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ADbstract

Computed Radiography (CR) can be a viable alter@dbir conventional film-based
industrial radiography. This new technology udesilble and re-usable storage phosphor plates
that can be used in a fashion similar to film. éisure that CR provides Probability of Detection
(POD) performance for flaw indications that is eglent to that of film radiography,
international standards have been developed (ASZ8AIE/E2446 and CEN 14784-1/2) to
govern the assessment of the image quality. T$teselards classify CR systems using the
concept of normalized SNR (nSNR), which is basetherhypothesis that the SNR is inversely
proportional to the basic spatial resolution (SRhe system. Because of concerns that CR
plates can have a lower spatial resolution tharesotustrial films, the above-mentioned
standards specify the maximum SR depending onghetpated thickness.

However, in practice POD is primarily determinedtbg minimum subject contrast
threshold that can be observed. The contrastitbléslepends on many parameters including
primary-to-scatter ratio, attenuation coefficiehtlee material, flaw geometry (globular, needle
etc.), SNR, and the effective contrast modulati®hthese, the effective contrast modulation is
the only parameter that depends on the systenmutesal

We present a model that estimates the relative itapce of the different factors
affecting the success of a radiographic technidbely for very small globular flaws and
materials with very high X-ray attenuation is tlystem resolution expected to be the limiting
factor. We also present experimental evaluati@msparing the classification according to the
standards with the observed wire IQIs sensitivityre and Al from a modern CR system.
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1. Introduction

Computed Radiography (CR) is rapidly becoming alalternative for conventional
film-based industrial radiography. This new tedogg uses flexible and re-usable storage
phosphor plates that can be used in a fashionasitoilfilm, and which can provide significant
reduction in inspection costs. To ensure that @Rigdes Probability of Detection (POD)
performance for flaw indications that is equivalenthat of film radiography, international
standards have been developed (ASTM E2445/E244€RNI14784-1/2) to govern the
assessment of the image quality. These standlsisfg CR systems using the concept of
normalized SNR (nSNR), which is based on the hygmiththat the SNR is inversely
proportional to the basic spatial resolution (SRhe system. Because of concerns that CR
plates can have a lower spatial resolution tharesotustrial films, the above-mentioned



standards specify the maximum SR depending onéhetpated thickness, particularly
EN14784-2 for weld inspection.

Other authors [1-4] have investigated the impacesblution and signal-to-noise ratio
(SNR) on the detectablility of fine defect indicats in amorphous silicon DR detectors and in
other CR systems. We performed similar investogetion another combination of CR plate and
scanner.

2. Test Results

Using image quality assessment techniques speaifiEN462 for film radiography and
in EN1435 for welding applications, we evaluatesihility of wire-type IQIs on common steel
and aluminum for a variety of material thicknesséee CR images were acquired with a GE
CRxTower and GE type-IPS CR plates at a 50-micizel pitch setting. Table 1 shows that
Class A requirements were demonstrated for alktigsses of steel and aluminum tested, and
that Class B requirements were demonstrated wéthetbhniques used for all but the thinnest
sections of steel that were tested.

EN 462 Single wall technique
(EN1435) CRx Tower
IPS
Wall
Material X-Ray thickness C‘Tla}ss A C?Igss B | ClassA | ClassB
(kV) Minimum | Minimum Score Score
w (mm)
Fe 320 52.00 8 9 11 11
Fe 320 32.00 10 11 11 11
Fe 255 22.00 11 12 13 13
Fe 220 22.00 11 12 12 12
Fe 145 14.00 12 13 14 14
Fe 155 8.05 13 14 14 14
Fe 140 8.05 13 14 14 14
Fe 155 2.05 16 18 17 17
Fe 110 2.05 16 18 17 17
Al 177 100.00 6 8 9 9
Al 149 67.00 7 8 10 10
Al 255 60.00 7 9 11 11
Al 255 40.00 9 10 12 12
Al 155 10.00 12 14 15 15
Al 64 10.00 12 14 15 15
Al 49 5.00 14 16 17 17
Al 60 2.05 16 18 18 18

Table 1. The visibility of wire penetrameters accordingelN462 demonstrates practical image
guality sufficient to meet Class A requirementsdtthicknesses tested, and even Class B
requirements were demonstrated for all but thentisih sections of steel.



EN14784-2 sets forth additional requirements omesygesolution when using CR in
place of film to inspect welds. The same equipmead analyzed for these additional resolution
requirements according to the techniques of EN147&% shown in Table 2.

EN 14784-2_2005: Table 4 Class IPA Class IPB
Radiation source thi:li/r?tlelss Max. pixel Double wire IPS Max. pixel Double wire IPS
size pm 1QI number 50p size pm 1QI number 50pn
X-ray Up < 50 kV 40 >13 30 >> 13
60 13 40 > 13
60 13 30 >>13
X-ray 50 kV < Up < 150 kV 70 12 40 > 13
85 11 60 11
60 13 30 >>13
X-ray 150 kV < Up < 250 kV 70 12 40 > 13
85 11 60 13
X-ray 250 < Up < 350 kV 12 <w <50 110 10 10 70 12
w 2 50 125 9 10 110 10
X-ray 350 < Up < 450 kV LIS 125 9 0 85 11
w > 50 160 8 10 110 10 10
Se 75, Ir 192 w < 40 160 8 10 110 10 10
w 2 40 200 7 10 125 9 10
Co 60 250 6 10 200 7 10
X-ray Up = 450 kV 250 6 10 200 7 10

Table 2. Although wire IQI sensitivity was demonstratedactual CR test images, the
additional resolution requirements imposed by EN8¥4Z for weld inspections with CR may not
be met in all cases. Even without focal spot lmggrfor the cases marked by dark gray either
the specified duplex wire pair on an EN462-5 gaugght not be reliably resolved, or the pixel
pitch setting would be larger than specified (deddiy an “X” mark).

3. Assessment of mage Quality

The assessment of image quality may be perfornoed different perspectives using
visual (subjective) or quantitative (objective) mads.

Overall image quality is composed of different atpeincluding signal gain, noise, and
spatial resolution. Each of these quantities cachiagacterized by an objective metric that is
derived from the physics of the imaging procesagisi mathematical framework. This
framework describes how object properties are kades into image properties. The mathematics
is greatly simplified when one works in Fourier spanstead of in real space. This means that
the metrics will not be based on the feature ptajas onto the spatial andy axis (units mm) of
the object plane, but instead on spatial frequencandv (units line-pairs/mm). In this way the
spatial resolution is characterized by the modahatransfer functiomMTF(u,v). This function
describes how the magnitude of a spatial sine-w&real with spatial frequenciesis decreased
by the imaging system. The imaging system typicatlgs noise as well, which is typically
characterized by the noise power spectrum fundéti®és(u,v), describing the noise magnitude in
function of the spatial frequency.

The validity of the metrics is limited by the boamgd conditions of the mathematical
framework, requiring a signal response that igtaty, shift invariant, and linear. The linear
system response is then fully characterized bgltyge and offset of the linear relationship
between input signal (dose, exposure, absorbed)gnamd the output signal.



It is now generally accepted [5] to combine theaas image quality metrics into a
single metridQE(u,v) given by equation (1).

S, (X)? IMTF?(u,V)
NPS(X,u,V)

DQE(X,u,V) = 1)

In equation (1) is the signal at zero spatial frequency. This aligiepends on the input
exposure or dos&). The NPS is also dependent on the input dosie Wie MTF is generally
regarded to be independent of dose. As a resulivbrall DQE also depends on dose.

In medical imaging, the measurement and computati®@QE are fixed by a standard
(IEC 62220-1). DQE has become the most popularienfer image quality because it describes
the degradation of the SNR by the imaging proceshawn in equation (2).

SNR,,*(X,u,v)
SNR,*(X,u,v)

DQE(X,u,V) = 2)

From a practical point of view, the user is mainifierested in the ability of a
radiographic inspection to detect defect indicagio8ince there are many different inspection
application areas, and for each application thgraiatic task is different, an application-based
assessment methodology is straightforward but asityeextended from one application to
others. To simplify classification and rankingvafious imaging systems, standard test pieces
are designed that incorporate features of diffesez® and contrast. These objects are called
Image Quality Indicators (1QIs). Images of the I@ts visually evaluated by indicating the
smallest and least-contrast feature that is digcectearly. This subjective metric depends on the
ability of the individual observer to extract imagatures from the image background. The
scoring can vary by individual observer, and al#h wiffering viewing conditions, limiting the
utility of subjective image quality performance.

Improved evaluation of diagnostic performance camthieved through a statistical
study of a specific diagnostic task, involving npl# observers and multiple imaging trials.
Nevertheless, it remains challenging to correl@ifeaive image quality metrics and subjective
diagnostic performance. Although numerous papave lheen devoted to this subject [6-8], the
link between objective image quality metrics andtcast-detail performance is not yet fully
understood. Correlating both objective and subjedimage quality performance metrics with
diagnostic performance, is even more complicated therefore remains open to discussion.

In the literature a wide range of observer modelsetbeen discussed. These models
focus on summarizing the observer performancefiyuae of merit, here called SNR for a
specific diagnostic task. The observer SNR is esg@é as a function of the objective image
qguality parameters of the detectbiTF(u,v), NPSu,v), the system gai®, and the Fourier
transform of the object signal that needs to bedetAS(u,v).

For the ideal observer [6] (i.e., the observer thathes the maximum SNR), the
correlation is expressed by equation (3).



Dc;2 [AS?(u,v) IMTF 2(u,v)
NPS(u, V)

NR” = [ [ dultiv ©)

For this case, both object and background are krexawtly, and further the observer has
a-priori knowledge that allows him to correct foryacorrelations in the image noise. In this way
a maximum of information may be extracted fromithage.

However, actual human observers are not able tedofor correlations in the image
noise. This is called the Non Pre-Whitening Matchdttr (NPWMF) case. We have to account
also for the fact that background and object signalnot known exactly. The variability of the
object is described by Mu,v): the Fourier Transform of the object auto-@aance. The
correlation between diagnostic performance anaHjective image quality parameters is then
described [6] by equation (4).

[”du (v (G2 (DS (u,v) IMTF 2(u, )|
”du [ov [AS * (u,v) IMTF %(u, V) Eth (u,v) IMTF 2 (u,v) + NPS(u,v)J

s\IRNF’\M\/IF ? =

Intuitively it is clear that the detector resoluti® TF(u,v), is less important for the
NPWMF case than for the ideal observer case, bedhespresence MTF(u,v) in both
numerator and denominator of equation (4) will lesua partial cancellation of its effect. The
NPWMF case is generally regarded as a closer gtiseriof the real observer. For the NPWMF
case, system resolution is less important thathoideal observer

The observer performance is further limited byhhenan visual system, the display and
ambient light conditions. To account for thesedastan observer modulation transfer function
H(u,v) and the internal observer noise poW&S,«rver Can be added, yielding equation (5) for
the modeled observer performance.

NR, = [”du [ivIG? (AS(u,v) IMTF?(u,v) [H 2(u,v)]2 x
{ j j dulBvIAS® (u,v) IMTF* (u,v) TH *(u,v) (W, (u,v) + (5)
[ [ duCEVAS * (u,v) DITF? (V) TH (V) [INPS(U,Y) + NP, o

The fact that the effective MTF is cascaded, hat the detector MTF is on its turn
modulated by the observer MTF, further reducesrtiportance of the detector MTF. This may
partially explain why the CR system studied showedd detection performance despite limited
spatial resolution.

4. Model
We have developed a model for the DQE of a compratebgraphy system using a

cascaded linear systems analysis previously proposéerature [9, 10]. It differs with respect
to the model described in [9] by the fact thatsbaaccounts for the Lubberts effect [11].



Two hypothetical CR systems are modeled, a higblugien system and a medium-
resolution system. The exposure and read-out paeasnare summarized in Table 3. Similar
light collection efficiencies are assumed for bgystems.

The hypothetical high-resolution system would regthe use of specialized image
plates to achieve its ultimate spatial resolutiapability. Even when manufactured with the
same coating toleranceST(), such image plates would exhibit a higher fixettgya noise
because a smaller phosphor coating thicknBsis (1eeded to prevent lateral blurring from intra-
coating optical scatter. And since the fixed patteoise is approximately proportional to the
relative thickness variatiordST/T, a smaller coating thickness results in highexdipattern
noise.

The thinner phosphor layer also reduces the xdpapi@tion efficiency, slowing the
response of these plates. Blue dye also has loelsd 4o limit the scatter of the stimulated light,
but it reduces the penetration of the laser ligitiiiw the phosphor layer. As a consequence the
effective thickness (i.e., the thickness of thegghmr layer contributing to the image) is even
further reduced.

Medium-Resolution High-Resolution
Tube Voltage (kV) 120 120
Source Filter Cu thickness (mm) 1.50 1.50
SDD (mm) 1840 1840
Laser spot size (& 1/e2 in yum) 50 17
Scan speed (um/us) 25 25
Pixel pitch (um) 50 25

Table 3. Model parameters for two hypothetical CR imagsygtems.

The MTFs of the two systems modeled are showngnrgil. As expected, the
resolution of the high-resolution system is betteit, the resolution anisotropy (the difference in
resolution between the horizontal and vertical iemdgections) is also more pronounced.
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Fig. 1. Modeled MTF of two hypothetical CR systems.

SNR and normalized SNR (nSNR, calculated accorttirteN14784-1) are plotted as
function of dose in Figure 2. The ultimate SNRuigh dose is reduced for the high-resolution
system, leading to a reduction in effective detecfrom equation (4). At the saturation limit,
both systems exhibit similar normalized SNR valuksthe low dose regime, the medium



resolution system requires only approximately 5G%he exposure time of the HR system to
reach the same normalized SNR value.

If we assume that there is a correlation betwe&Mmand POD, we would expect both
systems to have similar ultimate diagnostic efficies (POD) at high dose. But for dose levels
below the SNR saturation limit, the medium resolutsystem would demonstrate a better POD
in many applications.

As a next step, we plan to integrate the DQE muetallts with the NPWMF observer
model for a typical contrast-detail detection tésk. wire 1QI sensitivity on Fe).
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Fig. 2. Modeled nSNR and SNR of two hypothetical CR gyste
5. Conclusions

A visual assessment of CR image quality using stahdire-type IQIs was conducted
for a variety of thicknesses with common steel aldninum materials. These data are very
favorable in terms of meeting commonly acceptedbgrdphic standards for inspection of
welds. The same CR system was also evaluatebddadditional resolution requirements set
specifically for CR devices in weld inspection biME784-2.

These data are consistent with a human observecta®t model that suggests spatial
resolution may sometimes be given too much relath@ortance in evaluations of imaging
system performance. Analysis of a cascaded sys¢égformance model shows that emphasizing
resolution over efficiency in a CR system can haweesirable performance consequences in
some applications.
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