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Characteristics of Density Distribution of Chest Roentgeno-

grams and Automatic Recognition of Rib Boundaries*

Jun’ichiro Toriwakt** . Teruo FrkuMmura**

Kazuo Komike, M.D.***.Yoshio Takacr, M.D, #**

Computer diagnosis of the roentgenogram is regarded as a typical two-dimensional
pattern recognition problem. As the first step to approach the problem, we investigated
the characteristics of the density distribution of the chest roentgenograms by comparing
two samples, onc is of normal lung and the other of spontaneous pneumothorax. The main
results are summarized as follows: (1) The average density varies widely even in a roent-
genogram depending on the shape of the lung. (2) Remarkable random components are
observed, which are caused by irregular lung markings, photographic granularity and
electrical noise of recording device. (3) Highly deterministic patterns (e.g., ribs and
vessels) which are not the eventual recognition objects exist. (4) There exist overlaps of
various kinds of images including the above three. The density at any point on the film
is approximately equal to the superposition of density of each component image.

For realization of automatic processing of such a complex pattern as the roentgeno-
gram, it should be stressed that each of the basic operations suits processing of each cor-
responding component mentioned above, and their successful consolidation is indispensable.

As one of such basic operations, we studied a detecting method of edge lines of ribs
using a simple model hypothesized on the basis of the abave results. In the model. the
patterns (sets of discrete sample points) consist of regions of two different uniform densi-
ties with additive Gauss’an noise. The procedure is devided into three steps: (1) The state
of each sample paint “on edge line” or “not” is estimated by the likelihood ratio estimated
from the state of its neighborhood. (1) Two sample points decided as “on edge line” are
connected if they are adjacent, thus giving connected graphs. (1) In each connected graph
a line being most likely "on edge line” is determined as the recognition result.

Finally results of recognition experiment using a cutout of the middle lobe region

including two ribs and tuberculosis region are shown, indicating effectivenss of the method

proposed here.

Zft (Received on Jan. 20th. 1967)
#+ (Department of Electrical Engineering. Faculty of Engineering, Nagoyva University)
HRE (National Sanatorium Umemori Kofuen)
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Automatic Recognition of Abnormal Shadows in Chest Roentgenograms®

Jun-ichiro Tortwakr**, Teruo Frromura®*, Kazuo Koke, M. D.##% Yoshio Takaci, M.D.#s%

Computer diagnosis of the roentgenogram is regarded as a typical two-dimensional
pattern recognition problem. As the first step to approach the problem, we investigated
the characteristics of the density distribution of the chest roentgenograms. Then we studied
the method of automatic recognition of rib boundaries.

As the next step, we studied in this paper the method of automatic recognition of
abnormal shadows in chest roentgenogram.

First, simple models of abnormal shadows in chest roentgenogram consisting of (1)
some irregular figures whose uniform densities are known and whose shapes, sizes and
positions are unknown, and (2) additive Gaussian noise with 0 mean and known variance,
arc assumed and recognition method is derived. Only outline of the method is stated here.

Next, this method is applied to the recognition of abnormal shadows in the real chest
roentgenogram. In this experiment, input patterns (roentgenograms) are processed accor-
ding to the following procedure : (1) measurement and sampling of film density, (ii) re-
cognition of boundaries of dorsal portion of ribs, (iii) subtraction of density corresponding
to dorsal portion of ribs, (iv) equalization of average density level in the horizontal direc-
tion, (v) recognition of boundaries of ventral portion of ribs, (vi) subtraction of density
corresponding to ventral portion of ribs, (vii) recognition of abnormal shadows (tuberculous
lesions).

Results of the experiment are stated here in detail. They show that the method used
in this paper was proved useful for detection of some kinds of abnormal shadows in chest

roentgenograms.
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The maximum entropy i.e. information capacity of radicgraphic images is given from

the information theory.
noise are introduced.

width at low bandwidth, whereas it saturates at high bandwidth.

New concept in treating upon the signal and the quantum
Information capacity is roughly proportional to the square band-

This bandwidth is

the lowest cutoff frequency in optical transfer functions of elements in a image transfer

system taking into consideration.

system,
§1. Introduction
Information theory has produced much

fruitful work on the design and evaluation
of communication systems in the last twenty
years. The closely related work of the
Fourier treatment of optical and radiological
imaging'' has been discussed since Duffieux
(1946)', whereas little work on the applica-
tion of Shanonn’s information theory®, the
original meaning of the information theory
in communication engineering, to imaging
systems presents: i.e., to optical lens system
by Linfoot, ef al.**', and to photographic
systems by Jones®' and Shaw™®. The present
paper gives an account of analytical tech-
niques which provide a basis for discussion
of the problem of the maximum of the in-
formation content in images formed in radio-
graphic systems. In this procedure startistical
fluctuation of quanta, which can be ignored
in treating upon visible light, should bhe im-
portant. New concept in treating the signal
and the quantum noise is introduced.

§2. Maximum Entropy (Information Capa-
city)
2-1. Distance between sampling points in the

frequency space

According to the sampling theory®', if one
dimensional signal does not contain frequency
component higher than W, the signal can be
decided by series of signal values at sampl-
ing points spacing with 1/2W. In the case
of radiographs image plane is two dimensio-
nal and isotropic. If the bandwidth of signal
in x and y direction is W, then sampling
points on the image plane can be put as
shown in Fig. 1(a), i.e., mesh points spacing
with 1/2WW, therefore the number of sampling

Examples are given for a typical X-ray radiographic

points in the region, A x B, in image plane
is 4ABW?. The corresponding space in fre-
quency domain is limited as shown in Fig.
1(b), i.e., the quadrantal circle of radius W, be-
cause of isotropicity. If we putsampling points
on meshes spacing with (1= 44, v = /4B) in
(ve, ) direction, number of sampling points
in spatial and frequency domain is equal®.
2-2.  The maximum entropy

Noise properties should be considered in
estimating information capacity, i.e., maxi-
mum possible information content, which is
called maxinuon eniropy in information theo-
ry. As will be stated in § 3, the radiographic
system treated in the present paper contains
Gaussian noise.

Information theory states that'"’: if both
the signal and the noise are stationary and
ergodic and if Gaussian noise disturbs the
transmission of continuous signal, the maxi-
mum entropy is given when the signal repre-
sents the same properties as Gaussian noise.

All sampled values of Gaussian noise in
frequency domain are independent whereas
those in spatial domain are not independent,
therefore the maximum entropy may be easi-
ly estimated in frequency domain. The
maximum entropy of a sampling point (v,
v,) is

* In one dimensional signal, spacing of sampling
points in frequency domain is 1/T (T is the signal-
length), so the number of sampling points is WT.
Each frequency components has real and imagina-
ry parts, so the degree of freedom coincides with
the number of sampling points in spatial domain,
2WT. In this paper the number of sampling points
in frequency domain is put equal to that of spatial
domain, because the maximum entropy depends
upon the degree of freedom.
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Sampling = |

point T

Elementary
areo

(a)

Fig. 1.

(1)

where plu,, v,) and n(y,, v,) is Wiener spectra
of the signal and the noise respectively. Be-
cause of isolropicity, Wiener spectra at sam-

: - P e T T N
pling points apart v (=17v,”+ry,°) from the
origin are identical, and maximum entropy
at that point is

(1/2) log, [14 p(u)/n(v)] bits .

The number of sampling points in the strip
region between circles of radii v and v+dv
(shaded region in Fig. 1(b)) is 8AB vdy,
therefore the maximum entropy contained
in this region is

4 A Bydy log, [1+p(v)/n(v)] bits .

(1/2) logg [1+P(Uz- ”y}/"(uzs yu:’] bits ’

(2)

Consequently, we obtain the total maximum
entropy of an image,

W
4ABS viog, [L+ply)/n(v)|dy bits,
1]

or, that per units area,

o

W
= S vlog, [1-+p(v)/n(v)ldvy bits/unit area
(3)

where, W is the bandwidth or the upper
limit of frequency components of the signal.

§3. Maximum Entropy of a Radiographic
System

Now we consider a typical X-ray radio-
graphic system shown in Fig. 2. Transmis-
sion of X-rays is different with thickness or
composition of the object, and an X-ray
image of the object is formed on an intensi-
fying screen. This image is treated as a
signal. The screen converts X-rays into
ultraviolet rays and visible rays, which sensi-
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(b)

Sampling points in spatial domain (a), and in frequency domain (b).

i

X-ray Tube

Object

— Intensifying screen
“Film
Fig. 2. A typical X-ray radiographic system.

Quantum
fiuctuation 1% Tl T
T n
o L F 1 P
Signal b N i ;

Screen Film Eyes

Fig. 3. The block diagram of signal and noise
transfer in a typical X-ray radiographic system.

tize an X-ray film. Sometimes screen is re-
moved, X-ray directly sensitizing the film
emulsion.
First we assume that:
(1) all elements are linear,
(2) signal and all noises are additive,
(3) all noises and elements are isotropic,
consequently eq. (3) can be used below.
Then the block diagram in the frequency
domain of this image transfer system can
be depicted as shown in Fig. 3, where
symbols are:
pe:  the Wiener spectrum of the signal,
#no:  the Wiener spectrum of the noise due
to statistical fluctuation of gquanta,

e
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ns and np: the Wiener spectra of noises due
to granularity on the screen and the
film respectively,
Ts and Tr: optical transfer functions (O.T.
F.’s) of screen and film respectively,
Tge: the O.T.F. of eyes.
If a film image is examined with the eyes,
T should be added. It should be noted here
that the reduced scales to the film plane are
used and that all notations are absolute
values (not normalized).
From Fig. 3 it follows that the resultant
Wiener spectra of the signal and the noise,
p and n, are

(4)
(5)

p=pdTsTrTr),
n=ny(TsTrTe) +ns(Tr Ty +nrTE".

If we discuss only the film image without in-
specting procedure, T should be avoided
from eqgs. (4) and (5), and without screen, T
and ng should be.

Next we consider all elements individually
whether they agree with the assumptions
stated in the first part of this section,

3-1. Properties of intensifying screens

The intensity of incident X-rays and that
of the light output from a screen maintain
linear relationship, therefore screens can be
treated as linear filters characterized by
O.T.F.'s. Granularity can be treated as the
sum of randomly distributing grains of seve-
ral diameters with its intensity distribution
being Gaussian, therefore as the sum of
random noises of several bandwidth. Con-
sequently the granularity can be treated as
a Gaussian noise. Doi and Ohzu has clarified
that this noise is additive with signals'’,

Densily, D
or Transmittonce, T

- i
Probability | Number of quanta
ofD or T al 0 D,l per slemenfary
| | ared, @
v i
Probability ! 3
of @ i
]

Fig. 4. The modified property of a film, and pro-
bability distribution of number of quanta giv-
ing the maximum entropy.

3-2. Properties of X-ray films

Transmittance or density of negative X-ray
films is not, in general, linearly dependent
on exposure. The exposure means light out-
put when using a screen, or X-ray intensity
when using no screen. Nevertheless, as
shown in Fig. 4, we replace it with three
segments; a linear part (@,, &.), and two
constant parts at the both sides of this range.
In the latter, transmittance or density is
constant with the variation of exposure. In
this figure the abscissa, the number of X-ray
quanta, is proportional to the exposure. This
assumption has been utilized by Jones®, He
assumed that granularity is Gaussian noise
and additive with the signal in spite of its
density dependence. This assumption is
utilized in this paper. Below the linear part
is only considered.

3-3. The signal giving the maximum entropy

If we divide an image plane by the mesh
shown in Fig. l{a), then each elementary
area includes one sampling point. As stated
in §2, the maximum entropy is obtainable
when the set of signals has the same pro-
perties as Gaussian noise. This is realized
if each object in the set of objects is so
formed that the probability distribution of
number of quanta received by elementary
areas, @, is Gaussian. Here the number of
quanta means ensemble average number of
quanta, {.e., the average over sufficiently
many images made in the same process.
This average is decided from the transmis-
sion property due to the thickness or the
composition of each elementary part of the
object corresponding to each sampling point.
Therefore it is the signal to be imaged on a
screen or film emulsion. Statistical quantum
fluctuation from this average forms quantum
noise.

In Fig. 4 the bottem curve illustrates the
probability distribution of @. If the 3s¢-range
distributes within the range (@,, @.) then the
average, @,, and normal deviation, gp, are

Qo=(G +&)/2, (6)
ap=(Q:—&,)/6 .
3-4. Quantwin noisc
Statistical quantum fluctuation disturbs the
visibility or resolving power of an image,
therefore it must be treated as the noise, in
terms of quantum noise in radiography. I['re-
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quency components of quantum noise re-
present, from zero to sufficiently high fre-
quency, a Gaussian distribution of constant
average and constant normal deviation™,
therefore it can be treated as the random
noise. Conseguently, the quantum noise be-
comes 2 Gaussian noise on the image after
passing through linear filters of screen, film,
and eves'®’. If the average number of quanta
is @, the normal deviation of quantum fluc-
tuation is 1/@Q. Most of sampling points re-
ceive number of quanta about @, therefore
we postulate that the Gaussian noise of nor-
mal deviation,

w=1Q (7)

disturbs the signal at all sampling points.
From the relation between Wiener spectrumn
and power™®, noise Wiener spectrum can be
put

if v<Wi

if v>Wy, (8

2nox" Wi,
flo(v):{o axn [ Wy

where, Wy is the bandwidth.
Similarly, signal Wiener spectrum can be
put

2rap’ | Wy, if v=Wy

[Jn(_v):{o , ifv>Wy, =4

because the visibility of the signal is limit-

ed by the bandwidth of the noise. Below
we use only the ratio of p,/n,, therefore Wy
is avoided. From eqs. (6)-(9), we obtain the
ratio,

P 0!’2 (Q:z"Ql]z

FT18(Q Q)

My a TN

(10)

§4. Data for the Estimation of Maximum
Entropies

In the next section maximum entropies are
estimated for cases when film, Fuji KX, and
screens, Kyokko FS, HS, or SS, are utilized.
In this section, data required for the estima-
tion are given.

* Probability distribution of the number of
quanta received by a sampling point is Poisson's, If
the average number is greater than 10, Poisson's
distribution is treated as Gaussian distribution.

** The relation is: :,'1,"2:'}S-n-a(u)dprnﬂise power,
where the power is mean square of fluctuation from
the average value over sufficiently great area in
the spatial domain. In this case the power is gn®.

3
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purter of quanta (1G7/ mm’)
Fig. 5. The relation of exposure and density of

film KX: When exposed with intensifying screens

relative speeds are multiplied to the abscissa.
4-1. Modified property of film and number of
quanta

Relations between relative exposure and
density were measured by using 50~110 kV
X-rays, in cases with and without a screen.
Exposure was varied with the variation of
exposure time. All results can be plotted
within the shaded region in Fig. 5, if the
exposure with each screen is multiplied by
an appropriate factor, 3. This % is relative
speed of a screen shown in the second column
in Table I.

The abscissa is the number of quanta
per unit area when exposed directly with
70kV X-rays. This was obtained as follows:
Density 1.5 was obtained when film KX was
directly exposed by 130 milliroentgens of
70kV X-rays. The X-ray exposure of 1 mil-
liroentgen corresponds to 3.0 10° photons/mm?®
for 50~80kV X-rays'', therefore the density
1.5 corresponds to 3.9 10" photons/mm®.

The shaded region in Fig. 5 can be modi-
fied to the full line, the linear range corre-
sponding to the density range (0.5, 2.5).
Comparing with Fig. 4, we obtain that aver-
age numbers of quanta per elementary area,
i.c., per sampling point are

Q,=0, Q.=10%4W? photons.
From eq. (10), we obtain
polne=q/AW ™y,
g =5.5610°.

where bandwidth of the signal, W, should be
expressed in mm™'. The bandwidth is limit-
ed by the lowest cutoff frequency in O.T.F.’s
of filters, i.e. of the screen, film, or eyes in

(11)

ol
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Table I. Data of screen and film
Relative speed Bandwidth Ratio of noise Wiener spectra at zero frequency
i Ws,p(mm-1) screenfquantum q film/quantum b
Screen FS 27 7.5 0.0988 0.110
HS 100 3.3 0.0526 0.0877
SS 85 4.2 0.0489 0.0350
Film KX 1 80.0

this example. The average number of quanta
per sampling point is greater than 100%,
therefore Poisson probability distribution ap-
proximates to Gaussian.

4-2. O.T.F.’s and Wiener spectra

Some of experimental data required in this
example have been given by Doi and Ohzu'"':
i.e., normalized O.T.F.'s, Ts, bandwidth
Ws, normalized Wiener spectra, ns,, and fol-
lowing two ratios of zero-frequency com-
ponents of Wiener spectra:

_ Wiener spectrum of screen noise
Wiener spectrum of quantum noise

at v=0

__ Wiener spectrum of film noise
Wiener spectrum of quantum noise

at p=0
(12)
These ratios are given in the cases_exposed

with screens. The values g, », and band-
widths Ws are listed in Table I**,

80 100
k¥ Imm™)

Fig. 6. Optical transfer function of film, KX.

* Refer to y and W in Table I.

** Figures6and 5 in reference (11) correspond to
Ts: and ng, and coefficients kes/ks and kq/ks corre-
spond to g and b, respectively. Data in reference (11)
have been given in transmittance scale, neverthe-
less the above data are used in density scale in this
paper. The reasons are: (1) Noise deviation in den-
sity is so small as less than 0.2 at background
density 1.5, therefore linear and additive relation-
ships in Wiener spectra are thought to be main-
tained in density scale also. (2) A1l data cited are
relative values.

In addition to these, high frequency com-
ponents of normalized O.T.F., Tro, and nor-
malized Wiener spectrum, nr,, of film KX
were experimentally obtained*. Figure 6
depicts Tr,. The emission from a mercury
lamp was filtered through V-V42 (Toshiba
ultraviolet filter), so it was resembled to the
emission from screens. The O.T.F. was ob-
tained from the Fourier transformation of
the derivatives of a knife edge image. For
the case exposed without screen this curve
was also utilized. The bandwidth, W, is
listed in Table I.

Figure 7 depicts Wiener spectrum of film

__'.e.o.;_ Y

» tmm™'

Fig. 7. Wiener spectrum of film, KX.

KX, np, at the density 1.5. Microphotometric
trace of granularity was obtained by 20x20
microns aperture, therefore the Fourier trans-
form of the autocorrelation function was one
dimensional Wiener spectrum. Then it was
modified to two dimensional spectrum by
Ooue’s method™',
4-3. Evyes

The bandwidth of an eye is 100mm ' on
retina at 10 trolands™'. Since the focal
length of an eyes is 1.5cm the bandwidth
on the plane apart from 25cm from eyes is

Wg=10031.5/25=6.0 mm™". (13)

§5. Numerical Examples of the Maximum
Entropies
In this section maximum entropies are esti-

* In reference (11), low frequency components
are discussed.

g



mated from the data in §4.

5-1. Radiographs exposed with screens
First we put normalizing coefficients, a~3d,

as

TFZZ.BT;’OI

np =0Npy .

TszzaTg'Dy
Ns =TRso
From eq. (12) and Fig. 3, we obtain the fol-
lowing two equations at »=0.
anTs*Tr'=nsTF"
bie TS TF =nr.
Considering that normalized O.T.F.’s and
Wiener spectra are unity at »=0, and sub-
stituting eq. (14) into above equations, we
obtain

(14)

a=yma , b=dnap . (15)
From eqs. (4)(5)(11)(14) and (15), we obtain

plyv) q
n(v) AW (1 +anse Tso+bnre/ TsT Fo)

. (16)

The O.T.F. of eyes, T, disappears in eq.
(16), since additive noise of eyes is not taken
into account. From egs. (3) and (16) we ob-
tain the maximum entropies of the following
two cases.

(1) the film image radiographed with a
screen:
Wy

C:4S vlog, [1—}-

o

q

B! IVSEUU +ﬂﬂsuf Téu ernrngoT;'o) ]dv ! (17)
where, Ws denotes the bandwidth of the
screen, and Ws< Wp is considered.

(2) When the above film is inspected by the
eyes:

If Ws<Wpy, C=Same as eq. (17)

If Ws>Wg,

W

C:4§ vlog, [1 |-

0

q
W -1-ang.,,f7‘_%n+bnp.r.fTénT;‘-n)] dii= (18)
Using eqs. (11) and (13), Table I, O.T.F.’s,
and Wiener spectra, we can estimate inform-
ation capacities. Figure 8 shows information
capacities per unit frequency breadth. Total
information capacities, the areas under the
curves, are shown in the upper part in Table
II. From Fig. 8, we can see that information

capacity is greatly affected by high frequen-,
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Fig. 8 [Information capacities per unit frequency
breadth, when radiographed with intensifying
screens.

Table II. Information Capacity in bits/mm?

Film and screen Radii;ga;?hic Inspected by eyes
KX with FS 837 635
KX with HS 159 159
KY with SS 273 273
KX 5.82%x 104 951

cy component and roughly proportional to
the square bandwidth. The resultant infor-
mation capacities are order of hundreds in
bits/mm®. Only with FS, Wy is larger than
W, therefore information capacity decreases
when inspected by eyes.

5-2. Radiographs exposed without a screen

Similarly the ratio p(v)/n(y) is

py) _ pTF q
nw) nTe4nr AW (1+Anp/Tr) '’

(19)

where
A=d/n.f .

From egs. (7) and (8), we see that n, is pro-
portional to the number of quanta. Hence,
using the relative speed, #, in the second
equation in (15) should be replaced by q/y.
Then we obtain

A=baly.

From the property of the relative speed of a
screen, low frequency components of signal
powers in the both cases with and without
the screen are identical. From egs. (6) and
(9), we see that p, is proportional to the
square number of quanta. Therefore we ob-
tain,
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rt'_’)yz: I
Then A in eq. (19) is expressed with known
quantities as

A=yh. (209
From egs. (3), (19) and (20) we obtain maxi-
mum entropies of the following two cases:

(3) The film image radiographed without a
screen:

Wi
C:.1[ log,| 1+ O |
| “g[! AW (A -+ybnro/ Tho) ]“’”
bits/mm? . (21)

(4) When the above film is inspected by the
eyes.
L&

¢ q
=4 3 ,
c gn ulogg[n s ]d»
bits/mm? . (22)

In the above two equations, Wr and Wy de-
note bandwidths of film and eyes respective-
ly, and the relation We< Wy is considered.
Figure 9 shows information capacities per
unit frequency breadth, calculated from eqs.
(21) and (22).

1500
T
— film

———= by eyes

1000

bits/mm

500

\
0 6 20 40 60 80
¥imm-t)

Fig. 9. Information capacities per unit frequency
breadth when radiographed without a screen.

Total information capacities are shown in the
last row in Table II. Equations (21) and (22)
contain the quantity b, which concerns the
data when radiographed with screens. Values
of 7b calculated from the data FS and SS
coincide, therefore the results obtained from
those are shown in Fig. 9 and Table II. The
results obtained from HS are about 102
smaller.

§6. Discussion

From Table II we see that u radiographic
image contains about 610" bits/mm?. But
when it is inspected by eyes, the bandwidth

decreases from 80 to 6, therefore information
capacity decreases to 10°. Bandwidths of
screens and eyes are in the same order, but
the number of quanta per sampling point
with a screen is less than that with no screen.
Therefore information capacity with a screen
decreases to less than 10°. The lower band-
width results in the smaller capacity. From
Figs. 8 and 9, respectively, we see that the
area under a curve, i.e. the information capa-
city is roughly proportional to square band-
width.

The relation between the bandwidth and
the information capacity is discussed in de-
tail. For simplicity, we assume that all
O.T.F.’s and Wiener spectra are constant
within the bandwidth. Then eqs. (17) (18)(21)
and (22) become
W

C:4S Il;;) dv

R
— oW 10g2<1+ﬁz) .

v log, (1 -+

n

(23)

where, R is the factor except 1/W? in eq.
(16) or (19), the order of g/4n, and constant
because of the above assumption. For seve-
ral R, relations between C and W are plotted
in Fig. 10. From the figure and eq. (23) it
follows that, if W*« R, information capacity
C is almost proportional to W* and is little
influenced by the increase of R, whereas at
higher bandwidth such as W*®» R, informa-
tion capacity, C, saturates to 2Rlog.e, i.c.
proportional to R.  Consequently we can con-
clude that the higher bandwidth produces
the higher information capacity if bandwidth
W is not very higher than 1/ q/dy. Still high-

Infermation Capactty & (blts/mm®)

2 10t . 'y(]‘ at 100
Sandwiclh W [(mmY)

Fig. 10. Information capacity estimated from eq.
(23) as a function of the bandwidth for various
parameter R, where R is explained at the
neighbour of eq. (23).
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er bandwidth produces no effect. In the
above four examples R is 10' to 10" and W
is less than 80, therefore information capacity
roughly proportional to the square bandwidth.

§7.

The information capacity of radiographic
images was given with the introduction of
new concepts in treating upon the signal and
the quantam noise. Numerical examples
were also given for a typical X-ray radio-
graphic system, when X-ray film, KX, and
intensifying screens FS, HS, and SS were
utilized. A radiograph directly exposed by
X-rays contained 63 10*bits/mm®, whereas in
cases exposed with screens or inspected by
eyes, information capacity decreased to the
order of hundreds bits/mm®  Information
capacity is roughly proportional to the square
bandwidth. Approximate calculation explain-
ed that: (1) In low bandwidth as used in
these example information capacity is almost
proportional to the square bandwidth. (2) In
high bandwidth, information capacity satur-
ates with the increase in bandwidth.

For radiographic systems other than X-ray
system, information capacity may be calcul-

Conclusion

=255~

ated in a same way.

The author wishes to thank Mr. I. Nishida
and Mr. K. Kobune, for their helpful dis-
cussions and assistance through this work.
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