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ABSTRACT

A method of determining an effective atomic number, Z_ 5, of
an object may include obtaining a plurality of radiographic

images ol the object.

Each radiographic image can be

obtained using a different independent X -ray energy level. An
intensity value for each pixel 1n a region of interest in each
radiographic 1image can be determined. A plurality of mea-
sured ratios, R, can be formed using attenuation coellicients
from a pair of different radiographic 1mages. At least one
adjusted measured ratio, R, can be calculated based on the
plurality of measured ratios, R, and at least one corresponding

System

Appl. No.: 12/129,371 estimation coefficient, a.. Z, ;values can be assigned based on
a comparison of the at least one adjusted measured ratio, R
Filed: May 29, 2008 to a material attenuation database.
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201 200

/

OBTAIN RADIOGRAPHIC IMAGES OF AN OBJECT USING
AT LEAST 2 INDEPENDENT X-RAY ENERGY LEVELS

202

204

PERFORM IMAGE PROCESSING ON IMAGES

206
DETERMINE INTENSITY VALUES FOR EACH PIXEL IN A
REGION OF INTEREST OF EACH IMAGE
208
CALCULATE RATIOS, R;, OF INTENSITY VALUES FROM
DIFFERENT IMAGES FOR EACH PIXEL
210
DETERMINE MEASURED RATIO, Ry, BASED ON
ESTIMATION COEFFICIENT AND CALCULATED RATIOS
212

COMPARE MEASURED RATIO, Ry, TO A MATERIAL-
ATTENUATION DATABASE

214
DETERMINE Z4 FOR EACH PIXEL IN REGION OF
INTEREST
Optional
|' _________________________ =1
216

ASSIGN COLORS TO DIFFERENT Zet VALUES

GENERATE Zeg COLOR IMAGE OF THE OBJECT

220
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401 400
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SELECT PIXEL, P;, IN A RO|

404
SELECT ALGORITHM |
406
COMPARE R,, FOR PIXEL P, TO
DATABASES USING ALGORITHM |
408

DETERMINE Z.« FOR PIXEL P; BASED
ON ALGORITHM j No

410
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412
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MULITI-ENERGY RADIOGRAPHIC SYSTEM
FOR ESTIMATING EFFECTIVE ATOMIC
NUMBER USING MULTIPLE RATIOS

[0001] The present application claims the benefit of U.S.
Provisional Patent Application No. 60/940,632, entitled
“Threat Detection System”, filed May 29, 2007, which 1s

hereby incorporated by reference 1n 1ts entirety.

[0002] The present mvention relates generally to radio-
graphic imaging, and, more particularly, to determination of
the etfective atomic number, Z_; of a material using multi-
energy radiographic imaging.

[0003] Standard techniques using high-energy radio-
graphic systems exist to determine or estimate atomic com-
position of a material. For example, two X-ray energy levels
may be used to 1mage an object of interest. The gray level
intensity values measured for each of the two energy levels
are used to compute a corresponding ratio. The ratio of the
intensity values for an unknown material 1s compared against
known materials. The known material with the closest ratio to
that measured 1s used to estimate the unknown material’s
eftective atomic number (Z_;) ot the unknown material. How-
ever, these radiographic systems may be prone to noise and
other non-linear effects that can cause errors in Z_,determi-
nation, especially in high-7 materials. Elements with high-Z
include special nuclear materials, such as plutontum and
highly enriched uranium, as well as elements that would be
extremely effective in shielding special nuclear materials
from passive radiation detection techniques.

[0004] Using a radiographic system with only two X-ray
energy levels, two common problems can occur. First, mnsui-
ficient penetration may occur when high-7Z or high density
materials do not allow enough energy to penetrate through the
object of 1nterest to a detector. Second, low-Z. or low density
materials may induce over-saturation. In the case of over-
saturation, little to no attenuation may occur at a particular
X-ray energy level. To overcome the problem of over-satura-
tion, lower energies may be used, whereas higher energies
may be used 1n cases of insullicient penetration. Higher ener-
gies may solve insullicient penetration 1ssues but exacerbate
over-saturation 1ssues and vice versa. Thus, 1n dual energy
systems, the solution for overcoming over-saturation issues
may be at odds with the solution for overcoming insufficient
penetration. Embodiments of the present invention may
address the above-mentioned problems and limitations,
among other things.

[0005] Anembodiment ofthe present invention can include
a method of determining an eftective atomic number, Z 4 of
an object including obtaining a plurality of radiographic
images of the object. Each radiographic image can be
obtained using a different independent X-ray energy level.
Each image can also include a plurality of pixels. The images
can be registered and normalized. Noise may be removed
from the images. An intensity value for each pixel in the
region of interest 1in each radiographic 1image can be deter-
mined. A plurality of measured ratios, R, for each pixel in the
region of mterest can be formed. Each measured ratio can be
formed using intensity values from corresponding pixels 1n a
pair of different radiographic images. The method can
include calculating at least one adjusted measured ratio, R,
tor each pixel in the region of interest based on the plurality of
measured ratios, R, and at least one corresponding estimation
coellicient, o, and comparing the at least one adjusted mea-
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sured ratio, R, for each pixel 1n the region of interest to a
material attenuation database. The method can include
assigning a 7, value to each pixel in the region of interest
balsed on the comparison and outputting the assigned 7
values.

[0006] Another embodiment may include a computer pro-
gram product including a computer readable medium
encoded with software structions for causing a computer to
perform the steps of receiving more than two radiographic
images ol an object and determining an intensity value for
cach pixel 1 each of the plurality of radiographic images.
Each 1mage can be obtained using a different independent
X-ray energy level and can have a plurality of pixels. The
steps can also include forming a plurality of measured ratios,
R. Each measured ratio, R, can be formed using intensity
values from corresponding pixels 1n a pair of different radio-
graphic images. The steps can also include calculating at least
one adjusted measured ratio, R _, based on the plurality of
measured ratios, R, and at least one corresponding estimation
coellicient, o, and comparing the at least one adjusted mea-
sured ratio, R, to a material attenuation database. The steps
can include assigning a 7, value based on the comparison
and outputting the assigned Z . value.

[0007] Another embodiment may include a system for
determining an effective atomic number, Z . of an object.
The system may include at least one processor. The at least
one processor can form a plurality of measured ratios, R. Each
measured ratio may be formed using intensity values taken
from a pair of different radiographic images. The at least one
processor can calculate at least one adjusted measured ratio,
R, based on the plurality of measured ratios, R, and at least
one corresponding estimation coetficient, a. The at least one
processor can output a Z,_-value based on a comparison of the
at least one adjusted measured ratio, R, to a material attenu-
ation database.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG.11sablockdiagram showing an overview of an
embodiment of a system for estimating Z_.

[0009] FIG. 2 1s a flowchart showing a process overview of
an embodiment of a process for estimating 7.

[0010] FIG. 3 1s a block diagram showing an embodiment
of a dynamic material attenuation processor for use 1n esti-
mating Z

[0011] FIG. 4 1s a flowchart showing a process overview of

an embodiment of Z assignment arbitration for use in esti-
mating 7.,

DETAILED DESCRIPTION

[0012] The present invention i1s directed to identifying
material compositions by estimating their effective atomic
number or Z . value. The present invention further seeks to
overcome the limitations of the above-mentioned ratio
method by using a multi-energy approach. Multiple energies
are used to determine 1ntensity ratios that are proportional to
attenuation coeflicient ratios. These intensity ratios can then
be used to build a series of measured ratios. These measured
ratios can then be used to build a series of adjusted measured
ratios foruseina 7 determination that may be more accurate
than conventional methods.

[0013] Imaging of a material relies on the application of
Beer’s law. Beer’s law equation can be stated using an arbi-
trary energy level k as,
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I(k)=1 (k)e <, (1)
[0014] where I(k) 1s the measured intensity of the radiation

at energy level k, I (k) 1s the input intensity of the radiation at
energy level k, u, 1s the linear attenuation coellicient of the
material at energy level k, and t 1s the energy independent
material thickness.

[0015] Experimentally, the linear attenuation coeflicient
depends on the material cross-section coetlicient, 0. Since
attenuation 1s energy dependent, each material has the basic
regions of energy scatter, including photoelectric absorption
0, Coherent scatter o_,, incoherent scatter 0, , and pair-wise

production 0,,,. Each material has a material combined cross-
sectional coetlicient which depends on the sum of the 1ndi-

vidual cross-sections. For example,

0=0,,,+0 +0;,+0,,,,. (2)

[0016] The cross-sections and linear attenuation coeifl-
cients are related by:

_ ONp (3)
S
[0017] wherepi1s the material linear attenuation coetficient,

o 1s the material combined cross-sectional coefficient, N 1s
Avogadro’s number, A 1s atomic weight, and p 1s density.

[0018] Using any two energies, denoted as x and vy, the
following intensity ratio may apply:

(4)

I(x)
) ln(fo?x)) M
IT T ity

)

[0019] where R; 1s the ratio of the logarithm of the respec-
tive intensity ratios and x and y represent the upper and lower
energy levels. This expression eliminates the dependency on
mass thickness. Thus, the R; value may be compared against
attenuation curves at the upper and lower energy levels for
various materials to determine the Z_ ot an unknown mate-
rial.

[0020] Intensity values can be determined from measured
radiographic 1mages and used in the determination of a plu-
rality of ratios for different pairs of radiographic source
energy levels. Any number of energy levels 1in the X-ray
regime may be used. For example, at least two energy levels
and corresponding measured ratios can be used. In another
example, four different energy levels and corresponding mea-
sured ratios can be used.

TABLE 1

L1

Multi-Enerev Attenuation Coetfficient and Ratio Table

| ( I(x) )
| n
Correspcm.dmg . L)
Source Energy Attenuation i= )\ —

Levels Coeflicients Energy 111(_) My
(1 <2<3< 4) (Mx: j_Jy) Regimg IO(Y)

By, By Hi> Ho Low R;

Ey, Es i, Ha L.ow- N

Medium
By, By His K Low-High R..
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TABLE 1-continued

Multi-Energy Attenuation Coethicient and Ratio Table

()
i n
CDrrespﬂnldmg AL
Source Energy Attenuation R;= Ty)\ —

Levels Coeflicients Energy 111(_) Hy
(1<2<3<4) (LLys 1L} Regime L)

EQ: E3 Lo, Lla Medium Riv

EE: E4 L, Ly Medium- Rv

High

E;, By s, Ly High R,

[0021] Table 1 shows an example of an application employ-

[l

ing four different source energy levels. Four different source
energy levels (E,-E,) are used to generate four different
radiographic 1images of an object. E; corresponds to the low-
est X-ray source energy level. For example, E, may be 1MeV.

E_ corresponds to the highest X-ray source energy level. For
example, E, may be 10 MeV. Measured intensity values I(x)
for each energy level, x, are extracted from the corresponding
radiographic 1images and used in the determination of each
measured ratio, R, Source intensity values I (x) for each
energy level are known from measurement conditions of the
radiographic 1mages and are also used 1n the determination of
the measured ratios, R,. Although only four source energy
levels are discussed 1n detail with respect to Table 1, it 1s of
course contemplated that more than four or less than four
energy levels may be employed.

[0022] Ratios exist for various combinations of intensity
values based on the different source energy levels. Therelore,
it may be feasible that one could select between low, medium,
or high energy ratios for estimating the effective atomic num-
ber of the material of the object to minimize errors due to
saturation, noise, or insuificient penetration.

[0023] A family of attenuation curves for a group of mate-
rials with respect to X-ray energy 1s typically non-linear, with
various ranges of polynomial order. Although the attenuation
curves themselves are non-linear, the ratios from energy level
to energy level can be modeled using linear methods. At least
two energy solutions form a linear attenuation fit based on the
ratio. Determining the atomic structure of a material can be
based on comparing the slopes of the intensity values from
radiographic images with those values of known materials
residing in a database. The attenuation coeflicient 1s propor-
tional to measured X-ray intensities.

[0024] Radiographic imagers can use measured X-ray
intensity to create a corresponding gray level picture, other-
wise known as a radiographic 1image. The conversion from
intensity to gray level can be defined by an inverse linear ratio,
but the process of 1maging various materials poses several
non-linear settings. Despite the nonlinearity, ratios between
the measured intensity values are approximately the same as
ratios between the true material linear attenuation coellicients
when adjusted for gray level conversion. In other words, an
adjusted ratio of measured intensity values, as defined 1n
equation (4), may be correlated with a similar ratio of known
linear attenuation coetficients in determining the 7Z_ . of an
unknown material.

[0025] Anadjusted measuredratio, R
from the equation:

can be determined

e
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[0026] where R, 1s the measured ratio of attenuation coet-
ficients at two difterent source energy levels, o, 1s an estima-
tion coellicient corresponding to the particular two energy
levels used in determining R, and j 1s a subscript referring to
the particular pair of source energy levels. The estimation
coeflicient, a;, can be determined from the mapping of the
photon intensity values to a gray level value. Separate
adjusted measured ratios, R, may be determined for each
measured ratio, R, used. Alternately, the multiple separate
measured ratios may be combined into a single vector. For
example, using the set of ratios defined by Table 1, equation
(5) would become:

Ry =0 R g3 Ol = Ol 55557 Ol R iy PO R o H O R,

I~ "Iz I "Iiril

[0027] whereini, represents a vector in n-space correspond-
ing to attenuation coetticient R . The n-space may be a multi-
dimensional space based on the number of energy levels
employed or the number of measured ratios formed.

[0028] While it 1s contemplated that all radiographic
images corresponding to different energy levels can be used
in the determination of the Z_g 1t 1s also possible that only
specific measured ratios of intensity values may be selected
depending on the conditions associated with a particular
energy level. For example, for a given energy level, an inten-
sity value may not be applicable due to an over-saturation or
non-penetration condition. Therefore, the measured energy
ratios, R, using the mtensity values for that particular energy
level may be excluded from the calculation of the adjusted
measured ratio, R, .. Alternately, theratioR,, ; corresponding
to those conditions of over-saturation or non-penetration may
be excluded from use in the determination ot 7.

[0029] Gray level mapping of the estimation coellicient 1s
nonlinear across material and energy levels. To compensate
for the nonlinearity, the estimation coetlicients, o, may be
determined empirically through experimental evaluation of
known matenals. Alternately, an algorithm can be used for
mimmum error tuning so as to optimize the estimation coet-
ficients, . It should be appreciated that other methods may be
used to determine the estimation coetlicients.

[0030] In view of the foregoing features described above,
structures and methodologies 1n accordance with various

aspects of the present mvention will be better appreciated
with reference to FIGS. 1-5.

[0031] FIG.11sablock diagram showing an overview of an
exemplary embodiment of a system for estimating Z_, A
material domain imaging processor 100 may recerve multiple
radiographic 1images and other data as input and may output a
multi-energy high Z-mapping for identification of threats. An
image processor 108 may receive a set of radiographic images
of an object of interest from radiographic imaging system 102
or another processor, system, or database. Each of the radio-
graphic images may be taken at a different X-ray energy level.
Each image may be processed by the image processor 108 to
register the 1mages, normalize the 1images, and remove any
noise 1n the images.

[0032] The processed 1images may be sent to the Z_, pro-
cessor 116. The Z_processor 116 may extract corresponding
intensity values from each pixel in each image. In an alternate
embodiment, the Z . processor 116 may only determine an
intensity value for each pixel in each image that 1s within a
region of 1nterest. For determination of a region of interest,
the images may be sent to an external analysis system, such as
segmentation processor 114. Segmentation processor 114
may use, for example, edge boundary detection, texture based

e

Feb. 26, 2009

detection, or other region processing in order to determine
boundaries within the 1mages and to select a common region
of interest for evaluation by the material domain 1maging
processor 100. The region of interest 1n each image may then
be communicated to the Z_ . processor 116 for determination
of intensity values. The relevant pixels for subsequent pro-
cessing may be limited to those pixels within the region of
interest mstead of the entirety of pixels in each 1mage. Rel-
evant pixels may also be selected based on penetration con-
ditions (e.g., oversaturation, non-penetration). For example,
like regions across the various registered images may be
compared to determine penetration conditions.

[0033] Adfter determination of the intensity values, the Z_,
processor 116 may use the intensities to form a set of mea-
sured ratios, R, for the relevant pixels. The measured ratios,
R, may be formed using the relation set forth in equation (4)
above. Normalized intensity values from corresponding pix-
els 1n a pair of different radiographic images may also be used
to form each measured ratio. Corresponding pixels may refer
to pixels 1n different images which correspond to the same

point or location on an 1maged object. For example, the set of
ratios for each pixel may take the form shown 1n Table 1.

[0034] ‘The Z_,processor 116 may use estimation coetfi-
cients, o, with the set of measured ratios, R, to determine at
least one adjusted measured ratio, R, , for each relevant
pixel. Separate adjusted measured ratios, R, -, may be deter-
mined for each energy ratio in the set or only for certain
energy ratios within the set. Alternately, the multiple energy
ratios may also be combined into a single measured ratio
vector, R . The estimation coelficients may be provided by
tuning module 110.

[0035] The relevant pixels may include, for example, a
single pixel, all the pixels in the entire 1image, or just the pixels
within a region of interest. In an alternative embodiment,
relevant pixels may be selected based on penetration condi-
tions (e.g., over-saturation, non-penetration, etc.). The mate-
rial domain imaging processor 100 or a separate system may
compare regions across various images to determine penetra-
tion conditions. The material domain 1maging processor 100
or a separate system (1.e., segmentation processor 114 or
context analysis system 106) may correlate regions with pixel
values at a lower extreme of a photon intensity scale as
regions of non-penetration, while regions with pixel values at
an upper extreme of the photon intensity scale may be corre-
lated as regions of over-saturation. The Z_; processor 116
may be configured to exclude these regions from the list of
relevant pixels for turther processing.

[0036] In an exemplary embodiment, tuning module 110
can employ an algorithm for minimum error tuning of the
estimation coeflicients. Accepted attenuation database 104
may be provided to the tuning module 110. Alternately,
accepted attenuation data may be provided by an integrated
database, a memory device, or a separate system or processor.
The tuning module 110 may use ratios from radiographic
images ol a known material to optimize the value of the
estimation coelficients such that adjusted measured ratios
correspond to ratios of accepted attenuation data. The
accepted attenuation data may be data from public attenua-
tion sources, such as the NIST public data source. In an
alternate embodiment, the tuning module 110 may include a
database of previously determined estimation coelificients for
use by the Z_.processor 116. The estimation coetficients may
be determined via experimental evaluation or other means.
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[0037] The resulting adjusted measured ratios, R, ;, can be
output from the Z_processor 116 to the material assignment
module 118. The material assignment module 118 can com-
pare the adjusted measured ratios to a material attenuation
database from dynamic material attenuation (DMA) module
112. Alternately, the Z . processor 116 may send the mea-
sured ratios, R;, to the material assignment module 118. In
such a scenario, material assignment module 118 would use
the estimation coellicients and the measured ratios to form the
adjusted measured ratios, R, , for comparison to the material
attenuation database. In either embodiment, the material
assignment module 118 may assign a Z_,value to each rel-
evant pixel or to a region of pixels based on the comparison.

[0038] Inanexemplary embodiment, the DMA module112
may be a processor, such as dynamic material attenuation
processor 300, that uses configurable settings to dynamically
create a densely populated attenuation ratio lookup table with
variable resolution 1n both the energy scale and the effective
atomic number (Z ;) scale. The DMA module 112 can be
used for the two or more energies used in the radiographic

images for determining 7, values. Sparse attenuation data
from public sources for any material (liquid, solid, gas) can be
stored on a disk using a standard format. Alternately, accepted
attenuation data (1.e., attenuation coellicients) may be mput to
the DMA module 112 from accepted attenuation database
104. Accepted attenuation data may also be provided by an
integrated database, a memory device, or a separate system or
processor. The accepted attenuation data may be data from
public attenuation sources, such as the NIST public data
source. The attenuation data can be created using a variety of
scattering approaches, such as coherent, incoherent, photo-
clectric, pairwise production nuclear field, pairwise produc-
tion electric field, total scatter with coherent, and total scatter
without coherent. A user may select the materials used to
create the attenuation lookup table, such as water, peroxide,
lead, carbon, etc. Using the attenuation data, the attenuation
lookup table may be created as a function of the X-ray energy
level and the Z_, o0t the material. Alternately, the DMA mod-
ule 112 may include a database of previously determined
attenuation lookup tables, such as material attenuation table
322 in FIG. 3, for use by the material assignment module 118.

[0039] Material assignment module 118 may include a plu-
rality of independent material assignment algorithms. Each
material assignment algorithm may employ a different meth-
odology or use different measured ratios for comparison to
the same attenuation database to generate a set of candidate
/2.y values for each relevant pixel. Each material assignment
algorithm can also assign a confidence value to the candidate
Z gvalues.

[0040] The set of candidate Z_,values may be sent to the
/. gzprocessor 116. The Z_, processor 116 may compare the
confidence values for each 7, -value 1n the set and may select
the Z_ - value for each relevant pixel with the highest associ-
ated confidence value. The resultcan be a Z_1mage with each
pixel having an assigned Z . value with the highest confi-
dence. In an exemplary embodiment, the Z_, processor 116
may output the result to external analysis system, such as
context analysis system 106, for evaluation of regions of
non-penetration or over-saturation for inclusion 1n the final
processor output. For example, context analysis system 106
may use a-priori information, n the way of configuration
data, to assist 1n 1dentifying non-penetrable and false alarm
cases.

Feb. 26, 2009

[0041] The result from the Z_,processor 116 can be sent to
a color image assignment module 120. The color image
assignment module 120 can map a color scale to a range of
corresponding 7 . values. Thus, each relevant pixel may be
assigned a color based on the assigned Z_, value, thereby
creating a color image of the object. This color 1mage can be
output from the material domain 1maging processor 100 to
threat decision processor 124. In addition, the color image
and Z,-values may be further processed by a threat assign-
ment module 122. The Z_, value for each pixel can be com-
pared with a threat threshold by the threat assignment module
122 to determine regions where the threshold 1s exceeded,
1.€., those regions where a threat exists. These regions and
associated confidence values may be output from the material
domain 1maging processor 100 to the threat decision proces-
sor 124 for further processing or integrated decision making.

[0042] FIG. 2 shows a process flow 200 of an exemplary
embodiment of a method of material domain 1image process-
ing. The process begins at step 201 and proceeds to step 202.
In step 202, radiographic images may be obtained of an
object. Each radiographic image of an object may be obtained
at a different X-ray energy level. For example, at least two
independent X-ray energy levels can be used. In another
example, four X-ray energy levels can be used to generate
four independent radiographic images of an object. In step
204, the radiographic images may be subject to 1image pro-
cessing. The image processing may be any of a number of
processing steps known 1n the art. For example, each radio-
graphic 1mage may be registered with the other radiographic
images such that regions of interest in the object are aligned.
Further, the radiographic images may be normalized to a gray
scale. In addition, noise filtering may be employed to reduce
noise artifacts in the image.

[0043] In step 206, an intensity value may be determined
for each relevant pixel 1n each processed image. The relevant
pixels may include a single pixel, pixels within a designated
region of interest, or all pixels within each 1image. At step 208,
the intensity values may be used to create a set of measured
ratios, R;, for each relevant pixel based on the ditferent
images, with each image corresponding to a different X-ray
energy level. For example, the set of measured ratios, R, for
cach pixel may be formed as shown in Table 1. At step 210, at
least one adjusted measured ratio, R, , for each relevant pixel
can be determined. The measured ratio can be based on the
product of at least one estimation coellicient, a, and the set of
measured ratios, R, from step 208. Separate adjusted mea-
sured ratios, R, ;, may be determined for each measured ratio,

R, in the set or only for certain energy ratios within the set.

[0044] The resulting set of adjusted measured ratios, R, .,
may be compared to a material attenuation database in step
212 using at least one algorithm. The material attenuation
database can be a densely populated attenuation ratio lookup
table based on data from public sources of attenuation data.
For example, this comparison may be a determination of an
error, €, for each measured ratio with respect to the corre-
sponding accepted attenuation ratio, as given by:

[0045] where «, 1s the estimation coefficient corresponding
to the measured ratio, R, and R ; 1s an accepted attenuation

ratio dertved from the densely populated attenuation ratio
lookup table.

[0046] Results of the comparisonin step 212 can be used 1n
step 214 to determine the Z_, for each relevant pixel. In an

e
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exemplary embodiment, step 212 can provide a comparison
using a set of algorithms. Fach algorithm may employ a
different methodology, different adjusted measured ratios,
and/or different estimation coelificients for comparison to the
same database. The results of this comparison may be used to
generate a set of candidate 7, values and associated confi-
dence values for each relevant pixel in step 214. An arbitration
step may be mncluded in step 214 to select the 7, value that
has the highest associated confidence value for the given
measurement conditions.

[0047] In steps 216 and 218, which are optional, the Z_
value for each relevant pixel may be used in the construction
of a color image. In step 216, colors may be assigned to
correspond with different Z _,values. For example, the assign-
ment of colors may be predetermined or set dynamically to
correspond with the range of measured Z, . values. In step
218, colors may be assigned to each pixel according tothe Z, -
value of the pixel so as to generate a Z_.color image ot the
object. The method can end at step 220.

[0048] FIG. 3 illustrates a dynamic material attenuation
processor 300, which may be used as DMA module 112 in the
embodiment of FIG. 1. The dynamic matenal attenuation
processor 300 may be used to dynamically create a densely
populated attenuation ratio lookup table for use by the mate-
rial assignment module 118 in the determination ot Z,_ - val-
ues. The processor 300 can use configurable settings to create,
for example, a table of accepted attenuation coellficient ratios,
Rz, with variable resolution in both the energy scale and Z .
Similar to equation (4) above, the accepted attenuation coel-
ficient ratio, R, > can be expressed as:

Ry =% (8)
X Hy
[0049] Inputs into the dynamic material attenuation proces-

sor 300 may be dertved from public attenuation data source
302, such as periodic attenuations, liquid attenuations, or
other forms available through the NIST public data source,
for example. The public attenuation data source 302 may
include a sparsely populated database. The data from the
public attenuation data source 302 may provide attenuation
data of various material compositions at different radio-
graphic energy levels under a variety of scattering conditions,
including, but not limited to, coherent, incoherent, photoelec-
tric, pair-wise production nuclear field, pair-wise production
clectric field, total coherent, and total non-coherent. Using
this data, the processor 300 may build a fully connected table
of 7 rvalues versus ratio ot accepted attenuation coetlicients
at different energy levels. For example, the table may have
rows with different 7 values. Bach column 1n the table may
have an accepted attenuation coefficient ratio, R, that cor-
responds with a different pair of source energy levels used in
the radiographic 1images by Z,_processor 116.

[0050] The densely populated attenuation ratio lookup
table may be dynamically configurable based on user inputs
or configuration data. For example, the dynamic material
attenuation processor 300 may recerve a subsystem request
304. This request 304 may include, for example, a particular
source energy range and a particular Z_.range. This informa-
tion may also be provided by configuration data. Configura-
tion data can control the energy density needed for the result-
ant attenuation data table as well as the Z_ .density needed. At
306, the requested energy values and energy resolution may
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be obtained from the configuration data. At 312, the requested
L gvalues and 7 resolution may be obtained from the con-
figuration data. Although shown 1n F1G. 3 as being external to
processor 300, the configuration data may be integrated and
stored with the processor 300. The configuration data may be
predetermined based on the radiographic system or object
under test. Alternately, the configuration data may be input by
a user.

[0051] At 308, the dynamic material attenuation processor
300 can receive the request 304, the energy configuration data
306, and/or the Z_configuration data 312 and may obtain the
necessary attenuation data from public attenuation data
source 302. At 314, the attenuation data may be normalized
for both energy and 7, -values. The resultant attenuation data
may then be formed into accepted attenuation coefficient
rat10s, R, and organized into tabular form at 324. Publicly
available attenuation data source 302 may lack some of the
/. #values or the source energy values requested in subsystem
request 304. Accordingly, the dynamic material attenuation
processor 300 may create a high-resolution table so as to
account for this missing information. At 326, the tabular form
of accepted attenuation coetficient ratios, R ;, from 324 may
be expanded based on the subsystem request 304, the energy
configuration data 306, and/or the Z_,configuration data 312.
Any data missing 1n the table generated by 326 may be inter-
polated using a polynomial spline fit. Poly-spline fit 310 may
interface with the high-resolution table created in 326 to
interpolate missing information with respect to source energy
values. Poly-spline fit 316 may interface with the high-reso-
lution table created 1n 326 to interpolated missing informa-
tion with respect to Z . values (1.e., material composition).
The result can be an attenuation ratio lookup table based on
source energy values and Z_values. Thus, sparse input data
and configuration information can be used to create a densely
populated configurable attenuation ratio lookup table.

[0052] A color map to the Z,_ -values may also be created to
coincide with the Z . value settings. The attenuation ratio
lookup table may be output to 318 for assigning colors to the
various Z_, values. The resultant attenuation ratio lookup
table and the assigned colors may then be output to 320 for
formatting to a given data standard. Alternately, the attenua-
tion ratio lookup table may be sent directly from 326 to 320
for formatting to the standard. The format may be any avail-
able data standard. For example, the standard can be an N42
standard, such as ANSI N42.42. After formatting, the attenu-
ation ratio table may be output as a material attenuation ratio
table 322 for use by material assignment module 118.

[0053] FIG. 4 illustrates a 7 algorithm arbitration process
400 for use 1n estimating Z .. The process starts at step 401
and continues to step 402. In step 402, a pixel may be selected
in a region of interest for which at least one adjusted measured
ratio, R, has been determined. At step 404, an algorithm may
be selected from a set of algorithms. Using the selected algo-
rithm, the at least one adjusted measured ratio, R, may be
compared to a densely-populated attenuation lookup table 1n
step 406. Based on the comparison, the selected algorithm
can determine a Z_-value for the relevant pixel at step 408. At
step 410, the selected algorithm may also determine a confi-
dence value for the Z_,value. This confidence value may be
based on measurement conditions. Alternately, the confi-
dence value may be based on a particular set of estimation
coetlicients employed and the resulting range ot Z_ . deter-
mined. At step 412, the arbitration process can check to see 1t
all algorithms within the set have been evaluated. The process
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canrepeat steps 404-410 until all algorithms have been evalu-
ated. Once all algorithms have been evaluated, thereby gen-
erating a set of candidate Z . values with associated confi-
dence values, the process may proceed to step 414. At step
414, the 7, value with the highest confidence value can be
selected and assigned to the relevant pixel. At step 416, the
arbitration process can check to see 1f all relevant pixels have
been evaluated. The process can repeat steps 402-414 until all
relevant pixels have been evaluated. It all pixels have been
evaluated, the process may proceed to step 418, wherein the
/. rvalues and associated confidence values for each relevant
pixel may be output for further processing. For example, the
/.rvalues may be output to color image assignment module
120 for subsequent color imaging of the Z_, values. The
process may continue to step 420 where the process may end.
[0054] It should be appreciated that the steps of the present
invention may be repeated in whole or in part i order to
perform the contemplated Z_-estimation. Further, 1t should
be appreciated that the steps mentioned above may be per-
formed on a single or distributed processor. Also, the pro-
cesses, modules, and units described in the various figures of
the embodiments above may be distributed across multiple
computers or systems or may be co-located 1n a single pro-
Cessor or system.

[0055] Embodiments of the method, system, and computer
program product for determining an effective atomic number,
/4 of an object, may be implemented on a general-purpose
computer, a special-purpose computer, a programmed micro-
processor or microcontroller and peripheral integrated circuit
clement, an ASIC or other integrated circuit, a digital signal
processor, a hardwired electronic or logic circuit such as a
discrete element circuit, a programmed logic circuit such as a
PLD, PLA, FPGA, PAL, or the like. In general, any process
capable of implementing the functions or steps described
herein can be used to implement embodiments of the method,
system, or computer program product for determining an
eftective atomic number, Z_, of an object.

[0056] Furthermore, embodiments of the disclosed
method, system, and computer program product for deter-
mining an eftective atomic number, Z_, of an object may be
readily implemented, fully or partially, 1n software using, for
example, object or object-oriented software development
environments that provide portable source code that can be
used on a variety ol computer platforms. Alternatively,
embodiments of the disclosed method, system, and computer
program product for determining an effective atomic number,
/4 of an object can be implemented partially or fully in
hardware using, for example, standard logic circuits or a
VLSI design. Other hardware or soitware can be used to
implement embodiments depending on the speed and/or efli-
ciency requirements of the systems, the particular function,
and/or particular software or hardware system, microproces-
sor, or microcomputer being utilized. Embodiments of the
method, system, and computer program product for deter-
mining an eftective atomic number, Z ., of an object can be
implemented 1n hardware and/or software using any known
or later developed systems or structures, devices and/or sofit-
ware by those of ordinary skill 1in the applicable art from the
function description provided herein and with a general basic
knowledge of the computer, radiographic, and 1image process-
ing arts.

[0057] Moreover, embodiments of the disclosed method,
system, and computer program product for determining an
eftfective atomic number, Z . of an object can be imple-
mented 1n software executed on a programmed general pur-
pose computer, a special purpose computer, a miCroproces-
sor, or the like. Also, the Z_, determination method of this
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invention can be implemented as a program embedded on a
personal computer such as a JAVA® or CGI script, as a
resource residing on a server or 1mage processing worksta-
tion, as a routine embedded 1n a dedicated processing system,
or the like. The method and system can also be implemented
by physi‘cally incorporating the method for determining Z_
ol an object 1into a software and/or hardware system, such as
the hardware and software systems ol multi-energy X-ray
inspection systems.

[0058] It 1s, therefore, apparent that there 1s provided, 1n
accordance with the present invention, a method, system, and
computer program product for determining Z .ot an object.
While this invention has been described 1n conjunction with a
number of embodiments, 1t 1s evident that many alternatives,
modifications and variations would be or are apparent to those
of ordinary skill in the applicable arts. Accordingly, Appli-
cants intend to embrace all such alternatives, modifications,
equivalents and variations that are within the spirit and scope
of this invention.

What 1s claimed 1s:

1. A method of determining an effective atomic number,
2.5 0l an object, the method comprising the steps of:

obtaining a plurality of radiographic images of the object,
cach radiographic image obtained using a different inde-
pendent X-ray energy level and each image including a
plurality of pixels;

registering the plurality of radiographic images with each
other;

normalizing the plurality of radiographic images;

removing noise from the plurality of radiographic images;

determining an intensity value for each pixel in a region of
interest 1 each radiographic image;

forming a plurality of measured ratios for each pixel in the
region of 1nterest, each ratio formed using intensity val-
ues from corresponding pixels 1 a pair of different
radiographic 1images;

calculating at least one adjusted measured ratio for each
pixel 1n the region of interest based on the plurality of
measured ratios and at least one corresponding estima-
tion coelficient;

comparing the at least one adjusted measured ratio for each
pixel i the region of interest to a material attenuation
database;:

assigning a 7, »value to each pixel in the region of interest
based on the comparing; and

outputting the assigned Z,_-values.

2. The method of claim 1, wherein the step of obtaining a
plurality of radiographic images of the object comprises
obtaining more than two radiographic 1images of the object.

3. The method of claim 1, wherein said at least one adjusted
measured ratio includes a set of adjusted measured ratios and
cach adjusted measured ratio of the set 1s based on a corre-

sponding one of the plurality of measured ratios and a corre-
sponding one of a plurality of estimation coeltlicients.

4. The method of claim 3, wherein comparing the at least
one adjusted measured ratio to a database includes:

providing a plurality of independent material assignment
systems, each material assignment system configured to
determine a Z_, value based on at least one different
adjusted measured ratio from the set of adjusted mea-
sured ratios and the material attenuation database;

generating a plurality of candidate 7, values and associ-
ated confidence values using the plurality of material
assignment systems; and

selecting the 7, . value from the plurality of candidate Z_
values with tﬁe highest associated confidence value.
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5. The method of claim 1, further comprising;

mapping a color scale to a range ot Z_,values; and

generating a color 1mage of the object using the color
mapping and the assigned Z_,values.

6. The method of claim 1, further comprising;

comparing the Z, - values to a threat threshold; and

generating an output of a threat region of interest and a
confidence value for the threat region of 1nterest based
on the comparison of the Z . values to the threat thresh-
old.

7. The method of claim 1, wherein the material assignment
database comprises a densely populated attenuation ratio
lookup table.

8. The method of claim 7, further comprising:

receiving accepted attenuation data of various matenals,
the accepted attenuation data providing information
regarding attenuation of X-rays at various energy levels
based on the corresponding 7, -values ot said materials;

receiving configuration data including energy scale reso-
lution and Z_, resolution for said attenuation lookup
table; and

generating said attenuation lookup table based on said
accepted attenuation data and said configuration data.

9. The method of claim 1, further comprising;

determining said region of interest through 1image process-
ing and analysis of the radiographic images.

10. A computer program product comprising:

a computer readable medium encoded with software
istructions that, when executed by a computer, cause
the computer to perform the steps of:

receiving more than two radiographic images of an object,
cach 1mage obtained using a different independent
X-ray energy level and each image having a plurality of
pixels;

determining a normalized intensity value for each pixel in
cach of the radiographic images of the object;

forming a plurality of measured ratios, each measured ratio
formed using the normalized intensity values from cor-
responding pixels 1n a pair of different radiographic
1mages;

calculating at least one adjusted measured ratio based on
the plurality of measured ratios and at least one corre-
sponding estimation coellicient;

comparing the at least one adjusted measured ratio to a
material attenuation database;

assigning a 7 value based on the comparing; and

outputting the assigned Z_,value.

11. The computer program product of claim 10, wherein
the determining a normalized intensity value includes:

registering the radiographic images with each other;

normalizing the radiographic images;

processing the radiographic images to remove noise; and

determining a plurality of intensity values, each of the
plurality of mtensity values being determined for a dif-
ferent pixel of the plurality of pixels 1n one of registered,
normalized, and processed radiographic images.

12. The computer program product of claim 10, wherein
the comparing the at least one adjusted measured ratio,
includes:

providing a plurality of independent material assignment
algorithms for determining 7 -based on the at least one
adjusted measured ratio and the material attenuation
database;:

generating a plurality of candidate 7, values and associ-
ated confidence values using the plurality of indepen-
dent material assignment algorithms; and
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selecting the Z_-value from the plurality of candidate Z_
values with ﬂ{e highest associated confidence value.

13. The computer program product of claim 10, further
comprising the steps of:

mapping a color scale to a range of Z_, values;

generating a color image of the object using the color

mapping and the assigned 7 values;
comparing the 7, .values to a threat threshold to determine
a threat region of interest; and

generating an output of the color image, a threat region of
interest, and a confidence value for the threat region of
interest based on the comparison of the Z,_ . values to the
threat threshold.

14. The computer program product of claim 10, wherein
the material attenuation database comprises a densely popu-
lated attenuation lookup table based on accepted attenuation
data, the accepted attenuation data providing information
regarding attenuation ol X-rays at various energy levels based
on Z gvalues.

15. A system for determining an effective atomic number,
/.4 01 an object, the system comprising:

at least one processor configured to perform the steps of:

forming a plurality of measured ratios, each measured

ratio formed using intensity values from a pair of
different radiographic images of an object;

calculating at least one adjusted measured ratio based on
the plurality of measured ratios and at least one cor-
responding estimation coellicient; and

outputting a Z_, value based on a comparison of the at
least one adjusted measured ratio to a materal attenu-
ation database.

16. The system of claim 15, further comprising:

an 1mage processing module configured to register, nor-
malize, and remove noise from each of the radiographic
1mages.

17. The system of claim 15, further comprising:

a plurality of independent material assignment algorithms
tor determining a plurality ot Z_ -values and correspond-
ing confidence values, each material assignment algo-
rithm configured to compare the at least one adjusted
measured ratio to the material attenuation database to
determine a 7, value and an associated confidence
value,

wherein the at least one processor 1s configured to assign a
/s value from the plurality ot determined Z_, values
based on the associated confidence value and to generate
an output at least based on the assigned Z,_,value.

18. The system of claim 15, further comprising:

a color 1mage assignment module configured to map a
color scale to a range of Zgﬁr values and to generate a
color image of the object using the color mapping and
assigned 7, ~values.

19. The system of claim 15, further comprising:

a threat assignment module configured to compare the Z_
values to a threat threshold and to generate an output of
at least one threat region of interest and a corresponding
confidence value for each threat region of interest.

20. The system of claim 15, further comprising;

a material attenuation module configured to dynamically
generate a densely populated attenuation ratio lookup
table based on accepted attenuation data and configura-
tion data.
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