupil.

Repeating this process over all the projections allows the

digital memory to integrate the filtered back-projections over all the
projection angles.

The end result is a reconstructed image

in the digital memory.

~

residing

Typically, we use 200 projection angles though

the system can be run with 100 or any even integer divided multiple.
The image is viewed on a standard video display connected to the
Grinnell memory through a D/A converter.

In fact, the buildup of the

image can be viewed directly as the system operation progresses.

The

viewer sees the image build up as more and more projections are added to
the reconstruction.
The System
We have mentioned the stepper motors that control the projection
rotation and the image rotation.
rotate the phase Ronchi pupil.
1.8°.

There is also a stepper motor used to
This stepper motor has a step size of

It, therefore, takes 50 steps to rotate the pupil 90°.

diagram of the entire system is shown in fig. 6.14.

A block

The three stepper

motor chains control the positions of the projection rotator, pupil
rotator and image rotator.

Mechanical structures that support the vari-

ous optical components allow positioning control.

The entire sequencing

of the processor is controlled by a DEC 11/34 computer.

Control pulses
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CONTROLLER

I
ILLUMINATION

I
FILM DATA
SET ON
TRANSLUCENT
DRUM

HSLIT :

I
STEPPER
MOTOR
POSITIONER

CONTROLLER
AND
POWER SUPPLY

CYLINDRI CAL
LENS

I

I POSITIONER

f---

RONCHI
PUPIL

f--

T
~ MECUANICAL

ROTATION
MOUNT
I

STEPPER
MOTOR
POSITIONER

I
CONTROLLER
AND
POWER SUPPLY

IMAGE
ROTATOR

OBJECTIVE 1 -

T
MECUANICAL
POSITION
MOUNT
I

STEPPER
MOTOR
POSITIONER
~

CONTROLLER
AND
POWER SUPPLY

l
Fig. 6'.14.

-

PULSE
SUAPING
ELECTRONICS

VIDEO
CAMERA

I
PREPROCESSING
ELECTRONICS
(FILTER)

I

I
GRINNElL

I

~

11/3.

COMP~TER

SOFTWARE

Block diagram of hybrid digital-optical system for Computed Tomography

I
-....I

0:>

179
are sent from the computer through the DZ 11.

The DZ 11 is an asynchro-

nous multiplexer that provides an interface between the computer and
several serial output channels.

The computer treats each channel as a

terminal.

It is quite straightforward to send an ASCll character over

the line.

We used a one-shot circuit to transform the ASCll string of

the question mark character (?) to a single TTL pulse that would trigger
the stepper motor controller to step the motor one step.
Two channels of the DZ 11 are used - one for the pupil rotator
and one for the projection and image rotations.

Only one channel is

needed for the projection and image rotation since these motions are
always synchronous.
Figure 6.15 shows the basic optical layout of the system.

The

long rectangular element represents the effective amount of glass in the
prism rotator.

The cylindrical lens and phase Ronchi must be in front

of the image rotator to perform their respective functions.

This implies

that both the cylindrical lens and phase Ronchi have fairly large apertures.

The aperture of the cylindrical lens is

4~x4~

The aperture of the Ronchi ruling has a diameter of

3~

inches square.
inches.

The large aperture of the cylindrical lens caused a great deal
of trouble.

We were not able to find a lens of the necessary aperture

and focal length on the commercial market.

The cost for the manufacture

of a high-quality glass lens was prohibitive.
molded acrylic lens made.
11" was ordered.

We decided to have a

A plano-convex lens of focal length equal

The optical quality of the received lens was poor.

The index homogene.ity and plane surface were reasonable but the curved

PLASTIC CYLINDRICAL LENS
(APERTURE = 4.5"x4.5")
PLANO-CONVEX
(R

= 5.4",

n

= 1.49,

f

= 11")

2/3" VIDICON
(8.8 x 6.6)mlll

Y"-1

ACTIVE AREA

PRISM ROTATOR PRODUCES
COORDINATE ROTATION BETWEEN
SPACE ON THE LEFT AND SPACE
ON TilE RIGHT

y

x'

I

t

12.5 to 75 mm ZOOM LENS
(f/l.8) TYPICAL FOCAL LENGTH
SET

13" OF PROJECTION DATA
o

=

71"

i = 1. 40"
f = 35 11111
III = .0198

Fig. 6.15.

AT 35 mm

5"

Optical layout of hybrid CT system.
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o
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surface was very poor.
lens was obtained.

We polished the lens until a reasonably good

However, the most significant artifact level in the

reconstructions is still due to errors in the cylindrical lens.

We

shall discuss this point further when the results are shown.
The image rotator also forces the phase Ronchi pupil to be
significantly removed from the actual pupil of the opticnl system.

A

complete diffraction analysis of this situation becomes extremely complicated with a closed-form solution unattainable.

It is reasonably

straightforward, however, to do a geometrical calculation of the diffraction fpom the grating.

If we assume a point on axis, we can show

that the first diffraction order falls about .0396 mm off axis on the
face of the vidicon when a 35 mm focal length objective is used.
According to Appendix B, the maximum spatial frequency is
of this distance or 12.62

cycles/mm~

a spatial frequency of .25 cycles/mm.

~

the inverse

In terms of the object, this gives
With two samples required per

cycle, this gives an effective detector-element spacing of 2 mm.

With

the data recorded on 13 11 of the x-ray film, this corresponds to 165
detector elements per projection.
Software Control
The reconstruction software is quite straightforward.
chart of the operation is shown in fig. 6.16.

A flow

The memory of the

Grinnell is initially biased to some level - usually half the full
value (i.e.

=

100,000,000,000 binary).

This is because the processing

kernel is a zero mean function (i.e. transfer function equals zero at
origin).

Thus, the final image information will be zero mean about the
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INITIALIZE MEMORY TO
SOME BIAS LEVEL

NOTE:

SENO ~~R BUFFER STRING
TO ADD N FRAMES
N IS INPUT WHEN CALLING PROG.
WAIT (N+l)(~ SEC

NO

SEND PULSE TO SWITCH
PROJECTION AND BACKPROJECTION ANGLE

Fig. 6.16.

Flowchart of reconstruction algorithm.
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bias level of the memory.

The system is manually initialized to illumi-

nate the first projection and have the pupil in the positive orientation.
After the initial biasing, the software sends a buffer of commands to
the Grinnell telling it to add a number N of frames to memory, where
N is a variable input to the software by the operator when the program
is run.

The addition of more than a single frame of video for a single

projection allows for better SNR in the stored information at the cost of
slower reconstruction.

The command buffer also tells the Grinnell how

many bits the input information should be shifted down.
input by the operator when running the program.

This is also

The typical situation

is to shift the information down 4 bits so that the information is added
into the lowest 8 bits of memory.
The program then waits N+l frame times before proceeding.

This

insures that the Grinnell is finished adding information before program
execution continues.

The extra frame is needed because the sending of

the command buffer is asynchronous with the frame rate.
Once the addition is complete, the program sends a series of 50
pulses to the pupil rotation c·jrcuitry to effect the 90° pupil rotation.
A Grinnell instruction buffer is then sent to subtract N frames and shift
the information down the specified.number of bits.

Again, a wait occurs

for N+l frame times until this operation is complete.
the operation for a single projection.

This completes

The program then steps the pro-

jection and image rotations to the next projection.

A sequence of 50

pulses again steps the pupil back to the positive orientation.

This
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process is repeated over all 200 projection angles until the final image
reconstruction is complete.
The pupil rotation sequence requires a wait loop between pulses
to limit the pulse rate to about 150 pulse/sec because this is about
the limit the motor will follow without stalling.
therefore, takes approximately 1/3 sec.
the 62

~sec(ideal)

The 90° rotation,

This is certainly slower than

or 1/30 sec (practical) time scale for pupil

switching discussed in chapter V.

The total reconstruction time is

t = (__
1 + __
1 + 2(N+l) )
3
3
30

x

200 sec

(6.17)

For 4 frames averaging (N=4), the total time is very nearly
sec per projection for a total reconstruction time of 200 sec.

The

theoretical best with a single dead frame for pupil rotation is 9/30 sec
per projection or a total time of 60 sec.
The reconstruction time could be reduced considerably by only
switching the pupil once per projection and alternating between add/
subtract and subtract/add operation.
reduced by 1/3

x

The reconstruction time could be

200 sec or 67 sec with this approach.
Hybrid CT Processor - Results

The reconstruction of the EMI data set (fig. 6.10) is shown in
fig. 5.17.

The figure shows the object and its reconstruction.

It also

indicates that the number of frames averaged per projection was 4 (N=4).
Figure 6.18 shows the reconstruction of a uniform film.

In other words,

no object was placed in the water bath so that a uniform density film
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was obtained.
in our system.

This reconstruction indicates the background uniformity
Figure 6.19 is a reconstruction of an object we call the

ultimate phantom.

It is a hexagonal array of bottles filled with water

except for the center row which is filled with alcohol.

We called this

the ultimate phantom because the film projection data (sinogram)
obtained with this object was extremely beautiful.
within the endeavors of science.

Indeed, art does live

Figures 6.20 thru 6.22 show the recon-

structions of a dog through three different sections - the upper, middle,
and lower abdomen.

These reconstructions reveal that the anatomical

structures of the body are imaged quite well by our technique.

Figure

6.23 is a reconstruction of a phantom we call the Mayo phantom.

This

particular reconstruction is included because it reveals the failure of
our system to discriminate the pins which are approximately 1.5% different in attenuation.

We shall discuss this image and the reasons for the

poor performance in the next section.
reconstruction of the EMI phantom.
a different video camera.

Finally, fig. 6.24 shows another

This reconstruction was obtained with

This reconstruction is also included because

it is important in discussing the performance of our system.

It is to

that discussion we now turn.
Hybrid CT Processor - Performance
The performance of a CT system is usually described by the effective resolution in the reconstruction of the object, the density
discrimination or percentage

(~~/~)

that can be detected in the image,

and the severity or level of artifacts in the reconstructed images.
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Fig. 6.17.

Reconstruction of the EM! phantom with N=4.
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Fig. 6.18.

Reconstruction of a uniform film.
A trace through the center of the reconstruction reveals
the cuppi ng artifact caused by the use of a \'Iater bath.
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Fig. 6.19.

Reconstruction of the ultimate phantom.
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Fig. 6.20.

Reconstruction of a slice through the upper abdomen of
a dog.
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Fig. 6.21.

Reconstruction of a slice through the middle abdomen of
a dog.
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Fig. 6.22.

Reconstruction of a slice through the lower abdomen of
a dog.

192

2 eM

g"
o

'

~

• ::::

..

"

LEXAN

PLEXIGLASS

0,
','

Fig. 6.23.

Reconstruction of the Mayo phantom.
Note the inability to discriminate the lexan pins at
1.5% density difference.

193

Fig. 6.24.

Reconstruction of the EM! phantom using a Sierra Scientific
camera.
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Artifacts
The most severe artifact in our images is the ringlike intensity
variations.

Figures 6.17, 6.18 and 6.23 are particularly demonstrative

of this effect.
lens.

The artifact ;s due to imperfections in the cylindrical

In fig. 6.15, the optical layout of the system was shown.

The

upper view of that figure reveals that, since the object is extremely
narrow in the y' direction, the rays leaving the slit at a particular
angle and subsequently passing through the cylindrical lens at a particular height intersect the vidicon face at a particular vertical
position (i.e. a 1:1 mapping exists between vertical ray angle and
vertical position on the vidicon face).

Thus, any slight abnormalities

in the surface figure of the cylindrical lens produce intensity variations on the face of the vidicon.

The effect is to cause nonuniformi-

tiei in the back-projection which after rotation through 180 0 of
projection data produce semicircular artifacts on the reconstruction.
The artifact is annoying but could easily be made insignificant if a
high-quality cylindrical lens were used in the system.
Another artifact in the system is caused by beam hardening.
Beam hardening is the shift in the energy spectrum of the x-ray beam
towards higher energy as the beam passes through the attenuating material.

This manifests itself as a darkening or low reconstruction value

around highly attenuating structures.

For example, the reconstruction

of the EMI phantom shows this effect around the bright cylinder.
effect is not too severe at the diagnostic energies we employ.

This
It is

inherent in all CT systems and so represents neither an advantage nor

195

disadvantage for our hybrid system.

This problem can be compensated

to a degree by filtration of the x-ray beam before it enters the object.
This filtration cuts out the low energy portion of the x-ray spectrum
leaving the higher energy x-rays which are not so severely affected by
beam hardening.
Another artifact in our reconstructions is a result of the use
of a water bath to reduce the requirement on the detector's (film) dynamic range.

Consider a circular object of water-equivalent tissue. The

projection of this object in the water bath will be a constant.

The

projection should be the Abel Transform (circularly symmetric Radon
Transform) of the circular object which goes to zero at the edges of the
object and peaks in the center.

The reconstruction of the correct pro-

jection data will give a constant value over the circular object.

The

reconstruction of the water-bath-altered projection data gives an object
that is cupped

~

has higher values at the edge of the object and cups

or decreases towards the center of the object.
observed in our reconstructions.

This artifact is

The EM! phantom reconstruction (fig.

6.17) and the constant reconstruction (fig. 6.18) show reconstructed
values that increase with radius.

The bottom of fig. 6.18 shows a trace

through the ,center of the object.

Visually this artifact does not

severely degrade the quality of the reconstruction, but it does decrease
the ability to gain quantitative information about the distribution of
attenuation coefficient in the object.
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Resolution
The resolution of a CT system is actually a very tricky concept
and must be defined carefully to represent correctly the physical situation.

The most accurate information that can be given is to show the

transfer function for the system as a whole.

In the section on

filtering, we described the form of the transfer function.
section on the

system~

In the

we gave some numbers for the spatial frequencies

that the optical system viewed.

In chapter V, we discussed the effective

passband of the camera/Grinnell detection and digitization process.

When

all of these are combined we can show that the transfer function of the
system, relative to the input data (sinogram) coordinates is that shown
in fig. 6.25.

The limiting spatial frequency is .38 cycles/mm.

There

is a magnification factor of about 1.2 between the object coordinates
and those in the film so that the peak spatial frequency in the object
is about .45 cycles/mm.
If we look at the imagery of fig. 6.17, we see that the wedgeshaped resolution bars are resolved down to about 80% of their length.
Since the bars go from 1 cm spacing down to 0, the 80% corresponds to a
resolution of about 2 mm.

This is consistent with the spatial frequency

figures given above.
Density Discrimination
The ability to distinguish density details in the reconstructed
object depends directly on the SNR in the reconstructed object.

The

SNR in the reconstructed object in turn depends on the SNR of the projection data and of course the processing.

The SNR of the projection
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Fig. 6.25.

t;

(cycles/mm)

SPATIAL FREQUENCY
CORRESPONDING TO 2 MHz
CUTOFF OF HYBRID SYSTEM

Net transfer function of the filtering operation relative
to the coordinates in the input data (sinogram).
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data depends on the dose delivered to the patient (object).

Appendix

C of this dissertation gives the relationship between these various
quantities and gives numbers for the common situation in our experiments.
The typical center dose for our experiments was around 0.26 Rads.
This implies an SNR in the projection data of 1880 for a resolution of
2 mm.

The SNR in the reconstructed image is around 100 which implies

that a density discrimination of 1% is expected.

In the EMI recon-

struction, the minimum density discrimination was calculated to be
around 3%.

This is due to the fact that the camera does not have a good

enough SNR to match the required SNR of the film's transmission data
(see Appendix C).
bandwidth.

The SNR of the camera we used is about 140 at 2 MHz

For 4 frames averaging, that corresponds to an equivalent

SNR of about 280.

The SNR of the reconstructed image with this SNR in

the camera would be about 30.

This gives a minimum density discrimi-

nation of around 3%, which agrees very well with the measured number.
Figure 6.23 certainly illustrates the fact that we cannot image 1.5%
density differences.

We tried to improve the density discrimination by

averaging more frames.

Theoretically, if we average 28 frames per pro-

jection, the 1% density discrimination should be achieved.

Practically,

we were not able to achieve this performance with the RCA camera because
of drift in the camera.

The performance quickly leveled off for aver-

aging above about 4 frames so that little improvement was seen for more
averaging.

It seems we are strongly limited by the quality of the

camera.
We were able to procure the use of a higher quality camera for
a very short time.

The camera was a Sierra Scientific DAV 26 camera
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with a Plumbicon tube.

The SNR of this camera into a 2 MHz bandwidth is

around 500 so that with 4 frames averaging the full SNR in the transmission data is obtained.

Figure 6.25 shows a reconstruction of the EMI

phantom obtained with this camera.

An analysis of the image data

reveals that indeed a density discrimination of around 1% is present in
this image.
Outlook
The hybrid CT system described in this chapter is certainly a
viable approach to CT imaging.

The use of a high quality cylindrical

lens and a high quality video camera would improve the imagery presented in this chapter.

Very good quality CT images with 2 mrn spatial

resolution and 1% density discrimination are certainly attainable with
a center dose to the patient around 0.3 rads.

This represents an image

quality about as good as can be obtained at this dose level.
From a practical standpoint, the film dynamic range represents
the most severe problem.

To avoid the use of a water bath, a break

through in the detection process is necessary.

Several efforts

along these lines include the use of dodgers or wedges in the beam to
compensate partially for the large differences in attenuation through
various regions of the body (object).

Also, the use of half-tone

screens to spatially encode density differences has been investigated
(Glaser and Barrett, 1979).

Potentially, the development of a film with

higher dynamic range might alleviate the problem altogether.
If and when the dynamic range problem is solved, the hybrid CT
system may become a competitive approach for medical CT.

The advantage
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of the film-based approach is that film has a much higher resolution
capability than the discrete detector arrays.

The film-based approach

allows a much greater range in the resolution/density-discrimination \
tradeoff than does the conventional CT system because the resolution
limit imposed by the detector spacing in conventional CT is much lower
than that imposed by the granularity of film.
To achieve significantly better performance from the film-based
system (i.e. better resolution and density

discriminati~n),

'several

portions of the system will need to be changed or improved.

For one

thing, the particular film-screen combination will need to be changed
to a finer grain (slower) system so that a greater dose and higtler SNR
in the recorded data can be obtained.

The greater resolution will re-

quire a higher space bandwidth product on the digital end.

A 512x512 or

1024x 1024 digital system is easily incorporated but this requires a

greater bandwidth on the video which in turn implies an even better SNR
on the camera.

We believe the camera will be the limiting factor in

determining the ultimate performance limits of this approach.

Possibly,

the advent of better CCO cameras with better inherent SNR and better
stability so that more frames can be averaged, will prove us wrong in
this regard.

Another possibility is that a high quality bipolar de-

tector such as described in Chapter IV will become available and significantly improve the effective SNR of the detection process.
Finally, we should mention that the commercial industrial
community is just starting to become interested in CT for nondestructive
testing purposes.

The system presented in this chapter or some
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derivative of it may represent an even more viable approach to this
situation.

The testing of higher contrast objects of known shape" may

indeed be the forte of this system.

One could envision a hybrid video

digital system viewing directly the optical output of a scintillator
(probably with an image intensifier).
near real-time operation.

This would represent a system for

The field of CT and medical imaging in gener-

al is a very fertile field for the application of optical data processing
ideas and systems.

CHAPTER VII
CONCLUSIONS
The basic conclusions of this dissertation are summarized in
this chapter.

Where appropriate, suggestions for further investigation

are discussed.

Also, hardware developments that would strongly impact

on this general technology are noted.
Convolution
The convolution operation of an incoherent optical imaging
system was shown in Chapter II.
certainly an approximation.

The description as a convolution is

The diffraction of light is not a scalar

problem, the coherence of any real field both temporally and spatially
is more complicated than the quasi-monochromatic and incoherent limits
imply, the stationarity of optical imaging elements is always suspect,
and the radiometry of the imaging operation affects the quantitative
validity of the convolution description.

At the resolution and accu-

racy required of most current systems, some of these effects can be
neglected altogether, and the others neglected if a little care is
taken in the processor design.

In the future, when the desire for sig-

nificantly higher resolution and more. accurate operation becomes more
acute, some of the approximations in the theory may become more important
and the errors introduced may need to be more accurately described.
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more complete mathematical description may reveal tradeoffs in the
design that will allow the increased performance.
Bipolar Convolution
Several systems were described in Chapter III for extending the
operation of incoherent systems to include bipolar processing kernels.
The bias approach is applicable if the negative swing of the psf is
small.

This is typically not the case.

In most cases, the positive

and negative swings are comparable and the use of a bias introduces a
large constant in the output whose associated noise often swamps the
signal of interest.
Another approach is the two-channel idea.

This method is usu-

ally plagued with balance problems between the two channels that again
can swamp the difference signal of interest.
The modulation methods appear to offer a more promising possibility.

The spatial carrier idea is attractive because it requires only

a single pupil and optical system and has no moving parts.

The method

is currently limited by the availability of a detector with the required
space-bandwidth product and the required low distortion.

If such a

detector comes along, this approach might become very attractive.
The temporal carrier idea is also attractive because it requires
only a single optical channel.- It does, however, require two pupils and
some form of pupil switching apparatus.

The demodulation of the signal

must be done with some kind of parallel process or the system will be
slow and will produce a processed image with poor SNR.

Chapters IV and
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V of this dissertation suggest two methods for achieving the parallel
demodulation of the temporally modulated input.
Bipolar Detection
The concept of bipolar detection represents a means for the
spatially-parallel temporal demodulation of an input.

The ability to

switch the polarity of the integration process on some two-dimensional
target results in the synthesis of a device that acts like a twodimensional array of lock-in detectors.

The Image Orthicon camera de-

scribed in Chapter IV ,represents a verification of the concept for the
physical process of secondary emission.

The aberrant operation of the

10 camera is probably not useful for a practical device but some other
device based on the bipolarity of the secondary emission process or one
based on the bipolarity of some other physical process may be of sufficient quality to make it an extremely powerful device for optical
processing.

One problem that needs to be addressed for such a system is

the read process.

The device should be able to read either positive or

negative results.

Conceptually, this does not appear to be an extremely

difficult problem to solve.
The main advantage of bipolar detection is the potential for
more efficient use of the dynamic range of the detector.

The inte-

gration of difference signal at the target rather than either of the
individual channel responses is significant in some cases.

It is signi-

ficant when the light signal is such that the individual channel signals
would saturate the detector in the standard integration time.
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Hybrid Approach
The use of a digital frame storage device allows standard
temporally-integrating video detectors to be used to demodulate the
temporally modulated signals.

The modulation frequency in this case is

related to the video frame rate.

The hybrid approach probably repre-

sents the best approach to deconvolution given the current technology.

It can be competitive with digital systems when the processing

kernel is known and when the input exists as an incoherent optical
field.

The results of Chapter V showed that the system can be fast and

reasonably accurate.

The hybrid approach is much less sensitive to

multiplicative errors in the video and digitizing components than the
straight digital approach and can, therefore, under certain circumstances produce better results.

Also, the hybrid approach is more

efficient in its use of the dynamic range of a digital memory than the
digital approach.

The integration and storage of difference signal or

the convolution result is always better than the storage of the basic
input.
CT Systems
The use of film as the detector for recording the projection
data in our CT system makes optical processing a viable alternative to
the more conventional digital approaches.

The processing system de-

scribed in Chapter VI produced reasonably good reconstructions.
problem areas with this prototype system are known.

The

There is no reason

to expect that a well designed optical-digital processing system would
not be capable of reconstructing images of x-ray quantum-limited quality.
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The use of high-quality optical components and a video-digitizer chain
of appropriate resolution should allow the desired resolution to be
obtained.

The use of a high-quality video system and the capability to

signal average, albeit at the expense of reconstruction time, should
allow one to obtain the required density discrimination.
The basic question for our CT processor is, therefore, whether
the film-screen system is a "good" detector for CT applications.
absolute answer is still in doubt.

The

Film certainly has the advantage or

capability of very high resolution data recording.

The dynamic range

is, however, limited and places a limit on the object size that can be
accurately reconstructed.

If and when this problem is solved, the CT

system presented may have a future.

APPENDIX A
MATHEMATICS OF

~lODULATION/DEMODULATION

Throughout this dissertation, and especially in Chapters III and
IV we have discussed the demodulation of a modulated signal.

The de-

modulation basically consists of multiplication of an oscillating
function by an oscillating function of the same frequency and a subsequent averaging or integration process.

This appendix shows the

basic mathemetics of this operation for a number of different forms of
the input and multiplicative demodulation signal.
Cos-Cos Situation
Assume we have an input fl(t) and a multiplication function
f 2 (t).

The output is
T

(A.l ) .

If the input is of the form

(A.2)

and the multiplication function is

f 2(t)

= A2

+

B2cos(wt + ¢2)
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(A.3)
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the output is
T

O(t)

J (Al+Blcos(wt+~1))(A2+B2cos(wt-~2))dt

=

(A.4)

o
or
T

O(t)

T

T

J A1A2dt + J A1B2cos(wt+~2)dt + JA2Blcos(wt+~1 )dt

=

0 0 0

T

J B1B2coS(wt+~1)cos(wt+~2)dt

+

(A.5)

o
If the integration time T is an integer number of oscillations of the
frequency w, then the second and third terms are zero.

If the time T

integraj~

is long compared to the oscillation period, then the

will be

zero over many cycles and nonzero only over a fraction of a cycle so
that the resulting integrals will be small.

We shall assume that the

integration time is very long compared to the frequency and therefore
tllat intearals over odd powers of oscillating functions are zero.

\~ith

this assumption eqn. (A.5) becomes

". .

T

ott) = A] A2 T + B] B2 [C050] C050 2

-

cos~lsin~2

T

j

C05 2 wtdt + 5 ino] 5 in02

T

.

I 5in 2 wt

Jcoswtsinwt dt-sin~lcos~2 Jcoswtsinwt
o

0

J

dt .

dt .

(A.6)
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The third and fourth integrals are zero; the first and second integrals
are one half; the total output is

(A.7)

In the situation of lock-in detection, A2 is usually zero so the total
output is

(A.S)

O(t)

where we assume Bl is some slowly varying amplitude function that has
been encoded on the carrier (slowly varying with respect to the time
constant T).
The encoding of a complex function on a carrier frequency manifests itself as a variation of the phase

~l

with time.

gives the output of the demodulation process.

If

~2

Equation (A.8)

is zero we get

O(t)

(A.9)

which represents the real part of the general complex function.
Shifting the phase of the multiplicative function by a quarter cycle so
that ~2=

-2- ' we

get
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(A.10)

which gives the imaginary part of the complex function encoded on the
Thus~

carrier.

two measurements are needed to get the total complex

function.
Cos-F(cos) Situation'
Many times the input function is the result of some modulation
process.

That modulation process may not always produce the simple kind

of oscillating behavior represented in eqn. (A.2).

In general, the

input has a general periodic behavior but the form of the function over
the period is some complicated functional form.

We can represent this

input by

(A.11 )

where F gives the functional form of f over the period of oscillation of
coswt.

We shall assume that the multiplicative function is again given

byeqn. (A.3).
We can expand eqn. (A.ll) in a Fourier series since it is periodic.

The Fourier series expansion for fl is
a
o

00

fl (t) = 2" + L (an cos nwt + bn sin nwt)
n=l
where

(A.12)
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c+ 2n
w

an =

~ J

Fl(coswt)cosnwt dt

c
c+ 2n
w

bn =

~ J

Fl(coswt)sin nwt dt .

(A.13)

c

Now, the output, eqn. (A.l), is
T

TaT
0
O(t) = J f l (t)f 2 (t)dt = J Al 2 dt +
J anB2cosnwtcoswtcos~2 dt

o

0

I

n 10

(A.14 )

The second and third sums above are zero by the symmetry of cos and sin.
It is also easy to show that the first and fourth sums have only one
term for which the long time integral does not go to zero.
the n=l terms.

These are

Therefore, eqn. (A.14) reduces to the simple result that

(A.15)
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This important result states that no matter what the form of the
switching or modulation on the input only the first Fourier component
of the switching waveform is important in the demodulated output.

For

example, if the input function is the result of square wave switching
and the square wave has an amplitude Bl and a phase difference ¢l from
the multiplicative function f2' the first fourier components will give

In the situatian of a lock-in detector, again, A2 is zero so the total
output is

(A.l7)

where again Bl and ¢l are slowly varying functions of time.

The most general case is where both the input and multiplicative
terms are periodic functions of the same frequency, but of general form
Fl and F2.

In this case,

a
\ ( a n cos nWt + bln sOn
t)
fl(t) =.J.£
2 + n~l
1 nw
l
00

(A.18)

213
and -

(A.19)

where the coefficients are given according to eqn. (A.13).
Multiplying eqns. (A.18) and (A.19) together and integrating
according to eqn. (A.l), we can show that the output is

O(t)

=

a lO;20 T + ~
T
~ b b T
L
a1na2n 2 + n-_Ll ln 2n 2
n=l

This is because terms like

(A.20)

integrate to zero if

cosnwtcosm~t

ntm.
An important example of this situation is where both the input
and the multiplicative signals are square waves.

This situation occurs

for example with the Image Orthicon camera described in Chapter IV.
we assume one square wave has a phase shift

~,

If

relative to the other,

then

(A.2l)

where sgn is the IIsignll function which simply converts a cosine wave to
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a square wave.

We can calculate the coefficients in the Fourier series

expansion and show that

(A.22)

The coefficient a2n is the same as the above except ¢=O drops the cosine.
The coefficient b2n is zero because of the anti symmetry of f2 and
sin nwt.

It is, therefore, unimportant what bln is because it is simply
multi pl i ed by zero in eqn. (A. 20).
The final output is
co

O{t) = B1B2

'i.'
L

n=l
T 4

=

(l)
n:rr

2

2

co

B1B22 {-) I
'IT n=l

[3 sln
. n'IT - sln. 3n'IT]
2
2-

2

T
cos n¢12

cos n¢l
2
n

(A.23)

n odd
The terms with n even are zero.

Equation (A.23) represents the

Fourier series representation of a triangle wave of the phase ¢l'

The

¢1=0 condition gives the result that O{t) = B1B2T which makes sense
since we are essentially integrating a constant B1B2 over a time T when
¢1=0.

As the phase ¢ shifts in either a positive or negative direction

the response falls off linearly with the phase until at ¢l=
response is zero.

±i

the

It continues to falloff on either side of zero

until at ¢l= ± 'IT the response is -B 1B2T.
with the periodicity of the phase.

It

again rises and repeats
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In the general context of a lock-in amplifier, we see that the
output will track the slowly varying amplitude Bl and the phase
with a linear form in the phase
eqns. (A.B) and (A.17).

~l

~l

but

rather than with a cosine form as in

APPENDIX B
INCOHERENT RESPONSE OF PHASE RONCHI PUPIL
A phase Ronchi ruling is a square wave phase grating where the
phase variation is

A phase Ronchi with 50% duty cycle can be

TI.

modeled as

[ -f-o comb(: ) * rect(x x/ 2)]

g(x,y) = eiTI

0

0

(B.l )

where Xo is the spacing of the grating lines (i.e. the reciprocal of
the grating frequency), and the comb function is a sum of delta
functions,
comb ( ~)

=

Ib I L

n=-oo

0 (x-nb)

(B.2)

as defined in Gaskill (1978).
Mathematically and physically it is important to include the
finite spatial extent of any pupil.

We can assume the grating is placed

in some clear aperture A(x,y) so that the net pupil is

P(x,y)

= g(x,y)A(x,y)

(B.3)
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The incoherent psf from this pupil is just the square modulus
of the Fourier transform of P(x,y).
"

The Fourier transform of P(x,y) is
x

x

= (e 11T +e-''ITX Oa)[comb(x oa) ySinc( 20 a)]a(S) **A(a,S)
(B.4)

or in terms of the a-function representation of the comb (eqn. (B.2))

[00" 'IT "'ITn ) sinn'(ITn~2 a(a- Xon )<5(p) ]**A(a,S)
P(a,S) = nIoo (e +e-

=[

I

n odd

sin n'IT/2
]
n'IT/2 <5(a- xno )<5(~) **A(a,S)

(B.5)

If we assume the aperture A is large compared to the grating
spacing, then the function A will be narrow compared to the separation
of the <5 functions.

In that case, eqn. (B.5) represents an array of

functions that do not overlap.

To obtain the psf we take the square

magnitude of eqn. (B.5), and since the equation represents a sum of
spatially separated functions, the square magnitude operation will act
separately on each term.
incoherent psf is

Under this assumption of a large aperture, the
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-

h(x,y) = IP(a,f3)1

2
X

Q

X

a~"f' I-'~"f

nn/2)2 - x
n L 2
= I (Sinnn/2
IA("f-X-'Af)1
n odd
0
co

2 2
I (-)

CO

=
[

n odd n

n" f
]
o(x--)o(y)
n
Xo
1

-2-

- x
v
2
**IA(-,
..L-)I
"f Af

This function is shown graphically in. fig. B.l.

(B.6)

Note that the

diffraction orders falloff in intensity as ~ and that there is no zero
x
order term as there would be with an amplitude grating.
The transfer function associated with the phase Ronchi pupil
can be obtained by taking the Fourier transform of eqn. (B.6).
the

0

Taking'

functions in symmetric pairs about the origin it is easy to show

that

The term in brackets above is just the Fourier series representation of
the triangular wave shown in fig. B.2.

The net transfer function is,

therefore, just this function times the function associated with the
aperture A.

Again, we have assumed A is large compared to the grating
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Fig. B.l.

Psf of phase Ronchi pupil.
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-1

Fig. B.2.

Triangular wave.
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spacing so that IAI2 is a narrow function and its Fourier transform,
therefore, broad with respect to the triangle wave.
aperture is to increase the peak value (value at

The effect of the
to

~=O)

00

B

= Jr{IAI}

I~=o, ~=O = J JIA(:f ' rr)1

2

dxdy

(B.8)

-00

and to cause a gradual rolloff in the transfer function as the frequency
increases.
The final transfer function is shown in fig. B.3.
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TRANSFER FUNCTION
H

8

-8

Fig. B.3.

Transfer function of phase Ronch; with finite aperture.

APPENDIX C
RADIATION-IMPOSED LIMIT ON CT PERFORMANCE
This appendix briefly outlines radiation and performance quantities for the case of x-ray CT imaging.

The equations are simply stated

as are the values for the various measured and computed quantities.

The

reader is referred to the books by Barrett and Swindell (1981) and
Attix et al. (1968) for a more in-depth discussion of the subject.
The x-ray machine we use is operated at 120 KV peak, 20 ma
current, and uses .. 2 mm Cu filtration.

The exposure rate measured at

the front of the water bath is 5 Roentgens/min.

The total exposure time

typical for our experiments is about 43 sec so that the exposure is
around 3.5 R.

The fluence of x-ray photons is

cp

=

86.9 R photons/cm2
{llen/p)E

(C.l )

where R is the exposure, E is the energy per x-ray photon in ergs, and
llen/ P is the total mass absorption coefficient for air in this case.
Assuming the average energy for the x-ray photons is about 80 keV, and
llen/ P equals 0.024 cm 2/gm, the fluence is around lOll x-ray photons/cm 2.
At the front of the water bath, the area over which the photon are collected is 25 mm

x

.4 mm.

The total number of incident photons is

therefore around 10 12 photons.
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The number of photons hitting the film will be

(C.2 )

where No is the incident number of x-ray photons,
attenuation coefficient (absorption plus scatter),
x is the thickness of absorber.
periment

(-~/p

~/p

is the total mass

p

is the density, and

Plugging in the numbers for our ex-

= .2 cm 2 /g, p = 1 g/cm 3 , x = 25 em), the total N is

around 7xl09 photons hitting the film.
photons per pixel on the film.

This represents about l4xl0 4

(200 projection

x

256 pixels/projection).

The SNR of the exposure on the film is therefore around 375.
The exposure on the film is
E=Ee -A = E e-"... X
o

0

where A is the projection data.

The variation in the projection data

with exposure is given by

(C.4)
so that

(C.5)
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This translates to a SNR in the projection data of

(e.6)
For our experiments

~x

is about 5 so that the SNR of the projection data

is about 5 times greater than the SNR of the exposure or about 1900.
To calculate the SNR on the film and have it be meaningful in
terms of what the camera performance must be is a little

mor~

compli-

cated because of the limited dynamic range of the film and the use of
the water bath in the data recording.
due to the

First, let us calculate the

~T

in the exposure with 25 cm of water attenuation.

~E

Now,

(C. 7)

so that

~T

= -

13+ ~E

Plugging in the numbers (13

(C. 8)

= .5, ~\ = 375),

we get ~T

= .0013.

If we

assume that just about the full transmission range (0-1) is imaged onto
the camera and the light level is adjusted so that the highlight levels
just fill the dynamic range of the camera, an SNR of ~\
in the camera.

= 750

is needed
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The dose delivered to the center of the object is

D(rads)

=

.869 R-(~/p)pd

(e.9)

where d is the distance from the outside to the center of the object.
For our experiments the center dose to the patient (object) is about
0.26 rads.
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