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A New Definition of Information Volumes on Radiographs

from Density-to-Thickness Curves

Hitoshi Kanamori,
Department of Electrical Engineering
Kyoto Technical University

§1. Introduction

The definition of the information volume
on X-ray or higher-energy radiographs has
been required in recent years for the de-
velopment of information-radiography. The
purpose of information-radiography is to
obtain the best equipment and exposure-
factors that make most effective radiographs.
However, it has not been successfully achiev-
ed due to the difficulty of defining informa-
tion volumes. Hitherto, attempts were made
at directly derivirg information from density
distribution of radiographs already made,
using logical analysis for instance"’, but this
type of trial is not sufficient for obtaining the
relations of exposure factors and original
objects to radiographic effects. The defihi-
tion given in this paper may give an ap-

radiation

b

object

density
—-—
contrast

film

-

1\ blur

Fig. 1. Illustration of contrast and sharpness
of a radiograph.

proach to synthesize the relations of them.
This may be therefore suitable for the pur-
pose of information radiography.

The radiographic effect at every elemental
area is represented by contrast and sharp-
ness. The two terms are illustrated in Fig.
1. In the figure, contrast is the difference
4D in film-density due to a change in thick-
ness. This meaning of contrast is different
from the meaning used in optics. Contrast
may be changed with quality of radiation.
Sharpness is represented by blurring around
the edge. Sharpness is changed with geo-

- metrical factors or exposure-time of a moving

object. This paper treats contrast.

From another view point, effects of normal
photographs will be represented by optical
transfer function in optics. Optical transfer
function represents the contrast as well as
sharpness, by linearizing the film-characteris-
tie curves. Where, the linearity means that
the gradient y of a density-to-logarithm
exposure curve is unity. In radiography,
however, the homogeneous rays are absorbed
by an object, satisfying the relation

log I=log I,—px ,
where, I, I, are intensity of incident and
transmitted rays, g is absorption coefficient,
and x is the thickness of an object. Then,
thickness and logarithm exposure have a
linear relation. Therefore, if the linear part
of a film-characteristic curve is used, object-
thickness and film-density have a linear re-
lation, even if y is not unity. In radiogra-
phy, therefore, the linearity in exposure-to-
density or exposure-to-thickness relation is
not needed but only density-to-thickness

—_—1 9 =
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linearity is needed. Therefore, a different
conception from that of optics such as optical
transfer function should be introduced. One
example of this pupose will be shown in
this paper.

§2. Information Volumes Given by Contrast
due to a Test-Piece

A model of objects under examination is

shown in Fig. 2. The model has some test-

pieces to be distinguished from the base-

material having a wide thickness-range,

Fig. 2. An object-model having test-pieces on a
base-material of a wide thickness-range (g, b).

between ¢ and b. In radiology, hitherto,
contrast due to one test-piece on a constant-
thickness object was considered, postulating
that higher contrast meant a better radio-
graph. This conception is not valid, because
higher contrast means that a smaller thick-
ness-range is represented within a limited
density-range. Therefore, a wide thickness-
range is considered in this paper.

If the test-piece material is the same as
the base-material, the contrast due to test-
pieces may be obtained from a density-to-
thickness curve such as Fig. 3. Fig. 3 should

=

@

=

[4H]

0
a b —X
0 | —X

Thickness
Fig. 3. A density-to-thickness curve.

be plotted from a wedge or step-radiograph
of the same material as the object under
the same exposure factors as the radiograph
is made. On the abscissa x of Fig. 3, (@, &)
is the thickness-range to be distinguished.
We normalize this range as 0 to 1, then the
normalized thickness X is
X=(x—a)/(b—a) .
Let G(X) and 4X be the gradient of the
curve at X and thickness of test-pieces,
respectively, then contrast 4D(X) due to
4X on the base-thickness X is
AD(X)=G(X) 4X ,
where G(X) and 4X may be measured in
the normalized unit. Therefore, gradient
G(X) represents the contrast of a test-piece
on thickness X.

Contrast has some information, F, there-
fore F' is a function of G and is denoted by
F(G). No contrast means no information
while higher contrasts mean correspondingly
more information as

F(0)=0, F'(G)>0, (1)
then we have three possible shapes of F(G)
with respect to the second derivative, as
shown in Fig. 4. The purpose of radio-
graphs is to distinguish test-piece existence,

a b

F(G)

G

Fig. 4. Three possible shapes for information
F(G) to gradient G.

Curve a: F/(G)>0
Curve b: F"(G)=0
Curve ¢: F"(G)<0

Among them, curve ¢ is valid.

so that, information saturates as contrast in-
creases. Therefore curve ¢ is valid, i.e.

F"(G)<0,
may be added to equation (1).

(2)

Total Information Volumes of the Entire
Thickness-Range

Total information volumes may be ob-
tained by integrating F(G) within the thick-

§3.



ness-range (0, 1) as

H'=S‘F(G) X . (3)
0

Next we will consider the properties of
equation (3). In Fig. 5, the thickness-range
(0, 1) is divided into equal » parts, and the
curve is represented by the » segments.
Let G: (i=1 to n) be the gradient of each
segment, equation (3) becomes

H'=(1mXF(G), (4)

where 1/n represents dx. Now we use a
well-known relation, that is:
if F'(G)<0

(1mZFGI=F{(1/m2Git, (5)

where equality is valid only when all G

are identical. Whereas, let D, be the
density difference corresponding to (0, 1)
>Gi=nDn (6)
Using (4) (5) (6), we obtain
H'=£F(Dn), (7)

where equality is valid if-G; are constant.
Therefore if the density-curve is a straight
line, total information reaches a maximum
F(D,) among all curves which have the
same density-difference D,. This is true
as far as equation (2) and therefore curve
¢ in Fig. 4, is valid. If curve a were valid,
H' would reach a minimum when G; were
constant. If curve b were vaild, H' would
be constant in spite of the path of the curves.
Increasing # to infinity, we may obtain the
same relations regarding actual density-to-
thickness curves., Therefore, we can con-
clude that a linear density-to-thickness curve
has the maximum - information, when the

0. G
m| 6;,
= A
Lo AY
» v
@ 1
P
o
R
5 sl
0 L £ for 4
n n
Thickness A

Fig. 5. A density-to-thickness curve represented
by m segments.
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largest density-difference is the same.

Let us consider the rectangle as shown
in Fig. 6. The abscissa is the thickness
range (0, 1), and the ordinate is the optimum
density range which can be obtained from

D
O . ©

= a

5

o d

b
OO r 1
Thickness X

Fig. 6. A rectangle of (0, 1) by D, and modeled
density-to-thickness curves.

visual effects and film characteristics®.
Postulating that the information of the curve
outside of the rectangle is zero, we obtain
the maximum information F(D,) on the
diagonal line @ in Fig. 6. Now we define
the information volumes as

H= {F(Dm)}"S:F(G)dX, (8)

then, H takes the maximum value 1 on the
diagonal line @, being normalized.

In practice, sets of density-to-thickness
curves should be prepared for absorber
materials, equipment, exposure-factors,
screen and film-characteristic, etc. Then
we can calculate information volumes if an
object is given.

§4. Numerical Examples

A simple function satisfying (1) and (2) is
G" (1>n>0). Since we can assume that
information volumes saturate rapidly as
gradient G increases, the power n may be
less than one half. We assume for numerical
examples that

F(G)=G", n=1/3 (9)

Although the exact formula of F(G) should
be determined by physiological means, cal-
culated examples will be shown for charac-
terizing qualitatively the properties of
information volumes by assuming a formula
9).
(Example 1)

We will obtain the information volumes
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from the modeled curves in Fig. 6. In the
figure, modeled curves are represented by
straight lines. Exposure factors of line ‘g
are optimum, lines b and ¢ represents harder
and softer than optimum quality of radiation
respectively, and line d shows optimum
quality but quantity is less than the op-
timum. The ratio » is the rate of the
ordinate and/or the abscissa effectively used.
If curve & or ¢ is parallel transferred
within the rectangle, (0, 1) by (0, D,), as
shown in Fig. 7, H does not change. The

information volumes H of the curves b, ¢, *

d for various ratios 7 are shown in Table 1,
while H of curve g, is 1.

Hp constant He constant

Fig. 7. Groups of density curves having the same
information volumes. '

Table 1. Calculated examples of the information
volumes H on the modeled curves b, c and d in
Fig. 6, by assuming F(G)=Gvs

, Hy H, Hy

=pl-n =p* =7
0.1 0.464 0.215 0.1
0.2 0.585 0.342 0.2
0.3 0.669 0.448 0.3
0.4 0.737 0.543 0.4
0.5 0.794 0.630 0.5
0.6 0.843 0.711 0.6
0.7 0.888 0.789 0.7
0.8 0.928 0,861 0.8
0.9 0.965 0.931 0.9

From the table we can find the ratios 7
of curve b and ¢ having the same informa-
tion. For example, H, under r=0.5 and H,
under 7=0.71 are the same. We will obtain
other relations, using other formulae of F(G).
But it is true that, under the same 7, H, is
larger than H, so far as the power #n of
equation (9) is less than 1/2. Therefore we
€an conclude that a contrast-deficient radio-
graph which represents the entire thickness-

range has more information than an exces-
sively contrasted radiograph which does not
represent the entire range, when 7 is the
same.

(Example 2)

We will consider the effect of peak voltage
applied to an X-ray tube, using experimental
radiation absorption curves. In the exam-
ples, we assume that density-to-logarithm
exposure curve of film emulsion is linear,
intensifying-screen efficiency is constant, and
radiation-quantity is selected such that film
density at non-object areas have highest
density of the optimum density-range. Fig.
8 shows experimental absorption curves with

c 22—
B
m -
g 45 kVp ]
5 |8 H 0953
5
: ] 40 kVp ]
S 161 H 0991 |
;& 35 kVp |
o H 0848
2 141
- |
I‘3 A A i
0] | 2 3 365
mmA|

Fig. 8. Experimental radiation absorption curves
and their information volumes.

an X-ray unit, when an object is 0 to 3.65
mm Al and the optimum range of logarithm
transmission E,, is 0.7 which corresponds to
Dn=2.1, y=3. Peak voltages and informa-
tion volumes are shown in the figure., In-
formation volumes were calculated by means
of numerical integrations. In the figure,
40kVp is optimum but H is slightly less
than 1 according to the bend of the curve,
If the applied voltage peak is deviated, H
decreases in spite of plus or minus deviation.
But the decrease in H under +5kV is less
than that under —5kV.

(Example 3)

Fig. 9 shows the decrease of information
volumes of exhausted developer. Let the
initial information be the optimum, H of
100 th emulsion decreases to 47, when 10"
x12" films are devoloped in 5 litres of
developer.
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] 1st,.98
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i 80th, 74
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—_—
0 3 ! t ¢
0 [ 2
Relative log exposure
Fig. 9. Information volume of exhausted devel-
oper.

§5. Conclusion

In order to develop information-radiogra-
phy, a definition of the information volumes
of radiographs was given, with respect to
contrast-information due to test-pieces on
an object having a wide thickness-range.
According to the definition, the information
volume may be obtained from a film-density
to object-thickness curve. The maximum
information can be obtained when a density-
to-thickness curve is linear and passes

—208&8—

through the two corners of the rectangle in
Fig. 6. A contrast-deficient radiograph re-
presenting the entire thickness-range has.
more information than an excessively con-
trasted radiograph which does not represent
the entire thickness-range, when effective
rates » shown in Fig. 6 are identical.

The information volumes thus defined may
express radiographic effects of the combina-
tion of equipment, exposure-factors, and
objects. Some numerical examples were
given by using the assumption of equation
(9). The exact information volumes may be
obtained, if the formula of F(G) is deter-
mined with physiological means.
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& 5 # Information Volumes of Radiographs Modified
by Sharpness and Visual Effects

Hitoshi Kanamori,
Department of Electrical Engineering
Kyoto Technical University

§1. Introduction

In a previous paper,' infcrmation volume
of radiographs was defined using density-to-
thickness curves, {.e., macroscopic character-
istics, which relate to contrasts in an image
and observable thickness ranges. Below we
call it contrast information. The other factor
for the evaluation of radiographic image is
sharpness, i.e., microscopic characteristics.

Indexes for the evaluation of sharpness
hitherto utilized were: (1) based upon a
knife edge image, i.e., blur or maximum
gradient of a knife edge image, Nitka's
index,” and accutance; (2) fractional contrast
in a slit image, {.e., Rudinger-Spiegler’s
index:® (3) resolution in copper or steel lines
per millimeter; etc. Recently, as basic func-
tions for the assessment of sharpness, line
spread function defined in entire space
domain, and frequency response (optical
transfer function) in entire spatial frequency
domain were introduced.

In the next two sections which propose
new methods for evaluating sharpness, con-
trast information defined in the previous
paper"’ is first modified by fractional contrasts
in slit images of fixed widths. Therefore
this modified quantity is a function of
Rudinger-Spiegler’s indexes which relate to
integral of a line spread function. Secondly
contrast information is modified by frequency
responses at fixed frequencies. Therefore
this modified quantity is a function of fre-
quency responses.

In addition to the above two sections,
contrast information is modified by consider-
ing visual effects, since radiographs are

generally evaluated by visual inspection.

It should be noted that the term informa-
tion used in this paper is different from that
represented by the unit, 4if, in the informa-
tion theory.

§2. Sharpness Information due to Slit
Images

The directness of a knife edge or slit image
(quantity in space domain) is more readily
acceptable by radiologists than the use of
derived frequency response (in frequency
domain), so therefore contrasts in slit images
are presented first.

When a test piece of thickness dr having
a slit of width 2g is placed on a base mate-

Slit
- <20
8\ AV g
(a) g // 5 Object
= Y
— Distance
(b) ! % \ ‘EC‘ Image
= Cs
w
&
O
(c) f ; \ Jc  Image
Cs
Fig. 1. [Illustration of a slit-image.

(a) An object.
(b) A slit-image without edge effect.
(c) A slit-image with edge effect.
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rial of thickness x, density distribution of a
radiographic image becomes similar to Fig.
1 (b) or (¢). Figures (b) and (c) correspond
to images without and with the edge effect
respectively. Contrast, C, caused by d4x
measured without considering the blur of
the edge, was utilized in the previous paper.
Contrast in slit image, C,, is utilized here,
since the ratio C,/C is Rudinger-Spiegler’s
index introduced for evaluating sharpness
due to intensifying-screens.” The ratio C,/C
decreases as slit width decreases. Therefore
a fixed width such as the minimum percep-
tible blur thresholds, 0.1~0.2 mm,* may be
used. Rudinger and Spiegler utilized 0.15,
0.25, and 0.35 mm slits.

Contrast information'' is based upon gradi-
ents, G, of density-to-thickness curves be-
cause of the relationship

C=G4x.
Below a modified gradient,
G.=GC,C, (2)

becomes a basic quantity, which holds the
similar relationship to (1),

C,=G, 4x. (3)

Modified gradient, G,, cannot be directly
measured from characteristic curves. It
must be evaluated from eq. (2) after measur-
ing C and C, from the slit images and G
from wedge or step-radiograph.’

Contrast information'' was defined using
density-to-thickness curves as:

(1)

H=[F(D.)I" 5 FGax,
0

where X is thickness of an object so normal-
ized that the range to be inspected is changed
to be (0, 1). Since information due to gra-
dient G is thought to be a saturating increas-
ing function F(G), total information is the
integral of F(G) within the entire thickness
range (0, 1). If we compute the integral
only within the fixed density range D,, the
maximum integrated value becomes F(D,).
Therefore term [F(D,)]™" is added for normal-
ization.

Using modified gradient G, instead of
gradient G in the contrast information H,
we obtain sharpness information H, as

H.=[F(D,,.)1“§1F(G,)dx : (4)
0

Comparing H and H, we can discuss the
effect of sharpness together with that of
contrast,

Next, as examples, information volumes
are obtained from experimental values of
gradients G and G,. Similarly as in the
previous article,'' we assume that

F(G)=G", n=1/3.

(Example 1—Scattered rays excluded)
Fig. 2 shows the shape of aluminium

phantoms used in obtaining slit images.
_—:I*—O.me
lcm[

iem 0, Imm

I 0.5mm
| S— ‘ \\ L = |
l il
~Aluminium

0.5,0.1,0.05mm

Fig. 2. Phantoms used for obtaining slit-images.

Test pieces of three different thicknesses
(slit depths) were placed on separate base
plates, and each phantom. had both 0.1 and
0.2mm slit widths. Fuji photoradiographic
sheet film was directly exposed without a
screen. The phantoms were placed on a
film cassette (1 mm aluminium) and exactly
centered in an X-ray beam. A large focal
spot-to-film distance (1.5m) gave further as-
surance that the geometrical error due to
focal spot size (2mm) was negligible. Fine
grain processing procedures (FD-122) were
followed. Scattered rays were considered to
be absorbed by the base material and the
cassette.

For deriving the data with scattered rays
excluded, the following two experiments were
conducted.

(1) Various images having density between
0.2 and 2 were radiographed with various
(5~5000) milliampere-seconds but constant
60kV-peak. Fractional contrasts C,/C were
obtained from microphotometer traces which
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Fig. 3. Examples of relationships between gra-
dient, G or G, and thickness of aluminium when
scattered rays are excluded: Information
volumes estimated from the curves are shown.

represent transmittances. Since density dif-
ference is less than 0.06, transmittance and
density hold a linear relationship in individu-
al film.

(2) Aluminium steps were radiographed
with 60 kV-peak, 5000 mA -seconds, to obtain
a density-to-thickness curve as stated in the
previous paper.'’ From this curve gradients
were plotted for various thicknesses, result-
ing in the dotted line, G, in Fig. 3.

Thicknesses corresponding to base densities
in slit images were obtained from the density-
to-thickness curve, and values of G, were
derived by multiplying C,/C by G. The data
corresponding to the three slit depths for each
slit width resulted in the two curves shown
with unbroken lines in Fig. 3. Deviations
were within 15% for both curves.

Information volumes estimated from the
curves are added to the figure. Contrast in-
formation is 0.98, slightly less than one, be-
cause the gradient G is not costant.”

-~ 1
1

Cs

(a)
Fig. 4.

(b)

Illustration of edge effects.
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Contrast in the 0.2mm slit image was
emphasized by the edge effect produced
during processing procedures (as in Fig. 4, b).
Therefore G, exceeds G, i.e., sharpness infor-
mation exceeds contrast information. Re-
versely sharpness information of the 0.1 mm
slit is less than contrast information, because
blur decreases contrast in a slit image more
than edge effect emphasizes it (as in Fig. 4,a).

For expressing the edge effect, when ap-
pearing noticeably such as in xeroradiography,
we can use the maximum contrast in a knife
edge image (Casx in Fig. 4, ).

(Example 2—Scattered rays included)

When scattered rays are included, sharp-
ness decreases and contrast in a slit image
decreases. For comparison with example 1,
modified gradients, G, were obtained from
the following experiments: Geometrical and
processing factors were the same as in ex-
ample 1. In addition, aluminium plates with
various thickness less than 19mm were
placed one after another on the phantoms.
They were radiographed individually with
60 kV-peak, 5000 mA-seconds, the same as
the density-to-thickness curve was derived
in example 1.

For obtaining modified gradients G,, frac-
tional contrasts C,/C were measured and
multiplied by gradients G (obtained in ex-
ample 1) corresponding to the thickness of
aluminium plates. Gradients G, thus derived
were plotted and smoothed into curves G, in
Fig. 5. In this figure the curve G is trans-
ferred from Fig. 3.

Information volumes due to 0.2 and 0.1 mm
slits respectively decrease to 0.93 and 0.81,
as compared to those in example 1 (1.04 and
0.91).

- T s
X‘Z‘ﬂlzl g - L/

(c)

(a) When a slit is narrow, contrast in a slit image, G, is less

than the contrast, C.

(b) When a slit is wide, C, becomes greater than C.
(¢) Maximum contrast in the image of a knife-edge, Cuux-

-—
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Fig. 5. Examples of relationships between gradi-
ent, 7 or (7,, and thickness of aluminium when
scattered rays are included: Information
volumes estimated from the curves are shown.

§3. Sharpness Information due to Frequency
Responses
Another possible method for representing
modified gradients G, is to use frequency re-
sponses which have recently been introduced
in radiography. Instead of fractional con-

trast, C,/C, of slit images with a fixed width
(Rudinger-Spiegler’s index), we can utilize
frequency responses at a fixed spacial fre-
quency, R(f). Refering eq. (2), we obtain

G.,=GR(f). (5)

The values obtained from the two different
methods are different, in general, because
C,/C and R(f) have no simple relationship.

(Example 3)

Frequency responses were derived from
knife edge images in the same radiographs
as used in Examples 1 and 2, since the outer
edges of the test pieces in the phantoms
(Fig. 2) were knife edges. Since contrast is
less than 0.06, transmittance (microphoto-
metric trace) and density have linear relation-
ships. Therefore the gradients of a knife
edge image form a line spread function.
Frequency response is the modulus of Fourier
transform of the line spread function. There-
fore we can obtain frequency response from
a knife edge image D(x) using the equation:

R(f)=C" «/G:,D""’ cos 2afx dx)‘+(51D'(x) sin 2z fx dx)' )

where, D'(x)=dD(x)/dx, and normal contrast
C is a normalizing factor for maintaining
R(0)=1.

Frequency responses thus obtained vary
with base densities because of nonlinear
characteristics of radiation absorption and
film emulsion. Fig. 6 shows a typical shape
of a frequency response curve. ' Due to edge
effect, response exceeds 1.0 at low frequency:

In Table I, for example, estimated infor-
mation volumes from responses for 5 and 10
lines/mm are compared with those obtained
from 0.2 and 0.1 mm slit widths respectively,
In these cases, the values from frequency
responses exceed the values obtained from

Table I. Sharpness information obtained from
frequency responses compared with those
obtained from contrasts in

slit images

Scattered| Scattered
rays rays

excluded| included
From frequency[ 5 lines/mm 1; L} 0.95
responses at 10 lines/mm 0.95 0.88
From images of [ 0.2 mm 1.04 0.93
a slit width of 0.1 mm 0.91 0.81

(6)

Rﬂ'ld!
1.5 /

Response
o

|
|
|
|
| |
I |
| |
} |
. {
I I
I |
| Il

0 5 10 15
Spatial frequency (lines/mm)
Fig. 6. A typical frequency response curve: with
density 1.0, test piece thickness 0.5mm, and
scattered rays excluded.

slit images, but within 109, However, note
that this relationship would vary with the
shape of response curves,

For expressing the edge effect, we can
use maximum responses R,.. as shown in
Fig. 6.

§4. Modified Information Volumes Using
Visual Effects

In the previous paper' as well as in pre-



vious sections of this paper, visual effect on
the perception of contrast within applicable
density-range was postulated to remain con-
stant, and outside the range, to be zero.
However, physiological contrast has a maxi-
mum at the optimum density and decreases
continuously as density varies from the opti-

mum value.*
Let modified gradient, g, be the ratio of
gradient G to minimum perceptible contrast,*’
g=G/d4Dy;. , (7]

then modified information volume is obtained,
referring to the previous paper,'’ as

b
:S Flg)dx (8)
where, % is object thickness (not normalized),
(a, b) is xz-range to be inspected and F(g) is
the same saturatingly increasing function as
used in eq. (4).

Densily cor:PSpond'nq to exposure
02 DS 0,4 , 05 UB I'i 30 ‘2

[3 5097

400 g— /

3D

o T

F{B|OI Ve BXpGSUre
Fig. 7. Physiologically modified gamma, 4 (the
ratio of gamma to minimum perceptible contrast),
of FUJI-PX X-ray negative films, as a function
of log E, using a 16,000-radlux viewer and
uniform background-density

Fig. 7 shows an example of physiologically
modified film gamma, 4, defined as

3:?‘,',Du1in B

In the figure the lower abscissa is logarithmic
exposure (log E). Density corresponding to
exposure is shown in the upper abscissa.
This is the data of an X-ray film Fuji-PX
observing a test piece with uniform back-
ground density on a 16,000-radlux viewer

A change in object-thickness. x. produces
a change in logarithm exposure (log E), i.e.,

(9)
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dllog EY=g'dx, (10)
where, g’ is the gradient of the log £ vs. x
curves. Combining the relationship G=g'r

with egs. (7) and (9), we obtain the basic
relationship between modified gradient g and
modified gamma, é:

g=g'd. (11)
Converting the integrating variable dx in
(8) to d(log E), we obtain
y
={IFeoigiaaosn, a2
where (¢’ ') is log E range corresponding
to the thickness range (a, b). Using eq. (12),
we can compute information volumes, &',
from a & vs. log £ curve for various log E
vs z relationships which depend upon quality
and quantity of radiation.
The variation in g vs. x curves for various
log E vs. x relationships is shown in Fig. 8.

Thickness, x
—>

Fig. 8. The variation in g vs. z curves derived
from a 4. vs. log E curve for various log £ vs.
2 relationships: (a. b) is object thickness range

to be inspected.

The left hand curve is the 4 vs. log E curve
transferred from Fig. 7. When g'=1, the
g vs. log E curve can be used as g vs. x
curves which shifts depending upon radiation
quantity (curves A and D in the upper por-
tion). In general cases, the ordinate of a g
vs. x¥ curve is proportional to g’ and the
change in ahscissa is proportional to 1/g’.
The value of g’ varies depending on radia-
tion quality. Curves Band C show the cases

—-29—
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of g'=1/2 and 2 respectively.

Referring to the upper portion of Fig. 8,
information volume increases with the area
under the curves within the range (a, b).
This area seems to have a maximum when
a log E vs. x curve (lower portion of Fig. 8)
is selected properly, i.e., information volume
is thought to have a maximum when quality
and quantity of radiation are selected pro-
perly. This important property is shown in
the following computations. In the examples,
log E vs. x curves are assumed to be straight
lines, i.e., g’ is constant over the entire
range of each curve, and again

Flg)=g",
is assumed. Then equation (12) becomes

(13)

B= g"’”Sbé"sd (log E) . (14)
The data of the § vs. log E relationship in
Fig. 7 was used. For various log E vs. x
relationships, g’ and (a/, b') vary in the
computations of eq. (14). In Fig. 8, indicat-
ed log £ range (a’, 5') corresponds to g/=2
(curve C).

(Example 4—When radiation quality deviutes

Jrom the optimum value)

Supposing that curve A corresponds to
maximum information, we can observe that
curves B, C, and D correspond to harder
quality, softer quality, and excess quantity
of radiation respectively (¢’ now indicates
relative values). )

Now, we compute information volumes
when radiation quality varies as in curves
C, A, and B. In this case, let d denote log
E value at the maximum g, integrating
ranges (a', b') are so selected that each of
b'—d and d—a' is inversely proportional to
g'. Computed information volumes normal-
ized by dividing by the maximum value are
shewn in Fig. 9. Here note that, near max-
imum information, ' and &' were so chosen
that § at the both ends become equal.

Information has a maximum at 1.6 and
decrease to 907, at 0.7, showing flat charac-
teristics.

(Example 5—When radiation quantity deviates

Jrom the optimuwm value)

Normalized information volume correspond-
ing to the curves shifted horizontally from
the maximum information (such as curve D

08

0.6 1

0.4 4

0z

o ; ; 1

0 05 1.0 15 20 23
Width of Log £ range, &'- @’

Fig. 9. Information volumes when radiation qua-
lity deviates from the optimum value.

+ + 0 t 1

-0 -05 0 05 10
Fractional range shift c-a
b-a

Fig. 10. Information volumes when radiation
quantity deviates from the optimum value.

shifted from A) were computed as shown
in Fig. 10. The abscissa is fractional range
shift (¢—a)/(b—a); (see the abscissa in Fig.
8). In this case, range (¢', b') was shifted,
however the difference b’'—a' was kept con-
stant as the value equal to the difference
corresponding to the maximum information
in example 4,

Equations (8), (12) aud (14) can be normal-
ized by dividing by their respective maximum
information volum.:s.

Information d:creases more rapidly from
the maximum in Fig. 10 than in Fig. 9.
Therefore selection of radiation quantity is
suggested to be more important than quality
selection.

_—



§5. Conclusion

In the previous paper,'’ information volume
due to contrasts, H, was defined using macro-
scopic density-to-thickness characteristics.

First, this paper gives information due to
sharpness, H,, which relates to microscopic
characteristics. Two methods for the esti-
mation of H, are proposed: one is to use
contrasts in slit images (Rudinger-Spiegler’s
index) of a fixed width, and the other is to
use frequency responses at a fixed spatial
frequency. These values, H,, can be com-
pared with contrast information, H. Because
of unsharpness of a knife edge image, H, is
usually less than H. Contrary to this, when
edge effect is noticeable, H, exceeds H.
When estimating noticeable edge effects such
as in xeroradiography, maximum contrasts
in knife edge images can be used.

Second, in reference to visual effects,
modified information volume was also com-
puted using minimum perceptible contrasts.*’
Also by this definition, maximum information
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volume was obtained, and the method of
normalization was explained.

The new concept is applicable to non-
linear as well as linear systems, and to nega-
tive as well as positive images, and is also
useful in discussing the information volume
in image-transfer systems in which contrast
can be selected.

In order to accomplish satisfactory assess-
ment of a radiographic image, the above
consideration will have to be modified by
taking into account another important factor,
granularity.
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of which are circles, with Image Amplifier
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