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TOMOGRAPHIC APPARATUS 
Abstract of the Disciosure 

The invention relates to the apparatus and 
method for constructing a representation of the 
variation of attenuation of penetrating radiation 
in a planar slice of a patient positioned in a scan 
circle. The patient is irradiated with a fan 
shaped swath of radiation -which is rotated about the 
patient for 180° plus approximately the angle of 
the fan. Radiation passing through the scan circle 
is converted to sets of data, each set representing 
a radiation attenuation across a fan. The sets of 
data are filtered with, a window function to 
remove data from some of the sets which represent' 
radiation passing through a point in the scan circle 
by more than 180° relative to radiation paths 
through the same point. The sets of data are 
serially convolved and back-projected into an 
image memory for display on a video monitor. The 
back projector addresses each set of data by 
generating subsequent addresses from the previous 
address and the incremental displacement between 
adjacent pixels of the image memory using pixel 
driven algorithms. 
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TOMOGRAPHIC APPARATUS 
Background of the Invention 

This invention relates to the art of medical 
computerized tomography. This invention has particular 
application in reconstruction of images from radiation 
attenuation data taken by rotating fan beam detectors. 

5 There has been a constant trend towards faster 
and more accurate computerized tomographic scanners. The 
earliest medical scanners consisted of a source of 
radiation, such as X-rays, and a detector, the two of 
which traversed across the body to be examined in a linear 
manner, then were rotated a few degrees and the traverse 
r epeated. In order to take sufficient readings to 
reconstruct a tomographic image, several minutes were 
required. For medical tomography, this length of time was 
undesirable because it meant holding the patient, and .in 
particular the organ to be examined, totally still for 
this period of time. This allowed scans to be done on 
relatively stationary organs, such as the brain, but was 
not amenable to producing cross-sectional images of 
rapidly moving organs, such as the heart. Such a system 
is illustrated in U.S. Patent No. 3,778,614, issued 
December 11, 1973 to G.H. Hounsfield. 

In the quest of great speed, it was found that a 
fan-shaped beam of radiation could be used which would 
irradiate a plurality of detectors simultaneously. See 

25 for example, U.S. Patent No. 3,881,110, issued April 29, 
1975 to G.H. Hounsfield et al. With this apparatus, the 
traverse motion could be eliminated and the sole motion 
could be the rotation of the source and detectors. This 
system increased the speed but also increased the number 
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of detectors -- a very expensive component. Further, 
different detectors took readings through different parts 
of the body. To sum these together, it was essential that 
each detector be and remain equally sensitive lest the 
sensitivity difference give the appearance that more or 
less radiation was being absorbed by that part of the body. 

The next step in increasing the speed was 
constructing all the detectors to be stationary with a 
single rotating source (West German Offenlegungsschrift 27 
28 815, published March 3, 1978 to American Science & 
Engineering, Inc.). Although this increased the speed, it 
required detectors to be placed 360 degrees around the 
patient. 

Some rotating fan beam scanners (see for example, 
the embodiment of Figure 3 in U.S. Patent No. 4,031,395, 
issued June 21, 1977 to C.A.G. LeMay) process the 
attenuation data as if it were traverse-and-rotate data 
acquired in a different order. These scanners have an 
inaccuracy in that the attenuation data acquired by a 
rotating fan beam scanner does not exactly duplicate the 
data of a traverse and rotate scanner. Rather, some 
approximations must be made. Other scanners reconstruct 
the image by processing the data with algorithms 
particularly suited to rotating fan beam scanners, see the 
article Reconstruction From Divergent Ray Data, by A.V. 
Laksharainarayanan in "Technical Report No. 92", State of 
University of New York at Buffalo, Department of Computer 
Science, January, 1975. This reconstruction technique is 
faster and more accurate. But heretofore, it was believed 
that 360 degrees of views were required in the rotating 
fan beam reconstruction system, see page 7, supra, hence 
enough detectors to encircle the full 360 degrees of the 
patient circle. 



The present invention is a major breakthrough 
because it recognizes for the first time that 360 degrees 
of views need not be taken in divergent fan beam 
geometry. Instead, the present invention recognizes that 
every point within the area to be examined need only be 
viewed from 180 degrees of angles in order to produce a 
complete set of projection data. This, in turn, enables 
the system to operate much faster because the X-ray source 
need only scan a little over 180 degrees. Additionally, 
the present system is more economical because it 
eliminates nearly half the detectors that would be needed 
in a 360 degree scan system. 

The speed with which the patient was scanned was 
not the only concern with early computer tomographic 
devices for medical use. The earliest units were very 
slow in producing images and the images that they produced 
were not as sharp and as clear as would be desired. The 
early traverse-and-rotate systems, in effect, took a 
series of density readings as they traversed and then 
filled sequential columns of a matrix with the sequential 
density readings. When the system rotated and traversed 
again, it would fill a second matrix. These matrices were 
then stacked, each rotated at an angle relative to the 
other, and the .intensities at the corresponding point of 
each matrix, i.e. each vertical column of intensities, 
were summed. This was a slow and less than accurate 
system. 

Then it was discovered that if each sum of 
intensities were to some degree, modified by its 
sur round ing intensities the image could be r ef .ined. 
However, these methods were even more time consuming, 
often requiring as much as fifteen minutes for a computer 
to transform the data into a tomographic image. 
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The next step towards speeding up the processing 
of data into images was to modify the intensity at each 
detector by the intensities read on the surrounding 
detectors before summing intensity values into the 
matrix. See, for example. U.S. Patent No. 3,924,129, 
issued December 2, 1975 to C.A.G. LeMay. The system shown 
uses a number of geometrically derived approximations to 
make these modifications. 

Add iti onally, articles have been published which 
advocate convolution theory to modify the intensity at 
each point as a function of its surrounding points. These 
all multiply the intensity data at a given point by a 
convolution function whose values are determined by the 
intensities read at surrounding points. The convolved 
intensity data is then stored in matrices for processing 
into an image representation. The convolution method is 
faster than the geometric method because functions are 
brought together as a unit rather than a series of 
individual point calculations. However, as pointed out 
above, regarding the Lakshaminarayanan article, it has 
heretofore been believed that the convolution integral 
need be from 0 to 271 radians, i.e., that absorption 
intensities must be read through 360 degrees around the 
patient. 

Another advantage of the present invention is 
that it reduces the image processing time by not 
processing redundant data. Rather, it only processes 
views which surround each point of the object to be viewed 
by 180 degrees. 

A further advantage of the present invention 
is that it includes a faster back 



projection system. The back projector works 
with data in the saine order as the convolver, 
hence the back projector can back project the data 
into the image memory as it emerges from the 
convolver. 

Another advantage of the present system i 
that each detector receives absorption data along 
paths passing through the entire body. Hence, if 
all detectors do not have precisely the same 
sensitivity, the differences will be averaged out 
without causing an error in the final tomographic 
image. 

Another advantage of the present system 
is that it has a convolver function which provides 
a greater resolution, faster processing and simpler 
calculations all from fewer views. 

The present invention contemplates new 
and improved tomographic scanners which overcomes 
the above problems and others and provides faster 
scanning and Image reconstruction. 

Summary of the Invention 
The invention relates to an X-ray tomo-

graphic system which consists of a radiation source 
such as gamma ray or X-ray radiation which produces 
a fan beam of radiation. The fan is wide enough 
to encompass the patient circle. The system 
further includes means for rotating the radiation 
source about the patient circle for less than a 
full rotation. Further, there is detection means 
for detecting the radiation at positions which 
surround the patient circle by 180° plus the angle 
of the fan beam plus the angle between adjacent fan 
detectors. In the preferred embodiment, this is 
about 215° for a patient circle of 50 cm. Atténua-
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tion data from the detectors is sorted into detector 
fans of attenuation data. This data then is pro-
cessed including convolving it with a convolver 
function. The convolved data is then back pro-
jected into-an image memory and displayed on a video 
monitor. 

Another aspect of the invention is the 
reconstruction of an image. Sets of data each set 
representing a characteristic of attenuation of a 
fan-shaped swath of radiation at a plurality of 
angular orientations spanning an arc of more than 
180° but less than 360° are convolved with a 
convolution function. The convolved sets of data 
are transformed into a representation of a planar 
slice of the examined object. 

Another aspect of the invention is the 
construction of a representation of variations 
in radiation attenuation in a planar slice of a 
body. Sets of data representing radiation attenua-
tion by an array of radiation beams are combined 
with a filter function to edit redundant data. 
The edited data sets ax"e back projected into an 
image memory from which an image may be produced. 

Another aspect of the invention is the 
back projection of sets of data into an image 
memory. For each pixel position in the image memory, 
singly biit following an S-like path through the 
image memory, an address in each set of data is 
determined. The data value corresponding to the 
determined address is multiplied by a weighting 
function and added to the image memory at an 
address corresponding to the pixel position. 



Therefore, the apparatus aspect of the present 
invention may be defined in broad terms as an apparatus 
for constructing a representation of the variation of attenuation 
of penetrating radiation in a planar slice of an object positioned 
in a scan circle comprising means for generating a plurality 
of sets of data each set of data representing a characteristic 
of the intensity or attenuation across a fan-shaped swàth of 
converging or diverging paths of radiation passing through the 
scan circle. Each swath has an apex at one of a plurality 
of angular orientations around the scan circle, the angular 
orientations of the apices spanning an arc of more than 180 
degrees and less than 360 degrees. An apparatus also includes 
convolver means operatively connected with the generating 
means for convolving each set of data with a convolution 
function to form convolved sets of data and means for transforming 
the convolved sets of data into said representation. 

According to the broad method aspect of the present 
invention there is provided a method of reconstructing a 
representation of radiation attenuation in a planar region of 
an object comprising the steps of irradiating the planar region 
with a planar fan-shaped beam of radiation, rotating the beam 
circumferentially about the planar region through an angle 
of less than 360 degrees, detecting the radiation passing 
through the planar region and producing sets of electronic 
data, each set of electronic data representing the intensity of 
detected radiation over a fan-shaped swath of paths converging 
or diverging at an apex, convolving each of the sets of 
electronic data with a convolution function to form convolved 
data, back projecting the convolved data to form a plurality 
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of sums each sum representing the attenuation of radiation 

at a point in the planar region and displaying the sums to 

form the representation. 

Description of the Figures 

The invention may take physical form in certain 

parts and arrangement of parts a preferred 
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embodiment of which will be described in detail in 
this specif i cat .ion and illustrated in the accompanying 
drawings. 

Figure 1 is a block diagram of a system in 
accordance with the present invention; 

Figure 2 illustrates a geometry of detectors, 
X-ray source and fan beams in illustration of the 
present invention; 

Figure 3 illustrates a detector fan for a 
random detector; 

Figure 4 is a block diagram of processing 
hardware converting the projection data into convolved 
data and then projecting it into the image memory; 

Figure 5A illustrates the Cartesian coordinate 
system of the image memory; 

Figure 5B illustrates a rotated Cartesian 
coordinate system for some selected fan beam; 

Figure 6 is a block diagram of a back 
projection system in accordance with the present in-
inv en t i on ; 

Figure 7 illustrates 180° plus fan beam 
geometry ; 

Figure 8 is a geometric illustration 
showing a change in coordinates; and 

Figure 9 is a geometric illustration 
showing another change of coordinates. 

Des crip t ion of _t he_ P r e_f err e d _Epbo d im ent 
Figure 1 illustrates an overall system 

diagram. The apparatus for performing a physical 
examination of a patient with radiation consists of 
a stationary frame 10 upon which is mounted an array 
of X-ray detectors 12. These detectors may be In-
dividual scintillation crystals and photomultiplier 
tubes, or they may be the ends of light pipe which 
connect one or several detector stations to a single 
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photomultiplier tube or they may be solid state 
detectors. Radiation detection means, including 
detectors 12, detects radiation and produces 
electronic data signals indicative of the intensity 
of the radiation impinging upon the detector. 
Because the intensity of the X-rays was known at the 
source, the intensity of the X-rays impinging upon 
an individual detector is representative of the 
attenuation of the X-ray beam along the path 
between the source and the detector, i.e. the 
attenuation by the components in elemental regions 
of the patient's body located along that path. The 
electrical signals indicative of this intensity 
from the individual detectors are conveyed along 
electrical lines 14 to a processing means. 

The apparatus further includes an X-ray 
source 16 which produces a fan-shaped beam or swath 
of X-rays. There is a means 24 for rotating the X-ra] 
source around a scan or patient circle 20 and monitor-
ing the angular position of the source. A means 18 
constrains the X-ray source to rotate along an 
arc segment of a circle's circumference. It will be 
noted that the deteclors 12 are arranged only around 
a part of the circumference of the device. The X-ray 
source only rotates a similar number of degrees about 
the patient circle. 

Looking to Figure 2, the geometries 
of the device will become much clearer. The present 
invention has found that examining each point of the 
object being examined around an arc of 180° provides 
a complete set of data to make a tomographic image. 
Examining any given point for more than 180° provides 
redundant data which is removed. The reconstruction 
technique of the Làkshaminarayanan article supra, 
by taking 360° of data, apparently unbeknownst to the 
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author, took two complete sets of data and averaged 
them. Accordingly, the geometry of the system should 
be such that a point 26 on the circumference of the 
scan circle is examined from a full 180°, but no 
more. In order for this to occur, the X-ray source 
must move from its first position 16 counterclock-
wise around the scan circle to end position 16'. 
Similarly, only so many detectors 12 are provided 
as needed to receive data around 180° of all 
points in the scan circle. It is readily apparent 
that the detectors need only extend from a point 28 
counterclockwise around the exterior of the device 
to a point 30. ' Any detectors on a lower side of the 
circle clockwise between points 30 and 28 would 
produce redundant views which are only filtered 
out before the signals are processed. It: will be 
seen that the exact number of degrees around the 
outer circumference which must be provided with 
detectors will vary the geometry of the system. 
It will vary with the relative diameters of the 
scan circle and the detector circle as well as the 
circle around which the X-ray source rotates. As 
the diameter of the scan circle approaches zero, the 
number of degrees around which detectors need be 
provided approaches 180°, It will further be seen 
that for a fan beam of X-rays with an angle 22 just 
sufficient to span the entire scan circle, that if 
the radius about which the X-ray source rotates 
is the same as the radius about which the detectors 
a r e located, then the detectors may be located around 
180° of the circumference plus the angle 22 of the 
X-ray source. In the preferred embodiment, the 
X-ray source rotates about a radius slightly smaller 
than the radius about which the detectors are 
arranged, so the number of degrees about which the 

20 



11251073 

10 

- 1 0 -

detectors must be placed is just slightly less than 
180° plus the angle of the source fan beam. Further, 
as a practical matter, the detectors are not a 
continuum but a series of discrete points. 
Thus, the source rotates yet an additional 
angular amount equal to the angular spacing between 
detector elements in order to assure that every 
point of the patient circle is viewed from at least 
180°.- If, for example, the detectors were spaced 
4° apart, then if the X-ray source were rotated 
just far enough to subject point 26 to radiation 
from 180 different degrees, it is possible that 
because of the 4° spacing between detectors, data 
might only be received representing 176° of views 
about point 26. 

Viewing the system from the point of a 
detector 21 of the array of detectors 12, Figure 3, 
it will be seen that detector 21 receives X-rays 
the entire time which X-ray source 16 is located 

20 between positions 23 and 25. However, with 
digital processing equipment, as the preferi"ed 
embodiment uses, a continuum of intensity versus time 
is not readily processed. Accordingly, the amount 
of attenuation of the X-rays reaching detector 21 

25 i s measured periodically as the X-ray source 
traverses the arc between points 23 and 25, each 
sampling of detector 21 by the processing means 
representing the attenuation along a path through 
the scan circle. The angular spacing of these 

30 paths determines the resolution of the final 
tomographic image and may be as closely spaced as the 
physical limitations of the processing equipment 
will allow. Thus, although every detector is 
capable of producing a continuum of X-ray attenuation 

35 0f data, digital data processing equipment only takes 



a discrete number of X-ray attenuation samplings 
of each detector. 

Looking again to Figure 1, wherein the 
processing means is further illustrated. It is 
connected to the detectors by lines 14 for processing 
representation of the radiation attenuation in the 
scan circle and is connected with means for 
displaying or storing the representations. Each 
time the array of detectors are sampled, an 
element of attenuation data from each detector 
that is irradiated is conveyed along one of lines 
14 to the data collection means 32 which forms 
digital.representations of the log of each detector's 
output. Each detector sampling, it will be apparent, 
represents attenuation data collected along one of 
the paths in the fan-shaped continuum of paths 
received by each detected element discussed above 
in reference to Figure 3. A second signal along 
line 15 representative of the angular position of 
the X-x-ay source is also conveyed to data collector 
means 32 so that each attenuation reading is 
coordinated with the angle through the patient at 
which it was taken. The data as the log of the 
intensity is temporarily stored in a mass memory 40 
until at least one of the detector means has 
received all the attenuation data which it will 
receive. At this time, a sort means 34 starts 
reorganizing the data into sets of data arranged by 
detector fan beams. That is, all the attenuation 
data taken by a single detector along all angles is 
arranged in order as one set of attenuation data. 
The data is then corrected by a beam hardness 
correction means 36 which averages several data 
values of each set of data corresponding to the 
edge of each detector" fan and subtracts the average 
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from the set of data values thereby correcting the 
detector for gain drift. Following this, each data 
value is modified by a non-linear operator for beam 
hardness correction and fed into an Interpolator 

5 means. Means 38 interpolates a set of data into 
equal tangents (see equation #17 to follow) and feeds 
this information into a projection data memory 42. 
As each set of data corresponding to a detector 
fan Is processed, it is addressed into a reconstruc-

10 txon processing system 43, which is explained below 
in conjunction with Figure 4. The reconstruction 
processing system adjusts the data for angular 
position, removes redundant data elements from 
some sets of data and convolves the data with a 

15 convolution function. Taken together the apparatus 
from the radiation source through to the recon-
struction processor comprise a means for generating 
a plurality of sets of data, each set representing 
a characteristic of the attenuation of radiation, 

20 This process is repeated for each set of data. 
After each set of data is convolved by 

the convolving means to form a convolved set of data, 
the convolved data is processed by a means for 
txansfonning the convolved sets of data into 

25 representation of the planar slice of the patient 
irradiated. This transforming means Includes a back 
projecting means 44, image memory means 46 and 
display means such as a video monitor 48. Back, 
projector 44 along with image memory 46 transforms 

30 the convolved data Into a series of intensity 
representations for each pixel along the raster scan 
of a video monitor. Also connected with image memory 
46 may be a camera means 50 such as the camera 
marketed under the trade name DELTA-MAT by Ohio-

35 Nuclear, Inc. of Solon, Ohio, Additionally, 
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other storage or display means 52, such as a video 
recorder, may be connected with the system. 

Figure 4 is a block diagram of the 
reconstruction processing system 43. It will be 

5 noted that every beam path can be uniquely described 
by the angular position of the detector which detected 
it, and the angle within the detector fan. This 
angle can also be expressed as a function of that 
angle such as its tangent. A means 54 receives two 

10 input signals, a which indicates the angular 
position of the detector and A which represents the 
tangent of the angle of the path within that 
detector's fan. The projection data identified as 
h or h(A,a) is an Intensity or attenuation of the 

15 radiation along each beam path (A,a). The pro-
jection data is fed into projection data memory 42. 
In the timing sequence, each successive value of X 
for a given a along with the corresponding projection 
data h is read in and processed until each A for a 

20 given fan has been processed through. At that time, 
the system moves on to the next detector, reads a 
new angle a, and starts indexing the A's and h's 
through the system again. Projection data memory 42 
contains the projection data Indexed by a the fan 

25 angle and A the tangent of the angle within the fan. 
Typically, memory 42 Is a RAM capable of storing 
all the fans, or in the situation in which data 
collection is slower than processing speed, a 
double b\jffer may be used. Means 54 addresses the 

30 a and A values being read to the projection data 
memory 42 which in turn feeds out the appropriate 
attenuation data h' (A,a) to a multiplier 56. 

35 
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A Read Only Memory 58 is pre-programmed 

with a Jacobian table and Is addressed by A. For eac 
value of A , there is a value stored within this 
table. For the mathematical function which is 
chosen for use in the preferred embodiment, the 

3 
Jacobian equals Cos (arctan (A/D)), where D 
is the distance fx-om the apex of the detector fan 
to center of the scan circle. Multiplier 56 multi-
plies projection data h'(A,ct) by the Jacobian 
obtained from the Jacobian table 58. 

A Read Only Memory 60 contains a table of 
arctangents. Read Only Memory 60 is addressed by 
each A and produces on its output a value equal to 
-arctan (A/D). An Adder 62 combines the angle a 
with the output of Read Only Memory 60 to produce 
the sum which is a-arctan A/D. 

As indicated earlier, each point within 
the scan circle should be viewed from only 180°, 
no more. The redundant data provides more values 
for some points in the scan circle than others 
which causes errors In the final tomographic 
projection. Accordingly, it is necessary to filter 
out the surplus values. From the geometry of the 
system, it is clear that certain values of 
a-arctan (A/D) will represent a redundant value, 
whereas others will not. Accordingly, the generatin 
means includes a window means for editing redundant 
data signals from the sets of data signals. It 
includes a window function memory 64 which stores a 
window function i/j* (A, a) which may be written as: 

t t + F 

ijj>v (A , a) = / iKA,g)A(a,3) dg 
-F 

where \p ( A , 3) = 1 if -arctan—<Tt 
= 0 otherwise 
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See the discussion surrounding equation (24) to 

follow. 0 is the angular displacement about the 

body as is a, however, the variable 3 can take a 

continuum of values whereas the variable a is 

5 defined only to take discrete values corresponding 

to detector positions. An example of an interpolation 

function A (a,3) which can be used is: 

sin(ïï(a,g)/b) 
it (a, g)Yb 

10 where b is the spacing between views, i.e. spacing 

between detectors. Thus, all the values of the 

equation are known, and according with the pre-

determine program for each value of 

(a-arctan A/D) a value of (A, a) is produced. 

15 The window function goes to 

multiplier 66 where the output of multiplier 56 is 

multiplied by the window function to produce the 

product of the projection data times the Jacobian 

times the window function, i.e. h ' ( A , a) J ( A) \Jr-v (A , a) . 

20 For simplicity, this product will be referred to as 

H(A,a). 

A Buffer 68, as indicated above, is 

optional and need not be used unless the data 

collection speed is slower than the processing 

25 speed. A Convolver 70 is a conventional convolver 

whose Input may be double buffered by buffer 68 

to allow overlapped convolution and back projection. 

Adder 72 changes the angle a to (a-1), i.e. 

indexes the a to the angle of the preceding 

30 detection fan. Buffer 68 is addressed by X 

and convolver 70 receives the Input indicative of 

(a-1). Memory 74 contains a table of values for a 

convolution or filter function called G(A'-A) which 

is addressed by convolver 70 for different values of 

35 (A*-A) to provide an output function G(A'-A) 

which is convolved in convolver 7 0 with function 
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H(A,a). The value of H(A,a) for specific values of 

A and a is convolved with a convolving function 

G ( A ' - A ) : 

H ( A ' , a) = H(A , a) * G(A'-A) 

That is, for a data line that is sampled periodically 

the convolved data at the Mth sampled position on a 

data line a is : 

p* 
H (M, a) = Ï. H'(N,a)* G(M-N). 

N=-p* 

A wide choice of convolution functions may be used 

such as the one shown by Lakshminarayanan, supra in 

wh i ch 

G(M-N) = 1 when M-N = 0 

= a - j when M-N is odd 
-n (M-N) 

= 0 when M-N is even 

Other functions such as shown in U. S. Patent No. 

3,924,129 could be used instead. 

The data from convolver 70 is" addressed 

and fed into a buffer 76, which is used In con-

junction with back projector 44, The workings 

of the back projector will be further explained 

in conjunction with Figures 5 and 6. 

There are several ways in which the back 

projection operation may be accomplished, see for 

example U. S. Patent No. 3,924,129. The most 

desirable techniques, however, are those resulting 

in pixel driven algorithms, i.e. algorithms in which 

the matrix element location Is the Independent 

variable. The process herein not only uses such an 

algorithm, but also does not require tangent 

calculations. The present invention develops a 

simple set of linear relationships between the 

detector fan set's of data and image matrix which 
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permits the back projection to be described by a 
set of differential equations which may be imple-
mented with a minimal amount of calculation. 
Minimizing the amount of calculation is very 
important because back projection requires on the 
order of the number of projection lines cubed of 
iterations and is generally the most time con-
suming part of reconstruction. Referring now to 
the mathematical derivation section to follow, it 
will be seen that the following is a description 
of the reconstruction process: 
f(r,<J>) = 

D ^ S £ hV(X,a) cos(arctan ^ m ^ j B O ^ 
4a a=-co A=-p* (k cos p) 
Because 1/(k cos p) is a function only of R, <j>, and 
a, it can be brought out of the inner summation. 
Accordingly, the equation can be rewritten as follows, 
where the inner summation has already been accomplished 
in convolver 70; 
f(r,<j>) = 
D 2 rr+IM-A 1 p* h ' ( X ,, a ) cos (arctan X/D)* 
4a E (K cos y) E 

a=- (F+A) X=-p* G(X'-X)ii»*(X,a) 

Figures 5A and 5B show the relationship 
between the Cartesian image matrix and the geometry 
of Figure 3. This relationship has been simplified 
in Figure 5B by superimposing another Cartesian '. . 
coordinate system (s,t) which is rotated into 
alignment with the divergent system. The description 
of k (r , <j> ,ct) and y (r , <{>, ct) is simplified by transform-
ing from the (x,y) coordinate system to the (s,t) 
coordinate system. Using these systems in the 
relation shown in Figure 5B, the above equation 
can be written in these variables as follows: 
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? TH-F+A 
F ( x ' * > = 1 ^ —g H (A', a) 

a=-F-A E (x,y,a) 
where 

E(x,y,a) = D + X sin a+ Y cos a 
A' = (X cos a- Y sin a)/E(x,y,ct) 

where, of course, the above equations describe the 
operations to be performed by the back projector. 
It will be noticed that the system will work with 
traverse and rotate type scanning such as shown in 
Patent No. 3,924,129 but is best suited to the 
fan beam type X-ray source. 

The system computes and indexes A* into 
2 

the convolved data H(A',a), weights by 1/E and sums 
into the appropriate matrix point. It can be seen 
that a simple linear relationship exists with the 
determination of E and W In fact, the equations 
above for E(x,y,a) and A* may be processed by 
finite differences in order to reduce the multi-
plications required. 

For example, if one were to proceed 
through the matrix in the x direction, these 
equations become: 

E J + 1 = EJ + f ^ 
25 4 

= SJ + 1 / E J + 1 
SJ+1 ~ SJ + H 

where 
^n St . as 3U = sin a: ^ 

9x -ô-x = cos a 
Similar equations would result proceeding through 
the matrix in the y direction. 

Figure 6 is a block diagram of the back 
projector system. All the operations are s h o w as 
sequential, however, with the use of latches, the 

% 
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operations may be pipelined causing multiplies and 
memory accesses to be overlapped, significantly 
increasing the speed of these operations. 

A host processor loads the value a 
describing the orientation of a single projection 
line into registers 92 and 94. The values s and o 
E q are determined by the computations above. 

For each detector position, i.e. view 
angle a, multiplexers 98 and 104 are initialized 
with input I and an s. register 110 and an E. 

^ 3 3 
register 112 are cleared. In the run mode, the 
"R" input to multiplexers 98 and 104 is selected so 
that the s. register 110 and E. register 112 can be 

3 3 & 

incremented. Timing and control means 128 initiates 
this incrementing each time it advances the address 
in the image memory by one position. The contents ' 
of the s. register 110 and the E. register 112 are 

3 J 
increments so that they progressively contain the 
value of s , s-, , s« , etc. and E , E,, E», etc. A o 1 ' 2 o ' 1 2 ' 
Memory 116 and a memory 118 may be ROM or R A M 
memories. If a RAM is used, the host processor 
could alter the geometry of the processor by 
loading different tables. These memories are 
reciprocal tables for E and E . For each value of 
E, memory 116 puts out the value of one over E 

2 
and memory 118 puts the value of one over E . 

Multiplier 114 performs the multiplication 
set forth in the equation for X', i.e. forms the 
data address X' into the projection data. A memory 
120, e.g. a RAM, stores projection data H ( X l , a ) 
supplied by convolver 7 0 of Figure 4, This 
describes a means for selecting data addresses in 
each set of data stored in memory 120 corresponding 
to memory address of the image memory. This 
projection data may be loaded into memory 120 from 
the convolver 70 directly or by a host processor. 
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As was the case in the processing 
equipment shown in Figure 4, the back projector 
for given angle a, i.e. for a given detector 
position, processes each of the possible beam 
paths A within the view angle before going on to the 
next angle a. Accordingly, the back projector need 
not wait until the convolver bas processed data 
lines or sets of data for all angles of a but need 
wait only to the end of the convolving of the data 
line for a first angle a to form a set of convolved 
data before making the back projection entries in 
image memory 46. For detector position a, each time 
the memory 120 is addressed by A', the memory 
functions as a means for determining the data value 
for the selected data address and produces an output 
signal indicative of the convoluted data H(A',a). 

A Multiplier means 122 multiplies the output 
of memory 120 by a weighting function from memory 
118. This, In effect, weights the projection ray 
H(A',a) by one over E", which is the value to be 
superimposed on a given matrix point. An Adder 
means 126 combines this value with the current 
contents of the corresponding matrix position in 
image memory 116. This process continues until 
all the projection data bas been convoluted and 
back projected into the Image memory. At this 
time, the contents of the image memory are 
effectively the tomograph of the cross section 
involved. 

It is convenient for image memory 46 to 
be a matrix having the same number of lines as • 
there are raster scan lines on a standard TV 
monitor, .i.e. 512, and to have as many matrix 
points along each line as there are data points • 
along each raster scan, e.g. 512. With a 
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digital-to-analog converter and a standard TV 
monitor the contents of the image memory can 
be transformed into a video picture. 

In some instances, it is desirable to 
interpolate the projection data during back 
projection. This can be done by addressing the 
two nearest points in the H(A',a) memory 120, 
by obtaining addresses with fractional parts, or 
by using another adder and multiplier to form a 
linear interpolation at the output of the memory. 
This, however, can be costly in hardware and 
processing time. A more convenient way is to 
pre-interpolate H(A',a) in a host processor to 
produce a longer data line then compute correspond 
ingly high precision A' addresses into memory 120. 
Although this requires a larger memory 120, it has 
a computational advantage in that interpolation is 
done once per view, a, rather than approximately 
once per image matrix line per view, e.g. 512 
tiroes per a data line. 

In some cases, the hack projector may be 
faster than the generally large image memory, 
causing the processor to be input-output bound. 
This can be resolved by buffering several sets of 
projection data in a fast memory and buffering one 
or more image memory lines in fast memory. In 
this way, several views can be px-ojected into each 
image line before a transfer is made into the 
image memory. This increases the effective speed 
of the image memory by an amount proportional to 
the number of projection lines buffered. 

The next section will describe the 
mathematics behind the reconstruction algorithm of 
the preferred embodiment. It will, of course, be 
understood that the equipment described in Figure I 
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can operate with other convolution functions 
although this might require changing the values in 
some of the tables in some of the memories, and 
the convolution function to be described can be 
used with other equipment. For example, a multi-
purpose digital computer or microprocessor could be 
used. Further, the back projection system can be 
used independently of the convolution function or the 
hardware of Figure 4, and conversely other back 
projectors can be used with the hardware of 
Figure 4 and/or the convolution function to be 
described in the following. 

Mathematical Derivation_ 
This mathematical derivation will view ! 

the system from the point of view of a detector 
element, such as detector 21 shown In Figure 3. 
If a line h(A,3) were drawn as shown in Figure 8 
perpendicular to the center ray of the fan, then all 
the lines of the fan would intersect that line. Each 
beam within the fan has a single value indicative 
of the attenuation along the beam path. If this 
value were applied to line h in Figure 8 at the 
point at which each fan beam crossed it, then 
line h would have a series of amplitudes indicative 
of the attenuation along the ray which crossed the 
line at each point. These individual discrete 
amplitudes can be interpolated into a smooth con-
tinuous function. In this manner then, line h can 
be said to be the data line for this fan view 
of the object examined. The value along any point 
on line h can be addressed by knowing the apex of 
the detector fan (i,e. detector position) which is 
defined by angle '3 and the angle within the fan 
which is equivalent to defining a position along 
line h indexed by A. Angle 3 related to angle a, 
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above, in that both represent the angular position 

of the apex of a fan. However, unlike angle a 

which takes only the discrete values correspond to 

actual physical detectors 12, angle g is a math-

ematical variable which defined as a continuous 

function. Earlier tomographic systems employed a 

traverse and rotate system in which the detector 

viewed the attenuation along a set of parallel beam 

paths, then was rotated and viewed another set of 

parallel beam paths at some angle to the fix~st set, 

etc. For any given object, projection data from the 

traverse and rotate system, is the same as the 

projection data from the rotating fan beam system. 

The individual data points and actual beam paths 

will be different but the totality of the data will 

provide the same image. Where p(£,0) is the pro-

jection data for traverse and rotate system, the 

relationship between the traverse and rotate 

system and rotating fan beam system can be expressed 

as 

(1) p(£,e) = h( A , 3) 

where, looking to Figure 8, simple geometry shows the 

following relationships: 

(2) e=B+tan~1(A/D) 

(3) 1= A cos tan _1(A/I)) 

thus, the projection data for the rotating fan beam 

system can also be expressed as : 

(4) h (A , 3) = p(Ac.os(tan - 1(A/D)) , (H-tan-1 (A/D) ) 

From the central section thereon, it is 

known that for a point to be reconstructed: 

(5) f (r, <j>) = 

IT Œ 

/ J |R|F(R,e) exp [ 2 n i Rr c o s ( 0 ^ ) ] dRdO 

0-cx. 
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where f(r,<J>) is a two-dimensional image in real 
space which is to be reconstructed and wherein r 
and <J> are the polar coordinates for the points in 
real space and where F(R,6) is a fourier transform 

5 where R and 0 are the polar coordinates in fourier 
space. It will be noted that the central section 
theorem is expressed with different limits than the 
limits shown in the article by A. V. Lakshminarayanan, 
supra. The proof, to follow, will show that it is 

XO only necessary to integrate from 0 to i and not as 
Lakshminarayanan pointed out on page 7 of his 
article from 0 to 2TT. In polar coordinates inte-
grating from 0 to 2TT for the angular displacement and 
zero to infinity for the radial displacement is the 

15 equivalent of Integrating from 0 to ir for the 
angular displacement and minus infinity to plus 
infinity for the radial displacement, since both 
sets of integrals sample all the same points. 

The fourier transform of f (r, 4>) is 
20 related to the projection by: 

. P, 
(6) F(R, 0) =. jp(*,e) exp(-2nme.)d£ 

-p 

or inserting the relationships set forth in equations 
25 (2), (3), and (4) into equation (6), it can be 

r ewr i 11 en : 
(7) F(R,0) = 
P* -1 -1 

30 

/h(x,6-tan A/D) exp[-2iriRAcos(tan A/D)]J(A)dA 
-p* 

where p is the radius of the object examined in real 
space, p* is the equivalent of the radius of the 
object described in terras of A and J(A) is the 
Jacobian of the transformation. In this case the 

35 Jacobian is the partial derivative of £ with 

• 
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respect to X. 
More precisely: 

(8a) p = X cos (tan~^p*/p) 
(8b) J(X) cos 3 (tan""1X/D) 

5 As we indi-cated above, angle g in the 
data line h(A,g) corresponds to the detector 
position and, because there are a discrete number of 
detectors, h is not continuous in 3. Because 
h(X,g) will be sampled in g, a continuum In 3 

10 will be required. Thus, it will be necessary to 
Interpolate h into a continuous function in 8. 
This can be done by using an interpolation function 
A which can be any one of a number of interpolation 
functions. One example of an interpolation 

15 function which can be used is: 

(8c) A(a.« - i t à - I ^ l / y 

Thus, h(A,g), which Is continuous in g, 

20 can be rewritten: oo 
(9) h(X,g) = fh' (A,g)A(a,g)6' (a)da 

— CO 

where a is the discrete angles corresponding to the 
detector positions in the physical embodiment and 

25 g is the continuum of angles corresponding to a. 
Where 

(9a) 61 (a) - Sampler (e.g., ô(sin(^-)) 
(9b) b = angular displacement between views 
Other interpolators and samplers can, 

30 of course, be used provided that compatability 
between them be maintained. 

Introducing a fourier filter function 
B(R,8) which will be equal to 1 inside the Nyquist 
frequency limit as determined by the spacial 

35 sampling rate at the point (R,9) and zero outside, 
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substituting the equivalents found in equations (7) 
and (9) into equation (5), and changing the order of 
integration, equation (5) can be rewritten as: 
(10) f(r,<|>) = 
m p* TT+F 00 

J J Q(R,A)J(X)J ^(X,$)<p(a,^,cj>,2r,R)fh' (X , a) S ' (a.)* 
-oo-p* -F A(a, B)dad8dXdR 
where F is one-half the angle of the detector fan beam 
and: 
(10a) X)= jR|exp t-2iiiRXcos(tan"1X/D) ] 
(10b) (P(X, (|>,r,R)=B(R, 3+tan-1X/D)exp[2friRrcos 

[e+tan~1(X/D)-<}>]] 
and where ijj(X,p) is a window function to cut out 
superfluous angular views defined by: 

y (11) (X,e) = 1 if -tan"1X/D<ei'n--tan~ X/D 
= 0 otherwise 

As was pointed out earlier, in order to view 
every point of the scan circle from at least 180°, some 
points will be viewed from more than 180°. To prevent 
the superfluous attenuation readings from being used 
twice, thus giving erroneous sums to be used in com-
puting the final tomographic image values, these ex-
tra views are removed. Accordingly, this function 
sets to zero the attenuation data received along the 
superfluous beam paths and projected onto the data 
line. Nowv- because the redundant angular views have 
been removed by function ^ and because h was made con-
tinuous in $ in equation (9), it is possible to change 
the variable of integration from 9 to g. Changing the 
variable of integration in 'equation (10) from 9 to 8 
and changing the order to integration, equation (10) 
can be rewritten: 
(12) f (r, 4>) • = 
co P̂ f OB TT+F 
J J fi (R, X) J (X)/h* (X, a) 6 ' (a) J tJj(X", 3)A(ot, £)• 

-P* -» -F <KA, 3, <p,r,R)d$dadXdR 
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or by changing the order of integration once more: 
(13) f(r,<}>) = 
co P * [f-j-y oo 

Jô'(a)J h ' (A , a) J (A). / ^(A,3)A(a,3) Jn (R, A) 3> ( A , 3 , 4, , r , R) dRd 3d Ada 
- c o - p * - J " — CO 

In order to get a filter function that 
looks like a convolution function, the coordinates 
are changed such that each point within the scan 
circle is defined by its distance from the apex 
of the fan and by an angle between center of the 
fan and a line which connects the apex with the point. 
This distance will be called k and the angle y. 
Figure 9 illustrates the relationship between 
( k, u) and (r,^>). Introducing this change of coordinates, 
the filter function B can be rewritten: 
(14) B a g r ( R 0 ) = 1 for |R| < D/(2axcospcos (tan~^A/D) ) 

= 0" for | R| > D/(2ai<cos)jcos (tan~ 1A/D)) 
If the sampling in A along the data line 

is done at Intervals of a, where a is some positive 
constant, then it is equivalent to evaluating 
h(A,3) for values of A equal to Wa. Defining the 
last Integral of equation 13 as g(A'-A) and 
substituting for fi and $ in accord with equations 
(10a) and (10b) and, further, changing the limits 

25 of integration in accord with equation 14, then 
this last integral can be written as; 
(15) g(A'-A) = 
CO 

_ /Q(R,A)3>(A,3,4.,r,R)dR = 
— CO 

30 D/fcaxcospcos(tan_1A/P)) 
rii-,1 ro -r> '/ii i-N (tan A/D)dR J | R| exp [ ZniRiccosy (A - A) cos— g — 
-D/(2aKCOspcos(tan ^A/D)) 
this can be rewritten as: 

35 
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(16) g(A'A) = 

D2 

./vJJ 

• 2 8 -

-(V-A)/2a 

__ J |Tj Gxp(2.TriT)dT 

(Kcosy)2(cos(tan 1A)) 2(X'~X) 2 

g -A)/2a 

where : 

(16a) T = ( k / D ) Rt 

(16b) t = (A'-A)cospcos(tan~ XA/D) 

It is apparent that the integral of 

equation (16) can be evaluated. Thus, performing 

the integration and choosing A equal to Na, where 

a is the sampling interval and N is an integer, 

then: „ 

(17) g(M-N) = _ 
4a(Kcosy) (cos(tan Na)) 

D 

where : 

G(M-N) = 1 if (M-N) is 0 

_ 4 if M-N is odd 

7 V 2(M-N) 2 

= 0 if M-N is even 

where M is the projection being sampled and N is 

the total number of projections. Substituting 

g(A'-A) Into equation (13) and x-eplacing the 

integrals with discrete summations, referring to 

Figure (9), it can be seen that: 

(19) f(r,<$>) = 

co p>v -n+F 

ï Eh ' (A, a) J (A) / ̂ (A,p)A(a,B)g(A'-A)dB 
a,--00 —F 

(20) KrCP.r,*) = [<r cos(B~<p))2 + (D-hr sin ( 3 - tf>) ) 2 ] 

(21) y(p,r,4») -tan 1(r cos ( p-<j>) / (D+r sin(f3-<J>))) 



( 

-2 9-

In order to achieve a spatially invariant 

and hence computationally feasible convolution 

function, it is necessary that g(A'-A) be removed 

from the integral. However, g(A'-A) is a function 

of (g,r,4>). But note that interpolator A(a,g) is a 

very narrow function'which weights g(A 1-A) very 

strongly for small values of a-g. For systems with 

adequate view spacing, errors of less than 0,17» 

will arise from the following approximation: 

(22) g(A ' - A, g,r, <J>)-g(A' -A,a,r, <J>)=G(A' ~A) 

which Is to say that if' the detectors are close 

enough together g can be evaluated as a function 

of the discrete angle a which marks the position 

of discrete detectors rather than of the con-

tinuous angle g. Thus, g is always evaluated as 

of the nearest detector point In this approximation. 

This, however, allows g to be removed from the 

Integral. With this approximation, equation (19) 

can be rewritten as follows: 

(23) f(r,4>) = 

9 œ p* 1 
E E h-'(A,oO cos (tan "LA/D) 2G(X -A) r

v(A , a) 
4a -a?- p* * 

where by previous definition: 

TI+F 
(A,a) - j>( A,g)A(a,g)dg 

-F 

is simply a convolution of the interpolator A 

with the window function \|j . It may be applied as a 

weighting function on the projection data and 

because the kernel functions can be made stationary 

need only be computed once and simply shifted to 

the appropriate position on the projection data as 

determined by a. The summation limits on a from 

minus infinity to infinity are hard to evaluate. 
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However, it is noted that because the interpolator 
is narrow, will remain substantially rectangular 
similar to \}>. If some distance A from the point 
where iJj goes to zero were chosen and in which ty* is 
sufficiently close to zero, then the limits on 
equation (23) change from between minus infinity 
and infinity to between -F -A and ir + F + A. In 
practice, it has been found that excellent results 
have been obtained with A equal to zero; thus,' 
equation (23) can be rewritten as follows: 
(25) f(r,<|>) = 

n2 ir+F p* f. —1-. 
£ h ' (A , 

Aa a=-FA=-p* . 
where F is one-half the detector fan angle. Thus, 
the resulting algorithm is simply a convolution 
and back projection with the addition of a weighting 
function which is to be applied to the projection 
data prior to convolution. 

Conclusion 
It can be seen that with equation 25, 

the density for each point within the patient circle 
can be calculated. Thus, a two-dimensional density 
image f(r,t}>) can be evaluated for all r and <j> 
within the scan circle and a tomographic image 
obtained. The above system only needs enough 
detectors so that each point in the patient circle 
can be viewed from 180° in order to process the 
attenuation data into tomographic Image. It will be 
readily apparent that other mathematical approxi-
mations can be made and other interpolation 
functions used to obtain the equation to be 
evaluated. This invention is not limited to a 
single interpolation function or approximation; 
instead, the above Interpolation functions and 
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approximations are by way of illustration only. 
Further, it will be appreciated that the processing 
and back projection hardware can take many forms in 
addition to the above-disclosed layout, for example, 

5 a digital computer. 
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WS CLAIM 

1. Apparatus for constructing a representation 
of the variation of attenuation of penetrating radiation 
in a planar slice of an object positioned in a scan circle 
comprising means for generating a plurality of sets of 
data each set of data representing a characteristic of the 
intensity or attenuation across a fan-shaped swath of 
converging or diverging paths of radiation passing through 
the scan circle, each swath having an apex at one of a 
plurality of angular orientations around said scan circle, 
said angular orientations of the apices spanning an arc of 
more than 180 degrees and less than 360 degrees; 

convolver means operatively connected with said 
generating means for convolving each set of data with a 
convolution function to form convolved sets of data; and 

means for transforming the convolved sets of data 
into said representation. 

2. The apparatus as set forth in claim 1 wherein 
said fan-shaped swath of radiation converges at its apex. 

3. The apparatus as set forth in claim 1 wherein 
said generating means includes a source of a fan-shaped 
swath of radiation mounted for rotational movement about 
said scan circle and radiation detection means positioned 
to receive radiation passing from said source through said 
scan circle for detecting the radiation and producing 
elements of electronic data having magnitudes 
corresponding to the intensity of the radiation detected. 

4. The apparatus as set forth in claim 3 wherein 
said generating means further includes interpolation means 
for interpolating the elements of electronic data of each 
set of data into a continuous function whereby each set of 
data is a continuous function. 
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5. The apparatus as set forth in claim 1 wherein 
said convolver means is operative to add to the magnitude 
of each element of data in each set of data the magnitude 

t h of the N adjacent element of data in the set 
? ? 

rnulitplied by -4/ t t N if N is odd and by zero if N is 
even. 

6. The apparatus as set forth in claim 1 wherein 
said generating means further includes means for removing 
data from some of said sets of data which removed data 
corresponds to radiation passing through a point in the 
scan circle along a path displaced by more than 180 
degrees relative to another radiation path through said 
point. 

7. The apparatus as set forth in claim 6 wherein 
said means for removing includes means for multiplying 
each set of data by a window function. 

8. The apparatus as set forth in claim 7 wherein 
the window function is further operative to adjust for 
nonconstant spacing of radiation paths in the fan-shaped 
swath. 

9. The apparatus as set forth in claim 1 wherein 
the generating means further includes means for 
multiplying each set of data by a weighting function which 
weighting function is a function of the angle of the 
radiation path in the fan-shaped swath corresponding to 
each data element weighted. 

10. The apparatus as set forth in claim 1 
wherein said means for transforming the set of data into 
said representation includes back projection means for 
back projecting each convolved set of data into a memory 
means and display means for displaying a visual 
representation of the data in said memory means. 

11. The apparatus as set forth in claim 10 
wherein said generating means generates each set of data 
serially whereby a first set of data is fully generated 
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before generation of a second set is commenced, and 
wherein said convolver means convolves each set of data 
serially and wherein said back projection means back 
projects each convolved set of data serially, whereby as 
the generating means generates one set of data said 
convolving means can convolve the preceding set of data as 
said back projection means back projects the penultimate 
set of data. 

12. The apparatus as set forth in claim 10 
wherein said memory means has a plurality of memory 
addresses corresponding to a rectangular matrix of pixel 
positions. 

13. The apparatus as set forth in claim 12 
wherein said back projection means further includes means 
for selecting a data element of a set of data 
corresponding to each pixel position; 

means for multiplying each selected data element 
by a weighting function; and 

means for adding the weighted data element to the 
memory means at the memory address of the corresponding 
pixel position. 

14. The apparatus as set forth in claim 13 
wherein said selecting means includes means for 
determining addresses for the set of data by determining 
differential changes in a set of data addresses 
corresponding to incremental spacing of adjacent pixel 
positions whereby the selecting means uses an iterative 
step method to determine the set of data addresses 
corresponding to each memory address. 

15. The apparatus as set forth in claim 1 
wherein said generating means further includes window 
means for editing redundant data signals from said sets of 
data signals; and wherein said transforming means includes 
back projecting means operatively connected with said 

'àk 
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means for generating back projecting edited sets of data 
into a memory and means connected with said memory for 
constructing said representation. 

16. The apparatus as set forth in claim 1 
wherein each set of data has a plurality of data addresses 
and each set of data has a value for each data address, 
and wherein said transforming means comprises back 
projecting means operatively connected with said 
generating means for back projecting sets of data into a 
back projection memory, said back projection memory has 
addresses corresponding to a plurality of pixels of a 
rectangular coordinate pixel matrix, said back projecting 
means further comprises means for selecting the data 
address in each set of data corresponding to each pixel 
pos i fc ion ; 

means for determining the data value for each 
selected data address; 

multiplier means for multiplying each determined 
data value by a weighting function and; 

adder means for adding the product of said 
multiplier means to said memory at the memory addresses 
which correspond to the same pixel position as the 
selected data address. 

17. The apparatus as set forth in claim 16 
further including an interpolator for causing each of said 
sets of data to have substantially a continuum of data 
values including data values for every data address 
selected by said selecting means. 

18. The apparatus of claim 16 wherein the means 
for selecting the data address includes means for 
selecting an initial data address; iterative step means 
for determining differential changes in the data address 
for each of the coordinates of the rectangular matrix; and 
combining means for producing successive data addresses 
after the initial position by combining a previous data 
address with one of said differential changes. 
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19. The apparatus of claim 16 wherein said 

transforming means further includes a display means for 
producing a visual display made up of rectangular arrays 
of display pixel points each display pixel point 
corresponding to one of said matrix pixels and wherein the 
degree of shading at each display pixel point is related 
to the sum in said memories at the corresponding memory 
address. 

20. The apparatus of claim 1 wherein said 
generating means comprises a source of a fan-shaped beam 
of radiation, said fan-shaped beam being rotatable 
circumferentially about the scan circle by an angle of 
less than 360 degrees; radiation detection means 
positioned to detect radiation passing from said source 
through the scan circle; and means for sampling the 
detection means to produce the sets of data. 

21. The apparatus of claim 1 wherein the 
generating means comprises a source of radiation mounted 
for relative rotational movement about said scan circle; a 
stationary array of radiation detectors arranged 
circumferentially along an arc of substantially a circle 
circumscribing said scan circle, said array of detectors 
spanning less than 360 degrees around said arc and being 
arranged to be irradiated by said source as it rotates. 

22. The apparatus as set forth in claim 21 
wherein said source of radiation is operative to produce a 
fan-shaped swath of radiation, the angular spread of said 
swath defining a source fan angle and wherein each 
detector detects radiation over a detector fan angle 
defined by the angle over which radiation passes from the 
rotating source through the scan circle and impinges upon 
the detector. 

23. The apparatus as set forth in claim 22 
wherein said swath is composed of a plurality of beams. 
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24. The apparatus as set forth in claim 22 

wherein said array of radiation detectors spans an arc of 
generally 180 degrees plus said detector fan angle. 

25. The apparatus as set forth in claim 24 
wherein said relative rotational movement is along a 
circular path concentric with said scan circle, and 
wherein the extremes of said fan-shaped swath are 
substantially tangential to said scan circle. 

26. The apparatus as set forth in claim 21 
wherein said array of radiation detectors comprises a 
plurality of radiation detectors including a first 
detector positioned at an end of said array, said first 
and said last detectors being so positioned that a linear 
path therebetween is substantially tangential with said 
scan circle. 

27. A method of reconstructing a representation 
of radiation attenuation in a planar region of an object 
comprising the steps of irradiating said planar region 
with a planar fan-shaped beam of radiation; 

rotating said beam circumferentially about said 
planar region through an angle of less than 360 degrees; 

detecting the radiation passing through the 
planar region and producing sets of electronic data, each 
set of electronic data representing the intensity of 
detected radiation over a fan-shaped swath of paths 
convering or diverging at an apex; 

convolving each of said sets of electronic data 
with a convolution function to form convolved data; 

back projecting said convolved data to form a 
plurality of sums each sum representing the attenuation of 
radiation at a point in said planar region; and 

displaying said sums to form said representation. 
28. The method as set forth in claim 27 further 

comprising the steps of sorting the sets of electronic 
data by angular positions of the apex of said swath; 
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sorting the data within each set of data by the 

angular position within said swath; and interpolating each 
set of data to form a substantially continuous data 
function for convolving. 

29. The method as set forth in claim 28 further 
comprising the step of multiplying each continuous data 
function by a window function to remove redundant data 
before convolving the continuous data function to form a 
convolved data function. 

30. The method as set forth in claim 29 wherein 
said back projecting step further includes selecting an 
initial address in a convolved data function; weighting 
the data value at said intitial address; adding said data 
value to a sum corresponding to one of a plurality of 
points in a rectangular matrix array in said planar 
region; selecting a subsequent address as a function of 
the initial address and the incremental spacing between 
adjacent points in the rectangular matrix; and repeating 
the selecting of a subsequent address, weighting and 
summing for each point in the rectangular matrix. 

31. The method as set forth in claim 27 wherein 
the step of back projecting comprises: 

(a) receiving a set of data; 
(b) selecting a data address corresponding to a 

coordinate of a rectangular coordinate matrix; 
(c) determining a data value from said data 

address ; 
(d) multiplying said data value by a weighting 

function to produce a weighted data value; 
(e) adding said weighted data value to a memory 

at the memory address corresponding to said coordinate 
pos i t ion ; 

(f) repeating steps (b) through (e) for a 
plurality of the coordinate positions; and 
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(g) repeating steps (a) through (f) at least a 

plurality of serially produced sets of data. 
32. The method as set forth in claim 31 wherein 

the step of selecting a data address includes iteratively 
determining differential changes in a previous address as 
a function of the incremental distance between adjacent 
coordinates of the rectangular matrix. 

33. The method as set forth in claim 32 wherein 
the selecting of data addresses is such that selected 
addresses sequentially correspond to coordinates along an 
S-like path through the rectangular matrix. 

34. The method as set forth in claim 27 wherein 
said fan-shaped swath has an angular spread which defines 
a fan angle, said fan angle is such that the edges of said 
fan-shaped swath are tangential to a scan circle, and 
wherein said fan-shaped swath is rotated through 180 
degrees plus said fan angle. 
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