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EXECUTIVE SUMMARY

This report, written by the Nuclear Regulatory
Commission Task Group on Digitization of Industrial
Radiographs, contains o review and evaluation of the
technology, equipment, and codes “nd standards related
to the digitization of industrial radiographic film. The
report presents recommendations and  equipment-
performance specifications that will allow the digitization
of radiographic film from nuclear power plant
components in order to produce faithful reproductions of
the images on the films.

The basis for radiography of components contained 1n
nuclear power plants i the American Society of
Mechanical Engineers (ASME) Boder and Pressure
Vessel Code, § “ian V, Article 2 and Article 22 (the
Sechun containing .ne awcg;ad American Society for
Testing and Materials |ASTM) standards). Article 2 of
ASME Section V establishes the minimum requirements
for radiography. The requirements in these codes that are
important o digitization are the parameters establishing
the actual image recorded by the radiograph. These are
optizal density, image quality indicator, and geometric
unsharpness. For radiographs of nuclear power plant
components, optical deasities (C1s) of 1.0 to 4.5 must be
digitized. Film digitization is a relatively new technology
and there are few standards for the digitization of
radiographs. However, the ASME Section V Appendix
11 document on digital image methods for radiography
and radioscopy addresses this issue. This recent
document outlines in ver broad terms the requirements
for digitizing radiographs.

For faithful image reproduction (in terms of equal
performance for & film interpreter), the digitization
system should be capable of displaying density variations
as small as 0.01 OD and features as small as 100 um,
Theoretical and experimental considerations leading to
these values are presented in this report.

Four basic parameters determine system performance:
(1) digitizing spatial resolution (DSR) (i.¢., pixe! size or

ng) (2) dynamic range; (3) digital fidelity (e.g., 12
oits); and (4) minimum detectable film density change.
DSR s the determining frotor in the system’s
spatial-resolution limits. The minimum detectable film
density change i+ dependent upon digital fidetity and
noise level. All of these performance f 1ors may be
characterized as a single function known as the
modulation transfer function (MTF). The MTF should be
used as a measure of ystem performance and a
recommended procedur: for this measurement s
described in the report, We determined that at § line pairs
per millimeter (Ip/mm), an MTF of U323 will be required
te detect a 10-pm feature with a contyast sensitivity of

vil

001 OD. In addition, a 12-bit system with a
signal-to-noise ratio of at ieast 2000:1 at 2.0 OD and 300:1
at 35 0D is required. Data storage will require
wrile-once/read-many technology. Standards must be
developed to qualify and monitor system performance.
Image processing should be carried out by | alified
personmel and mast not lead 1o the loss of data acquired in
the nitial digitization. All of the above represent
minimum acceptable requirements.

The state-of-the-art equipment available in today's
market seems capable of providing digital copies of
existing ra‘iographs that are essentially identical to the
onginals. In foct, most digitization techniques provide
some slight unprovement in the readability of the digital
image over the orginal  through cnhancement
techniques. For example, the digitization process
provides an averaging of the density variations in small
arcas of the film. This improves the signal-to-noise ratio
of the image as interpreted by the eye. The main goal in
image enhancement is 1o acceiituate certain often- subtle
image features for subseqient analysis or disolay, The
enhancement process itself does not increase the
inherent informatior “catent in the data. Enhancement
does, however, increase the visibili*o of the ¢hosen
leatures so that they can be detected more readily.

Storage of ihe digitized image on write-once-read-many
optical Jiscs or their equal and lossless compression of the
data will assure that no valuable records are lost.
Life-ime of the optical disc storage is anticipated to be up
to 100 years.

As a result of its expenments and evaluations, the task
group feels there is a need for persoune! with both
radiographic  interpretation  skills and  digitizing
equipment operation skil's in order to produce quality
archived radiographic images. These personnel should be
skilled in the proper selection and use of image
provessing techniques cnd in interpreting and analyzing

© the digitized radiographic images. Furthermore,
« Tuipment meeting minimum specifications and capable
procedures need to be used by qualified personnel in
orde. 10 develop faithful digital images of flaw indications
of interest on the radiographic films. Therefore, a
performance demonstration test for qualification of the
digitization  process which includes the personnel,
procedures and equipment is required.

Although we have cited in this report 8 number of
standards related to film digitizati“n it is our opinion that
no existing standard specifies the minimum capability for
a radiographic diguization system.

NUREG-1452



Generw Lener 88-18, Plant Record Storage on Optical
Disks, dated October 20, 1988, provides an acceptabl
framework for the storage of digitized radiogra
images.
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LIST OF DEFINITIONS AND NOMENCLATURE

Aliasing— Introduction of error into the reconstructed
image because the sampling interval does not allow the
proper representation of higher frequency information.

ASME — American Society of Mechanical Engineers
ASTM— American Society for Testing and Matenals

CCD (Charge-Coupled Device) — A semiconductor device
wherein minority charge is stored in a spatially defined
depletion region at the surface of a semiconductor and i«
moved about the surface by transferring this charge to
similar regions.

Contrast Sensitivity—The smallest contrast of brightness
that is perceptible to the human eye under specified
conditions,

Data Compression—The technique of reducing the
number of binary digits required to represent data.

Digital Filter—An electrical filter that responds to an
input which has been quantified, usuvally as pulses.

DSR—Digital spatial resolution

Dynamuc Range--'ihe ratio of the specified maximum
signal level capability of a system to its noise level.

EPS—Equivalent penetrameter sensitivity

Film  Unsharpness—Inherent  unsharpness  of the
radiograph.. film. It is one of the eclements of
unsharpness in high-egergy radiography and increases
with increasing radisi.on energy and film grain size.

Geometric Unsharpness—Unsharpness in a radiograph
definc the expression Ug = F/(D/) where F is the
focal +| .« wize, D is the distance from the focal spot 1o the
fromt surlace of the object being radiographed and t is the
thickness of the object or the distance from the front
surface of the object to the film.

1Q1~Image qunlity indicator

Interlaced Scanning—Process in which the distance from
center to center of successively scanned lines s two or
more times the nominal line widti, 8o that adjacent lines
belong to different fields.

(MTF) Modulation Tronsfer Function— A relationship
which describes the ability o! & system to render detail asa
function of the spatial frequency of the subject. It 1s
detined as the ratio of the image amplitude to the object
amplitude as a function of the spatiai frequency of the

i

object. For film digitization systems, it can best be
approximated using a pattern of alternating light and dark
bars which get progressively finer. At very low spatial
frequencies, the system fully images the light and dark
bars and full modulation is achieved. As the spatial
frequency of the light and dark bars increases, the
blurring introduced by the imaging system will result in a
loss of contrast between the light and dark areas. In the
extreme, the imaging system will no longer be capable of
resolving the light and dark bars and the image produced
will be a uniform medium gray. The M1F for an imaging
system is then expressed as a curve relating the image
contrast produced (in percent of full modulation) to the
spatial frequency of the input pattern. It s usually
specified as a contrast ievel at a given spatial frequency (in
line pairs per millimeter [Ip/mm]).

OD (Optical Density) ~The degree of opacity of the
radiographi¢ film expressed by Log (I,/1) where L is the
intensity of the incident ray and I i the intensity of the
transmitted ray.

Penietrameter (Image Quality Indicator)—Device used to
indicate the quality of a radiograph. In one type, quality is
judged by checking for the discernability of certain holes
in a thin plaque or from the outline of the plaque itself.
Customarily, because many codes are so phrased, the
plague thickness (T) will be 2% of the weld thickness, and
visihility on the radiograph of a hole whose diameter is
two times the plaque thickness (2T) will be required. A
wire ‘vpe of penetrameter can also be used. Customarily,
at least two thirds of the significant wire length should be
resolved on the film, The wire diameters vary.

Puwel~"The smaliest part of electronically coded picture
image. The smallest addressable element in an electronic
display

Refresh Rare  Rate at which one periodically replaces
data to prevent the data from decaying.

Signal-to-Noise Ratio (SNR or S/R)-—-The ratio of
amplitude of a desired signal at any point to the amplitude
of noise signals at that same point.

Windowing— The process of selecting, from the data of a
digitized image, a limited range of the toial dynamic range
available and presenting it on the monitor. It may not be
possible to show the entire dynamic range acquired in the
digitization process, if for example, the data acquisition
system is 12 bits (4096 levels of gray) and the image
presentation is 8 bits (255 levels of gray).

WORM — Write-once/read-many device for data storage.

NUREG-1452
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1 INTRODUCTION

Radiogrephic information s crucial i ensuring the
quality of constructon and the structural integnty of
nuciear power plants. Radiographic film can capture the
needed ilaw information from the many maiery  wnd
components found in a nuclear power plant.  Jes
require that specific records be kept for the Ifetime of the
plant, and the radiographic films are part of these
mandated records. It is imperative that this information
be both uaaltered and quickly retrievable for at least the
life of the plant. However, radiographic films are known
10 degrade with time; therefore, information may be
altered and/or destroyed, and furthermore, the large
volume of radiographs at a plant makes retrieval difficult.
Recent technology may be able to overcome thesc
probiems.

Kecently developed technology permits the digitization
of industrial radiographic films. Because of the problems
mentioned above, the nuclear industry is interested in
using this technology: therefore, the Office of the
Fxecutive Director for Operations of the Nuclear
k;gl:‘lamry Commission (NRC) has requested that a
technic | position on the digitization of radiographic films
be developed. In response to this request an action plan
was developed. A task group was formed to review and
evaluate the technology, related codes and standards,'~'#
and technical issues.

This task group consisted of personnel from the NRC
(headquarters  and  regional  offices),  national
laboratories, and industry who have expertise in

ingraphy, codes and standards, signal processing, and
qualification processes for nondestructive testing. The
task group followed the developed action plan and met to
plan activities and conduct interactive technical
discussions and evaluztions, visited vendors of equipment
for digitizing radiographic film, conducted literature
searche , performed experiments, and prepared this
document.

A major advantage of digitizing radiographic films is that
archived radiographs in digital form can eliminate further
degradation of data in the existing films due to aging.
Therefore, the original filmscanbe dr . "o *or recycled,
resulting n & savings Ol Space w. . ' rage CoOSIS
Furthermore, digitizing provides easy management of the
data and access 1o the data from multiple sites through
electronic means. The digitized radiograph can take
advantage of ymage enhanrement techniques that may
make a discontinuity n. re readily visible to confirm s
presence and/or determine its extent.

Because radiographic film degrades over time, many films
may nol remain acceptable throughout the anticipated

40-year life ~f the facility and beyond. “hus, digitization
and storage of radiographic films may be consiucied
desirable by the industry to support a request for license
renewal and ersure that the quality of the information is
maintained during the extended life of the plant.

This report contains (1) technical specifications for tie
digitization of radiographic film to faithfully reproduce

the radiographic image; (2) a revi-..  ° background
information, including codes . . . ards for the
radiographic examination of . . power plant

components; (3) the technical basis .- justification for
the equipment performance parameters recommended;
(4) a review and evaluation of existing equipment,
technology, and codes and standards for the digitization
of re liographic film images; (5) a discussion of
implementation  issues,  including  performance
demonstration for personnel using digital imaging
systems; (6) recu 1mendations and conclusions, and (7)an
executive summary.

2 TECHNICAL BASIS

In this section, the codes for radiography of nuclear plant
components will be reviewed and standards relevant to
the digitization of radwographs will be discussed.
Determination of the minimum size of an indication to be
imaged, as estimated from open-literature publications
and experiments by the task group, will be presented.
Finally, the specifications of a systern capable of digitizing
radiographs with the necessary contrast sensitivity and
resolution will be discusse?

2.1 Review of Relevant Codes for
Radiography of Nuclear Power
Plant Components

The codes applicable to radiography of components
contained in nuclear power plants currently ope:ational
or under construction in the United: States are the
American National Standards Institute (ANSI) B31.1,
ANSI N31.7 code and the ASME Code. ANSI B31.1 is
the applicable construction code for piping components
of plants constructed before the ASME Code took
responsibility. Some plants were constructed under the
ANSIN31.7 code for piping components. This was a code
formulated specifically for nuclear power plants and also
preceded the ASME Code. Most plants fall directly
under the junsdiction of the ASME Code. In most cases,
the radiography of welds was done in accordance with
ASME Section V. Specific ASTM standards are
referenced for guidance by ASME,

Thus, the basis for weld radiography in nuclear power
plants, for the most part, 18 ASME Section V, Article 2
and Article 22 (the section containing the accepted

NUREG-1452
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ASTM standards).  Article 2 of ASME Section V
establishes the mintmum requirements for radiography.
The requirements important to digitization are the
paremcters establishing the actual image recorded by the
tadionraph.  These »re optical density, image quality
indicator, and geometric uncharpness.

The ASTM standard nce radiographs for steel
welds # s clearly pe because it permits the
establishment of types anu sevenities of discontinuities
encountered in stee! weidmoents. The ASTM s'andard
that describes radiographic u: pection of welds is also
cited.® The soope of this method standard “provides a
antform procedure for radiographic examination of
weldments ..

2.1.1 Optical Density

For single-fi = viewing, the optical density (OD) of a
r_diograph produced by X-rays may be no less than 1.8
when measured through the body of a plaque
penetrameter or when measured immediately adjacent to
& wire penetrameter and in the area of interest. The
minime-s OD for a radiograph produced for single-film
viewing with an isolope is 2.0. The mintmum for a single
fitm when used in composite viewing is currently 1.3,
regardiess of the radiation source. Some earlier versions
of the ASME Code permitted individual films of a
composite series 10 have oplical densities as low as 1.2, It
is relatively common 1o stack multiple films in order to
abtain acceptable optical density over the full area of
interest.  ‘The maximum OD in all cases is 40. A
toterance of 0,05 OD is allowed for variations between
densitometer readings.

In addition to these overall density limits, the
penctrameter density must be within -15% and + 30% of
the dengity in the area of interest. In later editions of the
ASME Code, the upper limit can be exceeded if shims are
used and the required soasitivity is maintained. Multiple
penetrameters are often placed on a single film to cover
variations in optical density; this ensures the quality of the
area of interest.

2.1.2 Image Quuality Indicators

The image quality indicator (1Q1) is used 1o ensure that
some minimum image quality is obtained. 1t is nota direct
indication of the minimum flaw size that can be revealed
in & radiographic exposure. A popular misconception
stemg from the comparison between the minimuom
deteciable hole in the penetrameter and the minimum
detectable indication i the object being radiographed.
Sinee the issuance of the 1986 edition of ASME Code
Section V, two distinet and veny different 1Q1s have been

NURLEG-1452
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available for radiography: the plaque penetrameter [Q1
and the wire 1Q1.

The plaque penetrameter is the first and still the most
popular image o?ualny indicator in use. The plague
thickness is 2% of the thickness of the object in the area of
interest. For purposes of the ASME Cade, the applicable
object thickness for a welded structure is the base
material thickness. For radiographs of castings, the 1Q1
thicknese is based on the end-product thickness of the
casting.

The plaque penetrameter contains three holes. For
radiographs of ASME Section III Subsection NB
components taken in the early 19808, the penetrameter
includes a slot. Diameters of the three holesare 1, 2, and
4 times the plague opthickness. The quality of the
radiographic image is defined by the combination of the
101 thickness used and the minimum hole thi: must be
seen by the radiographic interpreter. In ASME codes,
only two quality levels are generally specified, 2-27T or
2-4T. This indicates a penetrameter of 2% thickness (2-)
with the minimum visible ho'e 2 times penetrameter
thickness (2T) or 4 umes the penetrameter thickn
(4T). For more difficult radiographic applications, the
Code affords the radwographer greater latitude by
requiring only a 2-47T quality level.

Relatively new in the ASME code is the use of wire
penetrameters, which is allowed through acceptance of
the ASTM standard for wire penctrameters ASTM E
7475 That document describes a series of four wire 1Q1s
that apply to material thicknesses up to 20 in, Each 101 i¢
a plastic envelope tiat contains a series of wires. These
wires are equivalent to the combination of plaque
thickness and penetrameter tole as an indicator of
radiographic quality. The qual,, .»«. . designation when
using the wire 1QI is the 101 identficition and wire size
that must be shown. This type of 1Q1 has been specified
for many vears in the Deutsche Industry Norm (DIN)
standard used in Germany.

2.1.3 Geometric Unsharpness

The geometric unsharpness is the blurring of the
radiographic image caused by the fact that the radiation
source has a finite size. It is dependent on the physical
size of the radiation source, as viewed from the film
location, and the ratio of the part thickness 1o the distance
between the source and the part.  The geometric
unsharpness is limited by most radiography codes and
standards to control the amount of blurring so produced.
The ASME Boiler and Pressure Vessel Code, Section V,
limits the geometric unsharpness o one of four values
dependin, on the part thickness as described below in
Table 1.
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s based on prior work at the National Institute of
Standards and Technology.® The approach takes into
account accepted ideas for visual perception.” This series
of vracklike images at various contract levels could serve
as a method to qualify digitized radiographic methods.

Although we have cited a number of siandards related to
fitm digitzation, it is our opinion that no existing standard
specifies minimum requirements for a radiographic
digitization system; this s the type of information under
discussica tn this NRC Task Group Report.

2.3 Minimum Radiographic Indication
To Be Imaged

Spucifivations reguire the dewectinn of a plaguetype
penetrametor whose tlickness s 2% of the matenal
thickness and the detection of a 41 diameter holc in the
plague. Fo:small thickness changes, one can assume that
a 2% thickness change will give approximately a 2%
contrast change. In this situation, a minimum density
change of 0.02 OD must be detectable,

Past resedash indicates that a qualified film interpreter
can detect density variations of at least half that value, or
a density change of 0.01 OD.'394 “Therefore, for faithful
image reproduction in terms of equal performance for a
film interpreter, the digitization system should be capable
ol displaying density variations that small.

Ideally, one would prefer a film digitzation system that is
capable of reproducing low-corfrast indications of tight
cracks. Radiographic detection of such cracks depends on
many factors, including the angular orientation, length,
and depth of the crack. In addition, radiographic
detection oon vary because of system parameters such as
rediation  source  size,  object-to-film  distance,
source-to-object  distance, source energy, and film
characteristics.  Many system parameters relate (o
radiographic unsharpness,'®-'* a factor that includes
geometry, film, screen, and movement parameters. At
the energies needed for madiographic inspection of
relatively heavy steel nuclear plant components, the
unsharpness of double-emulsiorn fiim can be significant,
1e, on the order of 0.1 mm % “The other major
unsharpness facior in most situations s geometric
unsharpness. The ASME Caode places upper limits on
£ ‘metric unsharpness varying from 0.5t0 1.8 mri. Total
unsharpness increases as the square root of the sum of the
squares of the contnibutors. Even o extre—= meas res
are used 10 reduce geometric unst . vess, film
unsharpness sets a lower limit for image deail size in a
radiograph.

The impact of unsharpness on crack detection is that the
him image of a narrow crack s spread in the emulsion and
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the contrast is reduced. Halmshaw '3 cites the example of
a crack width of 0.625 mm radiographed under conditions
of total unsharpaess of 0.2 mm. Contrast for the crack
image is reduced by a factor of eight from the theorencal
maximum. The example numbers are reasonably realistic
as applied to radiographic inspection of nuclear power
plant components. Note #'so that the film representation
i the crack is at least as broad as the total unsharpness.
The anticipated film unsharpness of a¢ least 100 pum
provides a consetvative estimate of the minimum tmage
detail  size, because additional factors, including
gecnetric vasharpness and scattered radiation, would
further brcaden the image.

With these factors recognized, the spatial-resolution
capability of some available film digitizers 18 adequate.
The resolution is also somewhat confirmed by the recent
work of Ciorau '® which indicates that 300-kV X-ray
examination of 48-mm (1.9 in.)-thick steel under ideal
geometry conditions with a slow, fine-grain X-ray film
shows a leveling charactenistic for detection of cricks with
widths of 100 pum ~rless. Ciorau’s crack samples included
widths down to § pm.

The results of the experimental work carnied out by the
Task Group are consistent with the results in the
literature cited above. The Task Group’s work consisted
of radiographing two bhlocks butted together with gap
width varying from zero 10 300 jum. Radiography of thase
samples was performed with parameters that would
produce considerably lower total unsharpness than might
be expected in nuclear plant inspections. Microscopic
examination of the radiographs revealed indications of
these gaps as narrow as 30 jem. Digitization of these films
at 70-um  digitizing spatial resolution produced a
readabie image of the gap in all areas, although with
considerably greater width than was indicated on the films
(and with lower contrast.) Thus the radiographic
indication wzs not faithlully reproduced.

In adduion to this experimental work, actual radiographs
from an operating nuciear power plant were digitized at
several facilities. Thesc films represented a difficult case
in that they were of a very high density and the indications
were small, low-contrast, and barely visible to trained
observers.  The radiographs were digitized on seven
different systems whose characteristics are tabulated
below in Table 2.

The indications of nterest in the films © ere visible in
the digitized image on all systems with 12-bit digital
fidelity and a DSR of less than 70 pm. They were not
all visible on the 8-bit system or on the systern with
the DSR of 100 pm.

These and the expernimental results support the accuracy
of the calculated performance requirements.
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This is illustrated in Table 5 for a 14 X 17 in. film using a
12-bit digitizer.

Table 5. Required Storage S as a Function of
Pixel Size e

Sto Space
Pixel Size (um) No. of Pix~ls (r?:ryles)
200 1778 x 2159 7677
100 3556 x 4318 30.71
50 7112 x 8636 122.8

Obviously, extremely small spot sizes can quickly exceed
the storage space capacity of even cptical disk media
when many images from large films are digitized.

lLarge detestor arrays made from photomultiplier
tubes, photodiodes, and CCDs have b en used. Each
detector type has its own advantages ar d disadvan*iges
in terms of stability,cost, and auxilian requ’ ements.
Photomultiplier tubes require extreme v ~laple power
supplics to provide stable outputs. Photomultiplier tube
output can vary as the 6th to 10th power of the applied
voltage change and can transfer ripple from the power
supply to the signal.

Photodiodes are available in arrays (originally for Fax
machines) that could be appropriate for the digitizing
system. The length of these arrays is currently limited to
8.5 in, Production of 14-in. arrays should begin this year.
The photodiode arrays have excellent linearity of over
four decades of incident luminous flux with good
quantum efficiency. However, the available systems re
limited to 85 pm sampling cver a maximum leagth of 6.5
in.

CCD linear arrays are now available with 6000 elements
of about 10 pm each. They lack the desired dynamic
range and sensitivity and require teraperature regulation
or thermoelectric cooling 1o reduce dark current to
acceptable levels.  With electronic processing, the
dynamic range of the antiblooming CCD sensors has been
made acceptable.

Data from the CC ! arrays can be digitized rapidly - that
films can be read in seconds. With the data leaving the
CCD in two strear.s at S MHz, scan rates of 800 lines/s
can be obtained.

Data Processing  Data processing in digitization includes
analog signa’ conditioning, analog-to-cigital  (A/D)
conversion, log conversion. and data  correction
techniques. These processes are well known and
established for ea~h of the detector systems described
abo . Newer detector systems require corrections for
dark current and for sensitivity variations in the individual
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clements. Such electronics are often sold as an integral
package with the detectors.

Other signal handling 1s rather straightforward. Each
systen will have its own corrections transformations, and
amuplification requirements which are readily available
and match stanaard techrology.

Mechanical Consideration= Other than wear in rapidly
moving mirror  systems, the major mechanical
considerations for digitizing systems will most likely be
the av nated film handling systems and the
variable-: Jot-size selection arrangements. Film handling
is an important consideration i the systems that must
have high throughpui for economical handling of the
many films that must be digitized at a single nuclear
facility. Handling is critical in terms of filrn registraticn
alignment, and ilentification, and possibly in recognition
of film sizes. Also recommended are features such as
audio signals for jams and other malfunctions, indications
of empty input or full output containers, and automatic
handling of different film sizes and thicknesses.

Experimental  Evaluation Experiments have been
conducted with private and commercial film digitizing
systems to determine the acceptability for reproduction
of radiographs from nuclear power planis. These
experiments include digitization of radiographs with a)
difficalt-to-image indications, b) images from two blocks
butted together with varying gap widths (0 to 300 jim ), ¢
wide optical-density ranges for the varying gap width
radiographs ard d) imag: quahty indicators (1QI).
Results of these experiments have convinced the task
group that the present state-of-the-art commercial
systems can satisfactorily digitize code-acceptable
radiographs for archiving and screen (CRT) display.

4.3 Image Processing

Radiogranhi. interpretation is the skill of applying visual
acuity 1o ex..act needed information from a radiographic
image. The detectability threshold, however, varies from
interpreter to interpreter and is dependent on the
interpreter’s training, “vperience, and visual perception
ability. The result i, a subjective interpretation of
rarfographic images. !t is therefore appropriate to pse
image processing techniques on digitized radiographs as
an aid to film intcrpretation.

The concept of a “processed image™ should not be new to
the expernienced film interpreter. Onc only has to
understand how an image 1s formed on a {ilm to realize
the = v ograph is one form of a “processed image.”
Factors such ©s exposure parameters, processing
conditions, and viewing conditions all significantly affect
the image enhancement of film systems Furthermore,
one should not hesitate to apply digital image processing
techniques as long as the original digitized image data are
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preserved and the interpreter has a basic understanding
of image procesing, which is required for the
interpretation of processed images.

Conventional digital image processing is con.erned
with the manipulation and analysis of digital images. Its
major subareas include enhancement, restoration,
analysis, and data compi ession. In addition, simple image
manipulations such as rotation, flip, and zonm, are often
NECcessary.

43.1 Image Manipuladion

Proper positioning of digitized images often requite the
rotation of the ‘mage by 90° or 180.° It may also be
desirable to flip the image because the film has been
digitized up-side down. Zoom provides magnilied
viewing of arca. of interest within a digitized image.

4.3.2 ITmage Enhancement

The main goal in image enhancement is to accentbate
certain and often subtle ima;e features for supsecuent
analysis or display. The enhancement process iself
does nat increase the inherent information content in
the data, but does increase the visibility of the chosen
features so that they can be detected more readily. The
enhancement functions listed in Table 3 are considered
the minimum required to fully interpret the digital
radiographic image. Image enhancement techniques are
discussed in Appendix A.

4.3.3 Image Resioration

Image restoration refers to improving the fidelity of an
image by compensating for image noise and biur,
assuming certain degradation medels and/or the use of
statistical or deterministic knowledge of signal and -~ oise.
This includes deblurring of images degraded by the
limitations of a sensor or its ervironment, noise filtering,
and correction of geometric distortion or nonlingarities
due to sensors. The effectiveness of image restoration
filters depends on the extent and the accuracy of the
knowledge of the degradation process, as well as on the
filter design criterion.

Image restoration differs from image enhancement in
that the latter is concerned more with accentuation or
extraction of image features than with restoration of
degiadations. Image restoration problems can be
quantified precisely, whereas enhancement criteria are
didfficult to represent mathematically. Consequently,
restoration techniques often depend only on the class or
ensemble properties of a data set, whereas image
enhancement ‘echnmiques are much more image
dependent,
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There are many types on degradation in imaging systems,
One type, called point degradation, affects only the gray
levels of the individual pixels and does not invaive spatial
blur. Other types that do involve blur are called spatial
degradations.

A commonly used methad for imane restoration involves
the use of a Wiener filter. This filter gives the best linear
mean square cstimae of the object. The method can be
implemented in frequency domain via fast unitary
transforms, n spatial domair by two-dimensional
recursive techniques similar to Kalman filterin | or by
Finite Impulse Response (FIR) nonrecursive filters.

Several other image restoration methods such as least
squares, constrained least squares, and splne
mnterpolation methods can be shown to belong (o the
class of Wiener filtering algorithms. Other methods
such as maximum like'thood, maximum entropy, and
maximum a posteriont are nonlinear techniques that
require iterative sofutions.'®

4.3.4 Image Analysis

Image analysis 1s concerned with making quantitative
measurements of an image to produce a description of the
iruage. In the simplest form, this task could be the reading
of « label (bar code) such as used on a erocery item,
sorting parts on an assembly line, or measu. ing the sizes
and orientations of blood cells in a medical image. More
advanced systems measure Quaantitative information and
ase it to make a sophisticated decision, In this sense,
image analysis is quite ditferent from image enhancement
and image restoration, where the output is another
image. Image anayss besically involves feature
extraction imagc segmentation, and  classification
technigues.

Feature e traction is the identification of features that
arz deemed useful to the interpreter. Examples include
spatial feature extraction, transform feature extractior,
edpe and boundary detection, region representation,
moment representation, and texture analysis. Extraction
of nonimage data, such as a cress section, can provige
important statistical information about the feature and/or
image.

Image segmentation refers to the decomposition of a
scene into its components. It is a key step in image
analysis. For example, a docurient reader would first
segment the various characters befcre identifying them.
Image segmentation techniques include amplitude
threshoiding, component labeling, boundary labeling,
region-hased and cluster labeling, template matching,
and texture segmentation.

A major task after feature extraction and/or image
segmentation is classification of the image. Many
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classification  techniques can  be found in
pattern-recognition literature. A review of a few
techniques will esiablish their relevance in image
anclysis. 1t should also be mentioned that classification
and segmentation have closely related objectives;
classification can lead to segmentation and vice-versa.

There are two basic approaches to classification
(supervised and nonsupervised), depending on whether
or not a set of nrototypes is available.  Supervised
learning, alsn called supervised classification, can be
distribution-free or statistical. Distribution-free methods
do not require kncwledge of a priori probability
diciribution functions ana arc based on  asoning and
heuristics. Statistical techniques are based o probability
distribution models, which may be parametric (i.2.,
Gaussian) or nonparametric. In nonsupervised learning,
we attempt to dentify clusters or natural groupings
whose local density is high compared to the density of the
feature points in the surrounding region. Clustering
techniques arc useful for image segmentation and for
classification oi r.w data 1o establish classes and proto-
types. Clustering is also a useful vector-quantiza icn
technique for image compression.

3.5 V2l Compression

Despite the advantages of digital image processing, one
potential problem with digital images is the large number
of bits required to store them. For example, a 14 x 17 in.
radiagraph scanned at S0 pum and i 2-bat resolution results
in & digitized image that contains 7,112 x 8,636 pixels,
which translates into 122.8 Mbytes of data. Fortunately,
digital images in their canonical representation gencrally
contain significet redundancy. Image compression,
whicii is the ert/science o efficient coding of picture data,
aims at taking advantage of this redundancy to reduce the
number of bits required to store an image. This can result
in significant savings in ' memory needed for image
storage or in t.> channel capacity required for image
trunsmission. The efficiency of data compression, known
.8 the compression ratio, is nicasured as the nember of
bits it the original image divided by the number of bits in
the compressed image. In general, data compression can
be categorsed into lossless or lossy data compression
techniques.

In lossiess compression, known as bit preserving or
reversible compression, the reconstructed pixel values
(vompressed/decompressed) are numerncally dentical 10
the original image on a pixel-by-pixel basis. A s nple test
<onsists of subtracting the original image from the
decompressed new image and verifying that a matrix of
zervs is obtained. Obwiously, lossless compression is
wesirable because there is no loss of mformation.
However, only a modest savings is accomplished vsing
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loss'ess compressicn. Typical compressiou ratios, which
are depende + on the texture of the original [ 'cture,
range from 2 © 10 4:1. Examples of lossiess techniques
include  bitpiane  encoding, run-length  encoding,
predictive coding and adaptive arithmetic coding.
Compression efficiency varies somewhat for the different
techniques, but each offers certain features and aims at
satislying requircinents that might exist in a particular
environment,

In lossy compression, as the name implies, some
discrepancy exists between the onginal and reconstructed
pixel valves.  Degradations are allowed in the
reconstructed image in exchange for an increased
compression ratio velative to lossless technigues. These
degradations iray not be visually apparent, and greater
compression ratios can be achieved by allowing more
degradation. The task group considers lossy compression
sechnigues 10 be unaceeptable,

4.4 Uoliormance Derionstration

As a resuit of its experiments and evaluations, the task
group feel. there is a need {.r personnel with both
radiographic  interpretation  skills  and  digitizing
equipment opetation skills in order to preduce quality
archived radiographic images. These personnel should be
skilled in the proper selection and use of imace
processing techniques and in interpreting and analyzing
of (he digitized radiographic images. Furthermore,
equipment meeting minimum specifications and capable
procedures need to be used by qualified personnel in
order to develop faithful digital images of flaw indications
of interest on the raciographic films. Therefore, a
performince demonstration test for qualification of tne
digitzation process which includes the personnel,
procedures ana equipment is required. The “digitization
process” as used in this report is meant to encompass all
those actions, procedures, equipment and personnel that
are used to digitize radiographic film leading to the
fithful reproduction of images that can oo properly
interpreted with respect (0 image quality and flaw
detection, classification and sizing. Successfully passing
performance demonsiration tests that establish, for the
flaws of interest, high probability of detection, correct
classification of the flaw types and accurate flaw sizing
adds confidence that faithful digital reproduction of
radiographic film images has been achie . 2d.

The specifications defined in previous sections for
digitization of radiographs should assurc the faithful
digital reproduction of {ilms contaming flaw indications of
interest.  However, performance demonstration results
from qualification of v wus digitization processes may
indicate that some adjustment tn the specifications for
one or more parameters may be desirable or acceptabie.
Appendix B to this report presents infermation, eriteria
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1nd requiremen's for performance demonstration test-
ng for qualification of radiographic film digitization
IOCESSES.

§ IMPLEMENTATION

The task group, through discussions and evaluations of
radiographic film digitizat'on, has dtermined that the
technology for faithful reproduction of radiographic
images 15 acceptable if the recommendations and
spectfications in this report are implemented. The task
group further recommends that existing radiographs be
tized as soon as possible to prevent further loss of
information due 0 aging of the current records.
Digitization may also be considered desirable by the
wdustry to support requests fo. Hconsy renewal.

The NRC position for digitizing radiographic images
should be provided in a generic letter. Guidance for NRC
ingpectors ¢an be provided through an update of
In ion Procedure 57090 of the Inspection &
‘nforcement Manual. The performance requirements
are described in this report. In additivn, several
comments should be made about the implementation of
the technology; these comments are primarily of the type
that will assist i1 the transition irom the radiographic film
to the digitized images as the permanent plant record.
The comments, together with discussion about their
importance, are hsted below.

Comment 1: Cnly *Code Acceptable” rachographs showd
be digitized and stored as the official plant record
Digitzation of radwographic film & nol mtended "o
improve for acceptance an unacceptable radiograph.

Discussion: Foristing radiographic cecords are considerad
to be Code Accep'able and ready for digitized storage.

However, a statistical sample of the radiographs to be
digitized should be reviewed o ensure acceptable quality.
Radiographs whose quality has degraded because of aging
are acceptable for digitization, and in fact, should be
aigitized to srever forther loss of inforimation and to
take advantage of image cahancement techniques.
Radiographs found to have beeu of unacuepiable quality
gince inception should be handled as a separate issue.

For new work (reparr, modification and new
construction ), vidiographs should be reviewed for code
acceptance of the radiograph and of the component
before the radiograph is aigitized for stovage.

Comment 2: Foroperating plants, fiaws discovered during
the review of the digitizea radiogruphic images should be
evaluated according to ASML Section X7 rules.
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Comment 3: Digization and evaluation of digitized
radiographs should be conducted by qualified personnel
who have passed performance demonstration tests
{personnel. procegures, equipment) as discussed in
Appendix B. When a flaw is discovered during the review
of a digitized radiogi .ph, an independent evaluation
should be conducted by a second qualifie " reviewer, and if
consensus cannot be reached, the most conservative
valuation should be used in determining the acceptance
of the component. The proper use of image processiag
(enhar- -1ent) functions can be of value in reaching such
& SODSCNSUS.

Comment 4: After proper digitization, storage, and
acceptance of radiographic images, the radiographs may
b discarded.

Discussio::  Tre digitized images become the official
record after they have been accepted through the Quality
Assurance (QA) program. The QA program shiould
include considerations abust the proper calibration and
operational verification of the equipment (see Sec. 3.3).
Orerational verification of the digitizing equ pment, by
an apprcved stardard test pattern radiograph ad
companion diagnostic software, should be conducted at
the beginning and end of cach shift and periodically as
required. Each ventfication test should be archived with
the digitized radiographic images a» verification that the
prucess worked correc'y. (At a minimum, each optical
disk shou'd contain at least one operational verification.)

The QA program should consider the bandling of special
cases, such as when multiple film viewing was required for
e acceprance of the comnonent. The equipment should
be emonstrated as capable of either scanning the
multiple films toguther as the record or scanning the
individual films separately and then overlaying the
digitized images through sofiware to simulate the original
composite viewing.

Comment 5. The ASME Code Sectio~ V, Articie 2,
Mandatory Appendix I-Digital Image Acguisition,
Display and Storage for Radiography and! Radioscopy,
provades an avceptable framework for the digitization of
rachographs.

Discussion:  This appendiy 18 only a qualitative docu-
ment and must be supplemented with the guantita-
tive specifications and performance demonstrations
presented in this report.  Proper implementation of the
calibretion and performance specifications described ir
this Task Group report will ensure faithful reproduction
of radiographic images. For this reason, we believe that
the viewing considerations requirements of Section
111-234 of the appendix can be met by statistical sampling.

With respect o Secuon [1-222 of the appendix, we
believe that information concerning artifacts can be a past
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of the reader irformation package, as discussed in the
next commeant below.

Comment 6 Evervthing that is contained in the record
package for the fina acceptance radiograph should be

digitized.

Discussin .. The reader information package (ie.,
radiographic techmique sheets, reader sheats, etc.) for
cack radiograph should be Jdigitized along with the
radiogruph, or digitized in a separate WORM file that is
cross-referenced to the radiograph file. The support
information provided by the reader information package
(including arti”acts) shoula be stored in a file system that
allows scarching the data base by other than weld or
radiograph identification, (e.g., material, pipc size, date,
radiographic interpreter, cic.)

Each piece of rad'~graphic film within the record package
‘hould be digitized in its entirety.

‘omment 7 USNRC Genenie Letter 88-18, Plant Record

otorage on Optical Disks, dated October 20, 1985,
(included as Appendix C) provides an acceptabie
framework for the storage of digitized radiographic
unages,

Discussion:  This letter provides guidelines for the
replacement of paper records with optical disks, but the
digitization of radiographic images is much more complex
than the scanning of paper records and thercfore
additional guidelines, such as those discussed earlier in
this report, are required for faithful reproduction. The
rules provided by the Generic Letter should not be
limited to opucar disk technology as long as the WORM
principle is adhered to.

To expand on the final bullet of the Generic Letter,
which discusses the replacement of the imaging system
with an incompatible new system, care must be taken to
prectude loss of records if the existing tmaging system fails
before the data are transferred to a new system.
Adequate documentation of the system used 1o store the
digivized data, including details of the file toimat, wil!
ensure that the data can be retricved i the future.

Commeni 8: Digital image processing (enhancement)
functions are necessary for the proper display of digital
images. The required enhancement funcuons are listed
in Table 3 and are more fully discussed in Appendix A of
this report.

Discussion: 'The concept of a “processed image” should
not be new to the experienced film interpeter. Oue only
has . understand how an image is formed on a film t
realize that a jadiograph is ors form of a “procesced
unage.” Furthermore, one sheild not hesitate to try
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additional image processing techniques as long as the
onginal digitized tmage data are preserved and the
interpretyr has a basic understanding of image processing
and s qualified, as recommer ded in this report, to
nterpret processed images. The proper use of image
enhancement can be of value in vesolving disagreemeats
regarding the nature (type, size) of flaw indications and
the acceptability of comporents.

Comment 9 Data compression for economizing data
storage requirements is useful and acceptable when the
data compression is of the lossless type. A simple test for
determining if the data orpression is lossless was
discussed earlier in Section 4.3 5 of thi~ report.

6 CONCLUSIONS AND
RECOMMFENDATIONS

We have defined the specifications for the digitizniion of
radiographs that will satisfy the needs of the nuclear
industry. A 12-bit system wi.h a modulation transfer
function (MTF) of 0.33 at a spatial frequency of 5-Ip/mm
and a spatial resclution of S0 pm will be required to
adequately capture and store the image of a 100-jum
feature with a 0.01 contrast, the smallest feature likely to
occur on a radiographic film exposed under typical
industrial conditions. Film densities in the range of 1.0 to
4.5 optical density (OD) must be accommodated by the
system. A write once/read many (WORM) storage
system will also be required.

We 1.commend that films, designed to determine
equivalent penretrameter sensitivity (EPS) as judged by
experi «<ed film wterpreters, be used to assess the
 rformance of a digitned radiographic systers and
establish the equivalenc. of the digital image to that of
film at 2.0 OD. This would permit a comparison of the
digitized result with the human interpreter evaluation on
the basis of a consensus standard (ASTM E-746).
Although we have cited a number of standards related to
the film digitization issue in this repe., it is our opinion
that no existing standard specifies minimum capability for
a radiographic digitizati-, svstem. To ensure system
performance, we recommend that standards be
developed to govern the qualificatior and operation of
the system. Image processing must be carried out by
quatified personnel.

The state-of-the-art equipment available in today's
market seems capable of prowidiag digital copies of
existing radiogranhs that are essentially identical to the
originals. In fact, mest digitization technigues provide
some slight improvement in the readability of the digital
mage  over the orginal through enhancemert
technigques, although the cnhancement process itself
does not increase the inherent nformation content.
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Enhancement does, however, increasc the visibility of the
chosen features so that they can be dotected more readily.

As a result of its experiments and evaluations, the task
group concludes that personnel skilled in both
radiographic interpretation and digitizing equipment
operation are needed in oruer to produce high-quality
archived radiographic images. These personnel shouid e
skilled in the processing, interpreting and analyzing of the
digitized radiographic image.. Im2pe processing raust not
lead to the loss of data acquired in the initial digitization.
The task group, therefore, recommends that a
performance demonstration iest be required for
qualification of the digitization process which includes ihe
combization of personnel, procedures and equipment.

Only “Code Acceptable” radiographs should be digitized
and stored as the official plant record. Dig..ization of
radiographic fum is not iniended to improve for
acceptance an unacceptable radiograph.

Generic Letter 8318, Plant Record Storage on Optical
Disks, dated October 20, 1988, provides an acceptable
framework for the storage of diginzed radiographic
images.
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APPENDIX A: IMAGE ENHANCEMENT

Introduction

The main goal in image enhancement is accentuation of
certain often subtle image fealures for subseguent
analysis or display. The enl.ancement process itself does
not increase the in) srent information content in the data.
Fnhancement does inc.ease the visibility of the chosen
features so that they can be detected casily. Image
processing includes contrast and edge enhancement,
histogram modification, sharpening, magnification, and
noise filtering. The pgreatest difficulty in image
enhancement is quantifving the criteria for enhancement.
The algorithms used for image enhancement are often
interactive ar.d application-dependent. Quite often, one
must experiment with the algorithms before obtaining
satisfactory results. Point, spatial, and transform
operations, along with pseudocoloring, are all common
image erhancement techniques.

Point operations involve the mapping of individual pixe!
values onto another value according to some
predetermined transformation.  These operations
include contrast stretching, clipping, and histogram
modeling. The goal of contrast stretching is to improve
the contrast of the image by amplitude-rescaliag of each
pixel. Arn almost infinite number of schemes exist;
example schemes are sawtooth contrast scaling, sawtooth
reversal, and level-slicing. A special case of contrast
stretching is called clipping. In this scheme, certain
ranges of pixcl values a_c set to zern and the resultant is
rescaled. This is useful for noise reduciion when an input
signal is known to lie within a certain range. e
nistogram of an image represents the relative frequency
of occurrence of the various gray levels in the image.
Histogram modeling, a powerful tool for image
enhancement, modifies an image histopram so that it has
a desired shape. This is usef * m stretching the
low-contrast levels of images ... narrow histograms.
Exampies include histogram egualization, histogram
modification, and adaptive histogram equalization. A
particu'arly useful transformation is from raw digitizer
output to some physical attribute such as the density or
thickness of the ovject being evaluated.

Spatial operations are based on wxal-neiglbortood
giuel& Ofien, the image 18 convolved with a
inite-imprilse-response  filter called a spatial mask.
Examples of spatial masks are low-pass filiers, median
filters, and high-pass filters. Low-pass fiiteis are usefu!
for noise smoothing and interpelutiun, while high pass
filters arc usefu! in extracting edges and in sharpening
images. Band-pass filters are effective in enhancing
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edges and ather 2igh-pass image charrcteristics in the
presence of noise.

In transform operation enhancement, the image is first
transfermed with a transform domain operation. If the
transformation is hLinear, this simply becoties a
pixcl-by-pixel multiplication. Examples of popular image
transforms are the discrete Fouder transform (DI'D),
discrete cosire transform (DCT), Walsh-Hadamard
transform (WHT), and Karhunen-lseve transform
(KLT). The transform operation provides a spectral
decomposition of an image into coefficients that tend to
isolate certain features of the image. For example, the
first DC spectral component is propertional to the
averege  image  brightness, and the  higher
spatial-frequency components are measures of edge
content. The enhancement techniques are performed in
this domain and then a reversed transformatior: is done to
produce the eahanced image.

Enhancement of images through the nse of pseudoonlor
can be a powerful technique, but must be one with care
to avoid interpietation errors. For example, an image
with smoothly varying intensity values will appear to have
smoothly varying gray tones when viewed as a
menochrome image. 1f the intensity variations are small,
the image will appear unform. If the same image is
displayed in pscudocolor, intensity variations can be
shown very graphically. However, care is required to
avoid interpreting “abrupt™ color changes as abrupt
intensity changes. This problem is alleviatcd by
displaying a color scale with the umage, and by the
experience of the interpreter. "Overall, pseudocolor
provides visuily sinking and useful images, eaabling
interpretation  of difficult areas when imerpreted
carefuily.

In image reconstruction, the similarity of \ae picture 1o
the undssturbed idealized form is the measure of saccess.
In image enhancem-nt, subjective problem-dependent
criteria  are  used to  design  image-enhancement
techniques. More-detatled discussion it presented below.

Compensation of Nonlinear
Characteristics

Image signals can be sensed or displayed with nonlinear
characteristics (¢.g., contrast). Corrcctions are mace by
pixel-to-pixel mapping. The exponential decay of X-rays
in radiography, for example. can be largely linearized by
the logaiithmic preseatation ol the recorded beam
intensity values. Nonlinearity can be ostabliched in many
cases by the tmage of a lincar gray-scale wedge.
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Intensity Scaling

After determination of the maximum and minimum
irtensity range (and associated gray-scale values) of the
object of interest, the valuos within the bounds can be
spread over the entire gray-scale range to provide more
gray-scale values of the object. Even this simpie pixel
operator often produces images in which defects are more
readily discurned.

Histogram Equalization

Becavse intensity scaliny can be relatively tme
consuming, an automated scheme is often preferred.
Fregueatly. the intensity values of the image must be
distributed as evenly as possible over the entire available
gray scale. The result fo- dark images is a dramatic
improvement in contrast and the abiltly to obscrve details
as low-intensity pixe's are shifted to higher values,

Compensation of Hlumination and
Sensor Inhomogeneities

Both intensity scaling and histogram equalization aie
independent of spatial coordinates. Scaling could, in
principle, be ¢ependent on coordinates. For example, a
shading correction might be required because of
inhomogeneous cxposure of the radiograph.  This
correction can be made hy an image-acquisition system
with a test pattz.n of constant reflection or transmission.
The resulting image is the reference image used 1o
compensate for the distortion,

Local operators may. into the output image the intensity
values within a local . age window, according to a
function to be defined. Several possibilities are discussed
below,

Linear Smoothing Opera* .

Te reduce fincly structured  erroneous intensity
fluctuations, iinear smoothing is frequently performed on
the distorted image signals. The operation is typically on
a window of 3 x 3 pwels, 9 x 9 pixels, or even larger. A
simple example, resulting in smoothing of an image and
reduction of fine detad, s the averaging of the values in a
window and «hen reassigning the center pixel that value,
or giving the average value to all pixels in the window.
ihe effect is a low-pass filter that can reduce noise.

Median Filter

Improvements n noisy signals by space-invariant
low-pass nlter operations ar¢ compromises between
suppression of noise and retention of fine detail. Useofa
median filter generally climinates® " advantage With
this filter, the n (odd) clements .. a lacal cperator
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window are sorted by value, The resulting output image
element is then we (n+ 1)/2 Fighest value of the series.
Bright/dark transitions (such as edges) are retained, they
do .ot lose sharpness as in the case of smoothing.
£ _ructures that enter the wandow and whose extent is less
than (n-1)/2 points (lines, corners, etc.) are eltminated,

Signal-Dependent Smoothing
Operators

The disadvantage of suppressing high-frequency aoage
structures (loss of image details, blurring of abrupt
ight/dark edges) and -f aliasing of nonlinear filters in
image regions with low-frequency-intensity Tluctuations
can be avoided somewhat by signal-dependend
space-invariant smoothing operators. it is assumed tha
the image can be subdivided into regions with low
fluctuation in gray values and regions with sharp
transit’'ons in geay values, Regions with sharp
light-to-dark transitions can be identified by a gradient
operator and a subsequent threshold oneration.  The
improvemernts  obtained  with  signal-dependent
smoothing operators are much greater than those
achicved with space-invariant filters.

Image-Sharpening Operators

Fine-image  siructures are  exaggerated  with
image-sharpening operators.  Also, blurred object edges
are deblurred, but signal noice is generally amplified in
the image. With image-sharpening operators, low-
spatial-frequency components are attenvated more
strongly than are high-spatial-frequency components. An
appropriate low-pass response can generally be chosen
ntuitively under visual control. “ither lincar or
nonlincar low-pass filteis can be used.

Linear Low-Pass Filters

Low-pass filtering suppresses noise i the image.
Impiementation in the spatiai-«requency domain can be
accomplished by mv *iplying the transfer functions by the
image spectrum .o be filteied and then performing the
inverse Fourier transform. An example of a simple filtes
for suppressing noise is the rotationally symmetric
low-pass filter, which has the following transfer function
and bandwidth wy:

I for{k® + 12)/2 < wy,
Hik, L) =

O otherwise

The results of this enhancement contain strong gray-level
fluctuations and may not be satisfactory. This problem
can be relieved somewhat with the Gausstan low-pass
filter. The transier function in this case is



Application of Filters
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APPENDIX B: PERFORMANCE DEMONSTRATION TESTS FCR THE
RADIOGRAPHIC DIGITIZATION PROCESS

Introductinn

Performance dememnstration requirements for ultrasonic
inspections have. recently been incorpo-ited into
Appendix VI of the ASME Section XI Code. The
concept is based on the fact that effective nondestructive
testing (NDT) techniques such as ultrasonic testing (UT)
require special skills of the operator and capable
procedures and equipment. Studies have shown [1-7]
that inspectors using the same equipment and following
the same procedure produced a large varnation in
performance indicating a high variability in interpretation
capability from inspector to i “nector, Consequently, an

ective means to ensure that an inspector can follow a
given procedure while using a specific set of equipment is
10 reyy: ‘e that the inspector demonstrate his proficiency
in 5 blind test. The blind test is called a performance
d=raonstration and is based on a statistically designed west
to measure performance of the overall system; i.e., the
personnel, procedures, and equipn.ent. Since
radiography is an NDT technique requiring highly skilled
practitioners and good procedures and equipment, it is
proposed that a similar performance demonstration
should be considered by the ASME Code for qualification
of radiography conducted for new work. For this purpose,
similar concepts and criteria as Geveloped in the following
discussions for qualification  of radiographic
digitization process could be used.

-
f.\?

For & number of reasons, there is a - 2nificant interest in
industry to replace the existing radiogiaphic film records
with digitized records. The thrust is to u.gitize the
radiographs and to record the digital information on
archival storage meda such as optical disks. This will
overconie the problem of aging of radiographs becaus=
digital data should not degrade, How 2ver, development
oi faithful wmages and correct interpretation of dig'tal
informavion  reguires: (a) minimum equipment
specifications; (b) proper selection and use ° image
processing te-hniques: and (¢) skills in the use of
computers, the contr.!s for displaying informaiion on a
video screen, and for the mte-pretation of digital
information. Therefore, a performance demonstration
test for ti. digitization process which includes the
procedures, equipment, and personnel i+ required. The
“digitization process” as uced in this appendix is meant to
encompass all those actions, procedures, equipment, and
personnel that are used to digitize radiographic films
leading to the faithful reproduction of images that can be
properly interpreted with respect to image quality and
flaw detection, classification, and sizing. Successfully
passing the performance demonstration tesis should
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establish, with high confidence, that the digitization
process will faithfully reproduce, reliably detect, correctly
classify and accurately size the [law indications of interest
on the radiographic film.

Other sections of this report have discussed equipment
specifications and other requirements for the faithful
reproduction of radiographic images and have concluded
that equipment and technology are available for
accomplishing tnic task. Section 6 of this report on
“Implementation™ discusses additional requirements and
issuss related to implementation of the technoiogy and
acceptance of the results. These requirements include
quahty assurance and performance demonstration
requirements. Review of the different seutions of this
report, iucluding the implementation s=ction, indicates
that an all-encompassing program is needed for assuring
the qualification and acceptance of the overall
digitization process.  Eguivrent mecting  certain
minimum speifications is t ed, a quality assurance
prograrr  established, p  ¢mance demonstration
conducted, etc. The key cunsiderations in developing
periormance demonstraticn critera are:

(1) the requirement to review a statistical sample of the
radiographs to be digitized to ensure acceptable
quality,

(2) the requircment for “viewing considerations” (on a
tatistical sampling basis) indicating tiat the digital
image shall be judged Uy visual comparison to be
eqaivalent to the image quality of the cnginal image
at the tume of digitizatic 1, and

the requirement that the digitization and evaluation
of digitized radicgraphs should be conducted by
qualified personnel, procecures and equipment that
have successfully passed a performance demon-
stration.

(3)

“he intent of the performance ‘Jemonstration is to show
nat the digitization process, including the interpreter
.evaluator) of digitized images, can faithfully reproduce
flaw images of interest that are reliably cetected,
correctly classified, and accurately sized even when the
original film ‘vas of acceptable but borderline quality and
the flaw indications difficult to evaluate. This would
ensure that the digitization process captures the
necessary information and that proper image processing
functions are used by the interpreter (evaluator) and no
important data is lost or masked. Thus the key steps for
performance demonstration are to (i) demonstrate
capability for evaluating the quality of radiographic film,
(2) demoustrate capability for evaluating digitized image
quality, and (3) demonstrate faithfu! imags reproduction



through reliable detection, correct classification, and
accurate sizing of flaws of intesest from the digitized film
images.

Performance demonstration testing is to be organized to
evaluate the overall performance of the digitization
process including all the equipment, proceduares, and
personnel used. It is recognized that different personne!
may b2 used for aifferent functions and each individual
needs to quaufy only for his specific function(s) within the
process. Also, personnei whose involvement in the
process is limited, whose knowledge of the technology is
~ot important and whose furction would not adversely
impact the quality of images produced or on the
interpretation  of results, need not specifically
demonstrate their capability in context of the overall
performance demonstration. Once an entire digitization
pr- & (equipment, procedures, personnel) has been
Guainied several times, additional “eviewers/interpreters
of digitized data ca . be qualified by performance
demonstration by evaluating (detection, clussification,
sizing) data from films that have already been digitized
with the specific equipment, procedures and other
personnel (when appiopriate) for the particular
digitization process. Whenever an essential variabie in
the digitization process is altered, it is considered that a
new process results and this new process must be
qualified through a performance demonstration test. The
temzinder of this Appendix presents information and
criteria for developmg, conducting and grading the
important aspects of performance demonstration for
qualification of the overall digitization process.

Objectives for the Perforn.once
Demonstration Test

The principal objective for  the performance
demonstration testing 18 to assure (with high probability)
that a given radiogr: - ic digitization process produces
faithful images that are correctlv interpreted. In other
words, processes that produce poor images and/or poor
detecti n, classification, and sizing ‘will have a low
probat.dity of passing the performance demonstration
tests. The performance demonstration test may consist of
four parts: a test of mitial film quality, a detection test, a
classification test for flaw type, and a sizing test.

Radiographs of Defects for Use
in Porformance Demonstration
Tes.ing

In order to provide guidance as to the types, sizes and
focations of defects of interest for porformance
demonstration, the requirements of the 1989 edition of
ASME: Section [ Code were examined to determine 1o
acceptance standards. These acceptance standards have
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not changed very much over the years so the curreat
standards can be used to give guidance on the defects to
be included . the specumen s=t for performance
demonstration testing.

The ASME code considers welds th 4t are shown by
radiography to have any of the fodowing types of
discontinuities to be unacceptable.

a. any type of crack or zone of in
penetration;

b. any other ¢longated indication which has a length
greater than:
1. U4 in, (6 mm) for t up to 34 in. (19 mm),

inclusive;

1/3¢ for ¢ from 3/4 in. (19 mm) to 2-1/4 in. (57

mn ), inclusive;

3/4 in. (19 mm) for r over 2-1/4 in. (57 mm)

where ¢t 1s the tidcknzss of the thinner portion
of the weld;

aplete fusion or

!‘J

Sd

¢ any group of aligned indications having an aggregate
length greater than ¢ in a length of 12, unless the
minimum distance between successive indications
exceeds 6L, in which case the uggregate length is
unlimited, L being the lergth of the largest
indication,

d. rounded indications 1n exce of that shown as
acceptable in Appendix V1 of the 1989 edition of the
ASME Section It Code.

Because radiographs to be digitized can be expected to
contain some acceptable indications, which should be
faithiully reproduced, and because assurance is needed
that unacceptable indications would be properly
detected, classified and sized from the digitized images.
the specimen set shouid include both acceptable and
unacceptable indications. Areas ¢ ntaining indications of
interest will be considered flawed and will be used (o
determine the probability of flaw detection. The flaw
types shall be all of the types listed in the above set of
standards. Approximately equal numbers of the Type 1
flaws, cracks, lack of fusion and lack of penetration shall
be used and the range of length shall be 0.15" - 2", and in
a few cases running the full length of the radiograph. At
least 50% of the discontinuities shall be 0.15° £ 0.1”
long, 40% shall be from 0.25" to 2" long, and 5-10% shall
be still longer (=2"). For the elongated indications,
ahigned indications and rounded indications, at least 70%
of the indications will be > 0.15” upto (.75, 25% will be
between (.75 up to a maximum of 2" long, and the
remaining indications will be longer. The flaw sizes
within each sizing range shall be approximately uniformly
distributed.

The radiographs produced from specimens containing
the abcve flaws (for the detection, Jlassification, and
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Table 1. Sample Sizes for a Radiograph Quality Test

Samgple Size Pass/Fail Criteria
95% Coufidence Level
T 150
157 156

2. Detection test:

The objective of the performance demonstration test for
datection s to assure with high confidence thai ine
digitization process w.ll produce a high probability of
detecting the flaw indications of interest. The POD will
be evaluated for two different categories of
discontinuities. The First POD test will consist of category
1 type discontinuitics that are cracks, tacomplete fusion
and incomplete penetration. The sample set for categery
1 shall include approximately equal numbers of the 3
different type discontinuities in the category. The second
test wiil be for category 2 type discon. auities and include
elongated, aligne. #nd rounded indications. The sample
set for category 2 shall consist of 40% for elongated
indications, 40% for aligned indications and 20% for
rounded indications. Table 2 depicts the threshold
probabilities and confidence levels for these 2 tests of
category 1 2ad I type discontinuities that the digiuzation
process has to equal or exceed in order 10 successfully
pass the test. The test is designed such that a digitization
system whose true periotmance exceeds the number in
the tabie will have a high . < %ility of passing the test
and if the true performance - .oss than the value in the
table it wili have a .ow probability of passing the test.

Table 2. Detection Test Design

Discontinuity Acceptable POD
Type Threshold

Category 1 95%
uracks,
mcomplete
fusion and
penetiration

Confidence
Limit

95%

9% 95

S

Category 2
clongated.
aligned
and rounded
indications

For the target POD threshold and specific «« atidence
level the data in Table 2 provides the listing of the sample
sizes needed and the pass/fail cnteria for both the
category ! and category 2 type discontinuities. For a
performance demonstration the tota’ number of sampies
in the set will include the number for the cat~gory 1 plus
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the number needed fo- the category 2 test. For example,
93 category 1 ard 93 category 2 samples would be needed
for & total of 186 samples with one nos-detection bebg
allowed for each category 1 and category 2 flaws.

Tavle 3. Sample Sizes for a Detection Test
Pass/Fail Criteria

Sample Size Category 1 Categm y 2
59 : 59 59
93 92 92
124 122 122

To yuard against testmanship, a false call rate > 10% is
considered unacceptabie. A sufficient number of
vadiographs need to be included in the sample sct to be
digitizea i1 order 1o adequately estimate the false call
probability (i.e., 30 to 40 radiographs). These radwographs
shall contain no flaw widications.

3. Flaw type classification test:

The flaws that are detected from the digitized data shall
be classified as either category 1 or category 2.
Consequently, the test will be evaluated by assessing
misclassuication errors assoviated with the classification
scheme. The two orobabilities that describe these errors
are:

®  Probability of correctly placing caregory 1 flaws in
classification 1,

®  Probability of correctly piacing categos & laws in
ciassification 2.

Good classification performance would be cased on

having high valucs for both of these probabilities. Table 4

describes how this test is structured. The same set of

Table 4. Sample Size for Correct Flaw Classification

Acceptable
Discontinuity Classification Confidence
Type Level Limit
Category 1 95% 5%
Category 2 Q5% 95%

radiographs will be used for both the deteciion iest and
the classification test. The detection test is associated
with detecting an indication while the classification test
concerns the correct classification ot the detected flaws
into categary ! and category 2 classifications.  The
numbers from Table 3 are then used for the pass/fail
centeria. I atest was designed for no misses then all flaws
must be classified correcuy and if the test was designed
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APPENDIX
UNITED STATES NUCLEAR KEGULATORY COMMISSION
GENERIC LETTER 88-18;
PLANT RECORD STORAGE ON OPTICAL DISKS




UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D C. 20855

CENSEES OF OPERATING REACTURS AND HOLOERS OF CONSTRUCTION
SUBJECT: PLANT RECNRD STORAGE ON CPTICAL DISKS (GENEF

The KRC i.u$ been requested by two utilities and an NSSS supplier to approve
the use of optical disk document imaging systems for the storage and retrieva)

L

of record copies of quality assurance records. The purpose of this generic

letter is to inform addressees that the siaff spproves the use of this method
of record keeping when appropriate quality assurance controls are applied.

Appendix B of 10 CFR 50, under criverion XVII, *Quality Assurance Records,®
establishes requirements for z 1ecord keeping system, uand chapter 17 of the
Standard Review Plan (NUREG-0800) expounds on these requirements, The purpose
of the record keeping system is to ensure that records are aveilable wher
needed. ANS] N45.2.9-1974, "Requirements for Collection, Storage, and
Maintenance of Quality Assurance Records for Nuclear Power Plants,” as
endorsed by Regulatory Guide 1.88 (Rev. 2) and Basic Requirements 17,
Supplement 175-1, and Appendix 17A-1 of ANSI/ASME-NQA-1 1983 ed.tion, “Qualit
Assurance Program Requirements for Nuclear Facilities," &s endorsed by
Regulatory Guide 1.28 (Rev. 3) both describe quality assuran~e controls
regarding records. Appropriate quality controls for an optical disk document
imaging system include the following:

Y

he optical disk technology does not allow deletion or modific
f record images.

he image of each record is written onto two optical ¢ sbh
The 1eg1t1?!1~ of each record image is verified to ensure that
the image is legible on both disks If the image 15 illegible, the
hard copy record i1s maintained as the record copy.
One optical disk is ctored in th: document imaging system for

on-1ine retrieval.

The second (backup) optical disk is stcred in 2 records stor
facility meeting *he requirements of AN>] N45.2.9-1874 for single
cCopy storage or .- & separate reaote location.

To ensure permanent retention of records, the records stored
optical disk are acceptably copied onto a new optica) disk be
manufacturer's certified useful 1ife of the original disk
This includes verification of the records so copied

Periodic random inspections of images stored on optical disks are
performed to verify that there has been no degradatic f

A2/ ! "

on ar
fore the
exceeded,

tion of image qualit

® 1If the opticai disk document imaging system in use is to be replaced t
an incompatible new system, the records stored on the old system's
Gisks arve acceptably converied into the new system before _he old
system is taken out of service, This includes verification of the
records sSo copied

tact i S1 ul, verformance & ( ty Evaluation Branc!
4527«

Y e

oY



Licensees using optical disks for record storage should notify the NRC in an
updated FSAR per 10 CFR 50.71(e) or by letter per 10 CFR 50.4(b)7. License
applicants should notify the NRC in the SAR per 10 CFR 50.34.

Sincerely,

Dennis M. Crutchfield
Acting Associate Director for Projects
0ffice of Nuclear Reactor Regulation
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