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[57] ABSTRACT

A method and apparatus for detecting objects in computed
tomography (CT) data, including sheet-shaped objects such
as sheet explosives, analyze a neighborhood of voxels
surrounding a test voxel. Erosion of the data can be per-
formed by identifying a neighborhood of voxels surrounding
a voxel of interest. If the number of voxels having densities
below a predetermined threshold exceeds a predetermined
number, then it is assumed that the test voxel is a surface
voxel and is removed from the object. A connectivity
process can be applied to voxels to combine them into
objects alter sheets are detected Lo prevent sheets [rom being
inadvertently removed from the data by erosion. A dilation
function can then be performed on the eroded object to
replace surface voxels removed by erosion.

36 Claims, 13 Drawing Sheets




U.S. Patent Jun. 13, 2000 Sheet 1 of 13 6,075,871




U.S. Patent Jun. 13, 2000 Sheet 2 of 13 6,075,871

- —
]
]

/

136 /
’

L

[] | []
N '
Y4 \k
130 ) —~ 132 |
- 16
| (]
: 134 08l
<) ) =
H 1 ) o
M, T RIS T

100



U.S. Patent Jun. 13, 2000 Sheet 3 of 13 6,075,871

I

_~122

AR NN

=

100



6,075,871

Sheet 4 of 13

Jun. 13, 2000

U.S. Patent

267-52
SOSNTS L IIINOD HOT
o !
Z-1808'y
IAXAY 4 N\.NK%QW\“Q% ) ATLIITNOD ¢ IXEL
7024 SE5-55 | NOLLIMIBLLSNGIT2 v
2oLblS ! vz
2T T e
WoisihoR L TEY,
e Z \[emeéa=z7 Py
2T IO “T0UNGD
oo A 2OAINE
A
alom ‘S2LIZLIT
2OAIANOD
cos __ 2N
05 SANOD T02LNO2
, ol 204 N
NTLSAS o7
Ngoz N%N%R@ SQOSNIS u.@&b ‘
4 | Tz ‘
. e\ ||
kmmw\m\u mnmxu u%k\w._&
 SVES m\ /08 |
SN\, st 1/10MV00 eos A 20207 A
FOHHLED L) .Wm‘\wk ‘
Vo vad SIr 1| aeer-x
seLov NIEWY ger<
J—
oo~ +ENGOF




U.S. Patent

Jun. 13, 2000 Sheet 5 of 13 6,075,871
CT IMAGE
J’ 301

L e,

SHEET DETECTION

!

306~

DISCRIMINATION

SHEET LABELS \

BULK DETECTION

:

DISCRIMINATION

/ BULK LABELS

FUSION

310

l

LABEL IMAGE

FI1G. S5



U.S. Patent Jun. 13, 2000 Sheet 6 of 13 6,075,871

301
CT IMAGE AIR THRESHOLD /
312
REMOVE
AIR OUTSIDE THE BAG —
314
COMPUTE ROI _—
316
CREATE BAGIMAGE |}—
v
BAG IMAGE

FI1G. 6



U.S. Patent Jun. 13, 2000 Sheet 7 of 13 6,075,871

302
BAG IMAGE -

l

318
CFAR -

320
CCL _—

l

306
DISCRIMINATION _—

LABEL IMAGE
OF SHEET EXPLOSIVES

FIG. 7



U.S. Patent Jun. 13, 2000 Sheet 8 of 13 6,075,871

BARCACGRLOL/ND

///////////////////ﬁ‘”’

TES7

\
N

Q

N
DOLOIN

LOLIIN

LINEL T/

-
\\\\/ ;\\\ § SHEE T

EXPLOSIVE,
o

FIG.6A4

N

BrACKCGROUNL,

////////////////// il

TEST
A AIXEL, /2

FZ5

NN\

NN

Y
s

FIG. 88



U.S. Patent

330

AN

Jun. 13, 2000 Sheet 9 of 13

BAG IlMAGE 332

v

) /

PREPROCESSING

FOR TYPE A

PREPROCESSING

\

FOR BULKS
|

COMBINE

334

SEGMENTATION

h

338

PRUNE

J

\

DILATE
TYPE A

\

DILATE

BULKS

/

COMBINE

342

PARTIAL-VOLUME 344
CORRECTION

OBJECT MERGING 346

DISCRIMINATION

LABEL IMAGE
OF BULK EXPLOSIVES

FI1G. 9

6,075,871

304



6,075,871

Sheet 10 of 13

Jun. 13, 2000

U.S. Patent

ol “91A

[9X0A JURLIND 3} [PqE] 0} onjeaA sIy} pug anjeA Iomo[ g}
SPIEAL0) YUI[ MU YSI[qEIS? ‘JIIP SPqEl yuoeAymba 3soMm07 3} It
(‘01 =1 0P (‘1 # "1 PIqM

o =100 U1 #1314

(10qySiou)T = ¥ pue (Y117 ="] "SONIEA juopeAmbo oy SZNEHI
37) 1OX04 JULITY ALY J0j sonjeA [Pqe]

(%) 20qusiou ay3 10§ pue (
Eo_«z:eo afqussod 3soa0] 94} puy 03 syan| Kousyeamba g3 A0T(0)

AynZiquee Surpqe] AAj0sat Uy} (1oqySpu)T # ('r)TH
80 1 03 [9q¥] JULIMD A oredwod woy ¢ < (YT H
po[aqe| Uadq Apealle Sey [PX0A JTOLIND JI Y33YD
way ) < (1oqySau)T NV ¥ > {oqy3Eu)D - @Yo} B
(1141399UU09 UIALS JO $40qy31au PIRqE] Suysixa [[e 10§
wp ¥d 5 (11905 1d 3s0.00yu1 Jo 95Ue 3y} UL S| dufeA [oX0A J¥
0= Y1 ‘punoadyoeq se [0X0A [9q¥]
[ — ] 03 ( W0y 7 Joquand wwmnyod J0¥
§ - [ 03 Woy [13quumy A0 J05
[ - ¥ 03 WOy ¥ JoquInu 39S 104
1=9 ‘fgLre AHua[EAmb [PqE] Yy SZTERIU]
0 = IN'SIeqel pousisse yo Joqumu szIpenIu|

[oqe| S Joqyareu oY



U.S. Patent Jun. 13, 2000 Sheet 11 of 13 6,075,871

if /. > [, then

i) =1,
L@ij,k) =1,

endif

if [ <[, then
i) =1L
L(ijk) = L.

endif

endif

else assign neighbor’s label to the current voxel
L(.j,k) = L(neighbor)
endif
endif neighbor’s density checked
endfor all neighbors checked
if there are no labeled neighbors L(i,j,k) == 0 then

increment the number of assigned labels Ny = N, + 1
assign a new label L(ij,k) = N
endif
endif labeled current voxel of interest (i,j,k)
endfor looped over all rows in slice k&, row j
endfor looped over all rows in slice k

endfor looped over all slices in the bag image

FIG. 10

( CONTINUED FROM
SHEET |0/13)
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APPARATUS AND METHOD FOR ERODING
OBJECTS IN COMPUTED TOMOGRAPHY
DATA

RELATED APPLICATIONS

This application is related to the [ollowing U.S. patent
applications and/or patents, of the same assignee as the
present application, the contents of which are incorporated
herein in their entirety by reference:

“Nutating Slice CT Image Reconstruction Apparatus and
Mcthod,” invented by Gregory L. Larson, ct al., U.S. Pat.
No. 5,802,134, issued on Sep. 1, 1998;

“Computed Tomography Scanner Drive System and
Bearing,” invented by Andrew P. Tybinkowski, et al., U.S.
Pat. No. 5,982,844, issued on Nov. 9, 1999;

“Air Calibration Scan for Computed Tomography Scan-
ner with Obstructing Objects,” invented by David A.
Schafer, et al.,, U.S. Pat. No. 5,949,843, issued on Sep. 7,
1999;

“Computed Tomography Scanning Apparatus and
Method With Temperature Compensation for Dark Current
Offsets,” invented by Christopher C. Ruth, et al., U.S. Pat.
No. 5,970,113, issued on Oct. 19, 1999;

“Computed Tomography Scanning Target Detection
Using Non-Parallel Slices,” invented by Christopher C.
Ruth, et al., U.S. Pat. No. 5,909,477, issued on Jun. 1, 1999,

“Computed Tomography Scanning Target Detection
Using Target Surface Normals,” invented by Christopher C.
Ruth, et al., U.S. Pat. No. 5,901,198, issued on May 4, 1999,

“Parallel Processing Architecture for Computed Tomog-
raphy Scanning System Using Non-Parallel Slices,”
invented by Christopher C. Ruth, et al., U.S. Pat. No.
5,887,047, issued on Mar. 23, 1999;

“Computed Tomography Scanning Apparatus and
Method For Generating Parallel Projections Using Non-
Parallel Slice Data,” invented by Christopher C. Ruth, et al.,
U.S. Pat. No. 5,881,122, issued on Mar. 9, 1999;

“Computed lTomography Scanning Apparatus and
Method Using Adaptive Reconstruction Window,” invented
by Bernard M. Gordon, et al., U.S. application Ser. No.
08/949,127, filed on Oct. 10, 1997;

“Area Detector Array for Computed Tomography Scan-
ning System,” invented by David A Schafer, et al., U.S.
application Ser. No. 08/948,450, filed on Oct. 10, 1997;

“Closed Loop Air Conditioning System for a Computed
Tomography Scanner,” invented by Eric Bailey, et al., U.S.
Pat. No. 5,982,843, issued on Nov. 9, 1999;

“Measurement and Control System for Controlling Sys-
tem Functions as a Function of Rotational Parameters of a
Rotating Device,” invented by Geoffrey A. Legg, et al., U.S.
Pat. No. 5,932,894, issued on Aug. 3, 1999;

“Rotary Energy Shield for Computed Tomography
Scanncr,” invented by Andrew P. Tybinkowski, ct al., U.S.
Pat. No. 5,937,028, issued on Aug. 10, 1999;

“Apparatus and Method for Detecting Sheet Objects in
Computed Tomography Data,” invented by Muzaffer
Hiraoglu, et al. U.S. application Ser. No. 09/022,189, filed
on Feb. 11, 1998;

“Apparatus and Method for Combining Related Objects
in Computed Tomography Data,” invented by Ibrahim M.
Bechwati, et al. U.S. application Ser. No. 09/022,060, filed
on Feb. 11, 1998;

“Apparatus and Method for Detecting Sheet Objects in
Computed Tomography Data,” invented by Sergey
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2
Simanovsky, et al. U.S. application Ser. No. 09/022,1065,
filed on Feb. 11, 1998,

“Apparatus and Mcthod for Classifying Objccts in Com-
puted Tomography Data Using Density Dependent Mass
Thresholds,” invented by Ibrahim M. Bechwati, et al. U.S.
application Ser. No. 09/022,384, filed on Feb. 11, 1998;

“Apparatus and Method for Correcting Object Density in
Computed Tomography Data,” invented by Ibrahim M.
Bechwali, et al. U.S. application Ser. No. 09/022,354, [iled
on Feb. 11, 1998;

“Apparatus and Method for Density Discrimination of
Objects in Computed Tomography Data Using Multiple
Density Ranges,” invented by Sergey Simanovsky, et al.
U.S. application Ser. No. 09/022,589, issued on I'eb. 11,
1998;

“Apparatus and Method for Detection of Liquids in
Computed Tomography Data,” invented by Muzaffer
Hiraoglu, et al. U.S. application Ser. No. 09/022,064, filed
on Feb. 11, 1998;

“Apparatus and Method for Optimizing Detection of
Objects in Computed Tomography Data,” invented by
Muzaffer Hiraoglu, et al. U.S. application Ser. No. 09/022,
062, filed on Feb. 11, 1998;

“Multiple-Stage Apparatus and Mcthod for Dectecting
Objects in Computed Tomography Data,” invented by
Muzaffer Hiraoglu, et al. U.S. application Ser. No. 09/022,
164, filed on Feb. 11, 1998;

“Computed Tomography Apparatus and Method for Clas-
sifying Objects,” invented by Sergey Simanovsky, et al. U.S.
application Ser. No. 09/022,059, [iled on Feb. 11, 1998;

“Apparatus and Method for Detecting Objects in Com-
puted Tomography Data Using Erosion and Dilation of
Obijects,” invented by Sergey Simanovsky, et al. U.S. appli-
cation Ser. No. 09/022,204, filed on Feb. 11, 1998;

FIELD OF THE INVENTION

The present invention relates generally to computed
tomography (CT) scanners and more specifically (o a target
detection apparatus and method in a baggage scanning
system which utilizes CT technology.

BACKGROUND OF THE INVENTION

Various X-ray baggage scanning systems are known for
detecting the presence of explosives and other prohibited
items in baggage or luggage prior to loading the baggage
onto a commercial aircraft. Since many explosive materials
may be characterized by a range of densities differentiable
from that of other items typically found in baggage, explo-
sives are generally amenable to detection by X-ray equip-
ment. A common lechnique of measuring a material’s den-
sity is to expose the material to X-rays and to measure the
amount of radiation absorbed by the material, the absorption
being indicative of the density.

Most X-ray baggage scanning systems in use today are of
the “line scanner” type and include a stationary X-ray
source, a stationary linear detector array, and a conveyor belt
for transporting baggage between the source and detector
array as the baggage passes through the scanner. The X-ray
source generales an X-ray beam that passes through and is
partially attenuated by the baggage and is then received by
the detector array. During each measuring interval the detec-
tor array generates data representative of the integral of
density of the planar segment of the baggage through which
the X-ray beam passes, and these data are used to form one
or more raster lines of a two-dimensional image. As the
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conveyor belt transports the baggage past the stationary
source and detector array, the scanner generates a two-
dimensional image representative of the density of the
baggage, as viewed by the stationary detector array. The
density image is typically displayed for analysis by a human
operator, or it can be analyzed by computer. Thus, detection
of suspected baggage can require very attentive operators.
The requirement for such attentiveness can result in greater
operator fatigue, and fatigue as well as any distractions can
result in a suspected bag passing through the system unde-
tected.

Techniques using dual energy X-ray sources are known
for providing additional information about a material’s
chemical characteristics, beyond solely a density measure-
ment Techniques using dual energy X-ray sources involve
measuring the X-ray absorption characteristics of a material
for two different energy levels of X-rays. These measure-
ments provide an indication of the material’s atomic number
in addition to an indication of the material’s density. Dual
energy X-ray techniques tor energy-selective reconstruction
of X-ray CT images are described, for example, in Alvarez,
et al., “Lnergy-selective Reconstructions in X-ray Comput-
erized Tomography”, Phys. Med. Biol. 1976, Vol. 21, No. 5,
733-744; and U.S. Pat. No. 5,132,998.

One proposed use for such dual energy techniques has
been in connection with a baggage scanner for detecting the
presence of explosives in baggage. Explosive materials are
generally characterized by a known range of atomic num-
bers and are therefore amenable to detection by such dual
energy X-ray sources. One such dual energy source is
described in copending U.S. Pat. No. 5,661,774, issued on
Aug. 26, 1997 entitled “Improved Dual Energy Power
Supply,” which is assigned to the same assignee as the
present invention and which is incorporated herein in its
entirety by reference.

Certain types of explosives present a particular challenge
to baggage scanning systems because, due to their moldable
nature, they may be formed into geometric shapes that are
difficult to detect. Many explosives capable of significantly
damaging an aircraft are sufficiently large in length, width,
and height so as to be readily detectable by an X-ray scanner
system regardless of the explosive’s orientation within the
baggage. Another problem with some explosives is that they
can be hidden inside an object such as a piece of electronic
equipment, e.g., a lap top computer. These can be difficult to
detect with traditional line scaning techniques. Also, an
explosive powerful enough to damage an aircraft may be
formed into a relatively thin sheet that is extremely small in
one dimension and is relatively large in the other two
dimensions. The detection of explosives may be difficult
because it may be difficult to see the explosive material in
the image, particularly when the material is disposed so that
the thin sheet is perpendicular to the direction of the X-ray
beam as the sheet passes through the system.

A system using CT technology typically includes a CT
scanner of the third generation type, which typically
includes an X-ray source and an X-ray detector system
secured to diametrically opposite sides of an annular-shaped
platform or disk. The disk is rotatably mounted within a
gantry support so that in operation the disk continuously
rotates about a rotation axis while X-rays pass from the
source through an object positioned within the opening of
the disk to the detector system.

The detector system can include a linear array of detectors
disposed as a single row in the shape of a circular arc having
a center of curvature at the focal spot of the X-ray source,
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4

i.e., the point within the X-ray source from which the X-rays
emanate. The X-ray source generates a fan-shaped beam, or
fan beam, of X-rays that emanates from the focal spot,
passes through a planar imaging field, and is received by the
detectors. The CT scannper includes a coordinate system
defined by X-, Y- and Z-axes, wherein the axes intersect and
are all normal to one another at the center of rotation of the
disk as the disk rotates about the rotation axis. This center of
rotation is commonly referred to as the “isocenter.” The
Z-axis is defined by the rotation axis and the X- and Y-axes
are defined by and lie within the planar imaging field. The
fan beam is thus defined as the volume of space defined
between a point source, i.e., the focal spot, and the receiving
surfaces of the detectors of the detector array exposed to the
X-ray beam. Because the dimension of the receiving sur-
faces of the linear array of detectors is relatively small in the
Z-axis direction the fan beam is relatively thin in that
direction. Each detector generates an output signal repre-
sentative of the intensity of the X-rays incident on that
detector. Since the X-rays are partially attenuated by all the
mass in their path, the output signal generated by each
detector is representative of the density of all the mass
disposed in the imaging field between the X-ray source and
that detector.

As the disk rotates, the detector array is periodically
sampled, and for each measuring interval each of the detec-
tors in the detector array generates an output signal repre-
sentative of the density of a portion of the object being
scanned during that interval. The collection of all of the
output signals generated by all the detectors in a single row
of the detector array for any measuring interval is referred to
as a “projection,” and the angular orientation of the disk (and
the corresponding angular oricntations of the X-ray source
and the detector array) during generation of a projection is
referred to as the “projection angle.” At each projection
angle, the path of the X-rays from the focal spot to each
detector, called a “ray,” increases in cross section from a
point source to the receiving surface area of the detector, and
thus is thought to magnify the density measurement because
the receiving surface area of the detector area is larger than
any cross sectional area of the object through which the ray
passes.

As the disk rotates around the object being scanned, the
scanner generates a plurality of projections at a correspond-
ing plurality of projection angles. Using well known
algorithms, a CT image of the object may be generated from
all the projection data collected at each of the projection
angles. The CT image is representative of the density of a
two dimensional “slice™ of the object through which the fan
beam has passed during the rotation of the disk through the
various projection angles. The resolution of the CT image is
determined in part by the width of the receiving surface arca
of each detector in the plane of the fan beam, the width of
the detector being defined herein as the dimension measured
in the same direction as the width of the fan beam, while the
length of the detector is defined herein as the dimension
measured in a direction normal to the fan beam parallel to
the rotation or Z-axis of the scanner.

Baggage scanners using CT techniques have been pro-
posed. One approach, described in U.S. Pat. No. 5,182,764
(Peschmann et al.) and U.S. Pat. No. 5,367,552 (Peschmann
et al.) (hereinafter the 764 and °552 patents), has been
commercially developed and is referred to hereinafter as the
“InVision Machine.” The InVision Machine includes a CT
scanner of the third generation type, which typically include
an X-ray source and an X-ray detector system secured
respectively to diametrically opposite sides of an annular-
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shaped platform or disk. The disk is rotatably mounted
within a gantry support so that in operation the disk con-
tinuously rotates about a rotation axis while X-rays pass
from the source through an object positioned within the
opening of the disk to the detector system.

One important design criterion for a baggage scanner is
the speed with which the scanner can scan an item of
baggage. To be of practical utility in any major airport, a
baggage scanner should be capable of scanning a large
number of bags at a very fast rate. One problem with the
InVision Machine is that CT scanners of the type described
in the 764 and *552 patents take a relatively long time, e.g.,
from about 0.6 to about 2.0 seconds, for one revolution of
the disk to generate the data for a single sliced CT image.
Further, the thinner the slice of the beam through the bag for
each image, the better the resolution of the image. The CT
scanner should provide images of sufficient resolution to
detect plastic explosives on the order of only a few milli-
meters thick. Therefore, to provide adequate resolution,
many revolutions are required. lo meet high baggage
throughput rates, a conventional CT baggage scanner such
as the InVision Machine can only afford to generate a few
CT images per bag. Clearly, one cannot scan the entire bag
within the time allotted for a reasonably fast throughput.
Gencerating only a few CT images per baggage items leaves
most of the item unscanned and therefore does not provide
scanning adequate to identify all potential threat objects in
the bag, such as sheets of explosive material.

To improve throughput, the InVision Machine uses a
pre-screening process which produces a two-dimensional
projection image ol the entire bag [rom a single angle.
Regions of the projection identified as potentially containing
threat items can then be subjected to a full scan or manual
inspection. With this pre-screening and selective region
scanning approach, the entire bag is not scanned, thus
allowing potential threat items to pass through undetected.
This is especially true in the case of sheet items oriented
transversely to the direction of propagation of the radiation
used to form the pre-screen projection and where the sheet
covers a relatively large portion of the area of the bag.

Another baggage scanning system is described in an
International Patent Application under the Patent Coopera-
tion Treaty, document number WO 96/13017, published on
May 2, 1996, entitled, “X-Ray Computed Tomography (CT)
System for Detecting Thin Objects,” invented by Eberhard,
et al.(referred to herein as the “Eberhard et al. system™). In
the Eberhard, et al. system, an entire bag is subjected to a CT
scan to generate voxel density data for the bag. A connected
components labeling (CCL) process is then applied to the
entire bag to identify objects by grouping voxels which are
physically close together and which have densities within a
predetermined range of densities. The voxels in each object
are then counted to determine the volume of each object. If
the volume of an object exceeds a threshold, the mass of the
object is computed by multiplying the volume of each object
voxel by its density and then totaling the individual voxel
masses. If the mass of an object exceeds a mass threshold,
the object is concluded to be a threat.

The Eberhard et al. publication teaches that its system can
identify thin objects. The system sets its labeling density at
a low level such that thin objects viewed edge-on which
partially fill a voxel can be detected.

A significant drawback to the Eberhard et al. system is
that it may miss thin objects such as sheet explosives that are
not viewed edge-on and which cover a large area of the bag.
These transversely oriented sheet objects will add only
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slightly to the density measured for the bag and will have
only small density contrast with the background. If the
density threshold used during CCL is set low enough to
detect these sheets, then, because of the low contrast
between the sheet and the background, the entire bag will be
connected and labeled together, and no discernable object
will be identificd. If the threshold is sct higher, then the shect
object will be missed.

It would be beneficial for the baggage scanning equip-
ment to automatically analyze the acquired density data and
determine if the data indicate the presence of any contraband
items, e.g., explosives. This automatic explosive detection
process should have a relatively high detection rate such that
the chances of missing an explosive in a bag are small. At
the same time, the false alarm rate of the system should be
relatively low to substantially reduce or eliminate false
alarms on innocuous items. Because of practical consider-
ations of baggage throughput at large commercial airports, a
high false alarm rate could reduce system performance
speed to a prohibitively low rate. Also, it would be beneficial
to implement a system which could distinguish among the
different types of explosive, e.g., powders, bulks, sheets,
etc., such that a detected threat can be more accurately
characterized.

SUMMARY OI TIIC INVENTION

The present invention is directed to an object identifica-
tion apparatus and method and a computed tomography
(CT) baggage scanning system and method which use the
object identification apparatus and method of the invention.
The object identification apparatus and method of the inven-
tion analyze acquired CT density data for a region to detect
objects in the data. The region can include at least a portion
of the inside of a container such as a piece of baggage or
luggage. Detected objects can then be labeled according to
their physical configuration. For example, in one
embodiment, objects can be labeled as being bulk objects or
sheet objects. In one embodiment, after objects are detected
and labeled, they are discriminated, that is, they are classi-
fied as being threat objects or non-threatl objects.

In one embodiment, the invention uses a sheet detection
process which identifies thin sheet-shaped objects. One form
of sheet detection applies a statistical approach to determine
whether each volume element or “voxel” in the density data
is associated with a shect object.

Under this statistical approach, each voxel is analyzed by
comparing its density to that of its neighboring voxels. In
one embodiment, the mean and standard deviation of the
densities of the neighboring voxels are computed. The
difference between the density of the voxel being analyzed
and the mean density of the neighboring voxels is compared
to a predetermined threshold difterence, which can be
related to the standard deviation of the densities of the
neighboring voxels. If the density of the voxel of interest
differs from the mean density by more than the predeter-
mined threshold difference, then it is concluded that the
voxcl of interest is associatcd with a thin object, ¢.g., a shect.

The voxels can be analyzed one at a time and can be
individually labeled according to whether they are associ-
ated with a sheet object. Next, the set of labeled voxels can
be analyzed to group associated voxels into objects. In one
embodiment, a standard connected components labeling
(CCL) approach is used to group neighboring voxels of
similar densities into sheets. Under this standard CCL
approach, each voxel labeled as a sheet voxel is compared
to neighboring sheet voxels to determine the difference
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between their densities. If the difference in density is below
a predetermined density difference threshold, then it is
assumed that the two neighboring voxels belong to the same
object, i.e., sheet. This process continues until all voxels
labeled as sheet voxels are combined into sheet objects. This
may result in one or more sheet objects being identified
within the data for a single region or bag.

The apparatus and method of the invention can also
classify objects such as detected sheet objects as being threat
objects or non-threat objects. In one embodiment, this is
done by comparing the mass of the objects to a predeter-
mined threshold mass. If the mass of an object is above the
predetermined mass threshold, then it is concluded that the
object is a threat object. When a bag is identified as
containing a threat object, it can be marked for further
analysis. The bag can be identified for further inspection by
the operator or an image of the entire interior of the bag can
be produced from the density data.

The present invention also provides for the identification
and classification of bulk objects, such as bulk explosives, in
the acquired CT density data for a region such as the interior
of a piece of luggage or baggage. The bulk detection process
of the invention uses a modified connected components
labeling (CCL) process to identify bulk objects. Under
standard CCL, neighboring voxels having density values
which differ by less than a predetermined threshold are
labeled as being part of the same object. Each voxel is
analyzed and compared to its neighbors to combine the
voxels into objects. This common CCL approach has a
drawback in that objects that are close together or that touch
each other and have similar densities may be combined into
a single object. The modified CCL approach of the invention
separates these objects into individually labeled objects.

The approach of the invention applies a “morphological”
CCL method. Each object is first “eroded,” by removing all
of its surfacc voxcls. This tends to scparate connccted
objects into multiple individual objects. The separated
objects are then separately labeled. Next, a “dilation” step is
applied in which surface voxels are added back to identified
and labeled objects. Hence, this morphological approach to
CCL allows objects in close proximity to each other to be
separately identified and labeled. The objects can then be
separately discriminated and classified as being threats or
non-threats.

Standard erosion approaches used in other image data
processing settings can lead to undesirable results. For
example, one standard erosion process identifies a surface
voxel as being any voxel having at least one neighboring
voxel whose density is below a predetermined threshold.
This assumes that all the voxels being analyzed adjacent to
a neighboring voxel below the threshold are surface voxels.
These identified surface voxels are then removed from the
object. A drawback to this approach is that there are cir-
cumstanccs under which a voxcl that is not at the surface of
the object will be removed. For example, an object with an
interior void region, such as a cylindrical, stick-shaped
object with an interior, axial, thin, cylindrical hole, will have
voxels around the outside of the void region removed. The
undesirable result is that the interior void region is enlarged
by the erosion process.

In one aspect of the present invention, erosion is per-
formed in such a way that the probability of removing a
non-surface voxel is reduced. In this aspect of the invention,
for each voxel, a plurality of neighboring voxels is identi-
fied. In one embodiment, the neighboring voxels define a
three-dimensional subregion or neighborhood which sur-
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rounds the voxel of interest. The subregion can be cube-
shaped. Each voxel in the subregion is analyzed to determine
if its density is within one or more predetermined ranges of
densities. For each voxel of interest, the number of voxels in
the associated subregion whose densities fall within the
predetermined range of densities is compared to a threshold.
If the number is lower than the threshold, then it is con-
cluded that the voxel of interest is an object surface voxel,
and the voxel is removed from the object.

In one embodiment of the erosion process of the
invention, the predetermined range of densities is deter-
mined based on the density of the voxel of interest. The
range is selected to be a range that includes the density of the
voxel of interest. In this case, the analysis then determines
the number of voxels in the subregion that are in the same
density range. If that number does not exceed a threshold,
then it is concluded that the voxel of interest is at a surface
of an object, and the voxel is removed from the object.

In one embodiment of the erosion process of the
invention, the predetermined range of densities is selected
from a plurality of ranges, each of which is defined based on
a threat to be identified. In this embodiment, the density of
the voxel of interest determines the potential threat material
and, therelore, the selected density range. For example, il
the density of the voxel of interest indicates that it is a bulk
explosive material, the density range for a bulk explosive
material is selected for analysis of the subregion surrounding
the voxel of interest 1f the number of voxels in the subregion
that are within the range and are therefore part of the same
bulk explosive object does not exceed the threshold, then the
voxel of interest is concluded to be a surface voxel, and it is
removed from the object. This approach to erosion in
accordance with the invention reduces the possibility of
enlarging interior voids in the object and increases the
likelihood of removing only exterior surface voxels.

In another aspect of the invention, the dilation step of the
morphological CCL approach is applied to produce a more
accurate measure of the size and, therefore, the mass, of an
object Under this approach, when voxels are added back to
the surface of an eroded object, the density assigned to the
added voxel is the average eroded density of the bulk object.
That is, the average density of all of the voxcls of an croded
object is computed. During subsequent dilation, each voxel
added to the surface of the eroded object is assumed to have
a density at the average eroded density. This approach
substantially reduces or eliminates the inaccuracies in object
mass and density caused by the partial volume effect, which
is caused by surface voxels averaging the density of the
object and background contained within a single surface
voxel.

In another aspcct of the invention, sheet objects can be
detected in the density data by using a morphology approach
analogous to the morphological CCL applied in bulk object
detection. Under this morphological sheet detection
approach, all objects in the data are eroded a predetermined
number of times such that all thin sheet shaped objects are
eliminated from the data. The number of erosions performed
is based on the number of erosions needed to eliminate sheet
objects from the data, which is related to the thickness of a
sheet. Each erosion can remove one layer of surface voxels.
Therelore, the number ol erosions is related Lo the expected
thickness of a sheet and the size of a voxel. After all of the
erosion steps are performed, the voxels remaining in the data
are assumed to be associated with bulk-objects. Then, dila-
tion can be performed to restore the bulk objects to their
original size. The data associated with these objects can then
be eliminated from further processing. The original data,
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with the bulk objects removed, are then analyzed to label the
sheet objects. The remaining voxels are analyzed one at a
time such as by the CCL process to combine voxels into
sheet objects and then label the sheet objects. Next, dis-
crimination is performed on the sheet objects to classify
them as threats or non-threats, such as by comparing the
objcets mass to a predetermined mass threshold. Shecets with
masses above the threshold can be classified as threats.

An optional CCL step can be performed between the
erosion steps and the dilation step to identify objects in the
eroded data. Then, the subsequent dilation and subtraction
steps may be performed only on objects which exceed a
predetermined size or mass.

Hence, in accordance with the invention, at least two
sheet detection processes can be applied to the data for a
region to identify voxels associated with sheet-shaped
objects. These two approaches include the CFAR method
and the morphological erosion-dilation method described
above. FEither approach can produce a set of binary data
associated with the voxels, which binary data define each
voxcl as cither being part of a shect or not being part of a
sheet. After identifying sheet voxels, a voxel connection
approach, such as the morphological CCL of the invention,
standard CCL, or other connectivity method, is performed to
connect the voxels into objects. Under this approach,
because sheets are identified in the data before connecting
voxels into objects, the object connection process does not
eliminate sheets from the data and thereby make them
impossible to detect. It should be noted that the connection
approach can be applied to the binary data generated by the
sheet detection method, or it can be applied to the product
of the binary data and the density data, i.e., the density data
for voxels identified as being sheet voxels.

In another aspect of the invention, separate objects which
should be considered as a single threat are combined or
merged. Certain threats include multiple objects, ¢.g., mul-
tiple stick-shaped objects bundled or otherwise coupled
together. These objects can be separated from each other
during the erosion step of the morphological CCL process
and, as a result, can be considered separate objects, each of
which taken alone would not be classified as a threat under
mass thresholding. However, when these objects are
combined, they do pose a threat and should be classified as
such. A merging process of the invention identifies such
separated objects and combines them such that they can be
identified as a threat.

In one embodiment, the merging process of the invention
identifies objects that are close to each other and also have
similar or equal densities and combines them into a single
object. In one embodiment, a bounding box is computed for
each object. The objects are compared for similar densities.
If the difference in object densities is below a predetermined
threshold and the absolute density of one or both of the
objcets is within a predetermined density range defining
multiple-object threats, then the distance between the
bounding boxes is determined. If the distance between
bounding boxes is below a predetermined threshold and the
objects are considered to be in close enough proximity to be
considered a single object, then it is concluded that the
objects should be combined into a single object. A total mass
of all of the individual objects is computed and compared to
the threat mass threshold. If the total mass exceeds the
threshold, then the combined object is concluded to be a
threat.

In another aspect, the invention can merge multiple small
sheet objects into a single sheet object. In accordance with
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the invention, analysis of three-dimensional CT images of
actual bags, as opposed to the partial or two-dimensional
analysis of the prior art, has identified the effect that a high
density object such as a metallic bar can obscure and/or
interrupt the image of a large sheet, making it appear as
multiple images of separate individual sheets. As a result,
the single large sheet object can be identified as multiple
smaller objects. The multiple smaller objects may be small
enough, i.e., have low enough mass, such that all of them
will be classified as non-threat items. This is especially a
problem where the object should be classified as a threat and
would be so classified if the system recognized it as a single
object, instead of multiple separate objects. To solve this
problem, in one aspect of the present invention, each sheet
object is associated with a plane. Where multiple sheels are
detected in the data, the planes for each sheet are examined
in three-dimensional space. If the planes intersect and their
intersection is close to the sheets, then it is concluded that
the individual sheets are actually part of a larger sheet. The
masses of the individual sheets are combined into a single
value which is compared to the mass threshold during
discrimination. If the mass of the combined sheet exceeds
the mass threshold, then it is concluded that the sheet is a
threat.

As mentioned above, after objects are identified in the
density data, they are classified as to whether they are to be
considered threats. In general, mass discrimination is used to
classity the objects. In one embodiment, the mass of each
identified object is computed by multiplying the density of
cach voxel by its volume and then totaling all of the
individual voxel masses. The total object mass is then
compared to a mass threshold. If the mass of the object
cxceeds the threshold, then it is concluded to be a threat
object.

In the present invention, the mass threshold used for an
object can be determined based on the type of object. That
is, different mass thresholds are used for different types of
objects. For example, a sheet object may be compared to one
threshold while a powder explosive may be compared to a
different mass threshold. This is due to the fact that different
explosives pose different threats depending upon their
masscs. A large amount of onc type of cxplosive may not
pose as serious a threat as a smaller amount of a different
type of explosive. Hence, in the present invention, mass
thresholds can be selected based on the type of explosive. In
one embodiment, the selection of mass threshold is deter-
mined by the density of the identified object, since it is the
density that is closely related to the type of object identified.
That is, the density of one type of explosive is in general
different from the density of another type of explosive.
These individual densities are used to identify the type of
explosive and, therelore, determine the mass threshold to be
used in classifying an object as a threat. This density-
dependent mass thresholding of the invention provides a
much more accurate threat classification than prior systems
which use a single mass threshold for all objects.

In another aspect of the invention, calculation of the total
mass of an object is enhanced to improve the threat classi-
fication accuracy of the system. As described above, using
the modified CCL of the invention described herein, surface
voxels of an object can be eroded [rom the object. In
accordance with the invention, an erosion step can be
performed to eliminate the effects of partial volume voxels
located at the surface of the object. These voxels introduce
inaccuracies because their density values contain density
contributions from both the object and the background at the
boundary of the object. In this aspect of the invention,
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erosion is performed to remove the surface voxels. Next, an
average eroded density for the remaining object voxels is
computed. The average eroded density is the average of the
voxel densities remaining in the object after the erosion step.
Next, the eroded surface voxels are replaced with voxels
having density values equal to the average eroded density.
The total mass can then be computed for the object using the
surface voxels having the average eroded density value. This
corrected total object mass provides more accurate classifi-
cation of objects during subsequent mass discrimination.

In another aspect of the invention, separation between
multiple objects in close proximity to each other is improved
during the CCL process by careful tailoring of the acceptable
density range for an object voxel. In one embodiment,
accepled densities are delined in multiple density ranges
with gaps between them in which densities would not be
accepted to associate the voxel with an object of interest.
That is, voxels having densities in the gaps are rejected and
voxels within one of the density ranges are accepted as
belonging to objects of interest. The accepted density ranges
can be selected according to densities of known threat
objects. For example, a density range may be selected for
each of several different types of known explosives. In one
embodiment, a gap between density ranges is selected to
coincide with the expected density of typical surface voxels.
By rejecting these surface voxels, multiple adjacent objects
which would otherwise be combined and labeled as a single
object are separated and labeled as individual objects. As
separate objects, they can be independently analyzed and
classified according to the level of threat they pose. Hence,
the use of multiple density ranges allows for more accurate
classification.

In yct another aspect of the invention, it might be the casc
that a liquid material does not pose a threat and should be
classified as a non-threat object. Accordingly, the object
identification and classification system of the invention can
recognize and identify liquids in containers such that they
can be eliminated as threats. This provides a method of
discriminating detected objects beyond the mass and density
discrimination approaches of the invention described above.

In one embodiment, the invention determines whether an
objcet is a contained liquid by first creating a bounding box
which surrounds the object. The numbers of voxels close to
each of the surfaces of the bounding box are computed. The
top surface of the liquid is then identified by identifying a
horizontal surface of the bounding box. The ratio of voxels
close to the top surface to the total number of surface voxels
can then be calculated. If the fraction of top surface voxels
exceeds a predetermined threshold ratio, and if the density
of voxels above the top surface indicates that air is located
above the top surface, then it is concluded that the object is
a contained liquid. In one embodiment, it can then be
concluded that the object does not pose a threat.

In another embodiment, the invention applies a statistical
approach to determining whether an object in the bounding
box is a contained liquid. Along a line between the top and
bottom of the bounding box, a histogram of the top-surface
voxels and a histogram of the bottom-surface voxels are
computed. The peak in the top-surface histogram indicates
the vertical position of the top-surface voxels, and the peak
in the bottom-surface histogram indicates the vertical posi-
tion of the bottom-surface voxels. If the ratio of the number
of top-surface voxels to the top-surface area in the bounding
box exceeds a threshold and the ratio of the number of
top-surface voxels to bottom-surface voxels exceeds another
threshold, then it can be concluded that the object is a
contained liquid.
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In still another aspect of the invention, detection is carried
out in multiple paths or stages such that the overall detection
process is more efficient. Each item that can be identified by
the method of the invention is, in general, associated with a
unique set of detection steps. Under a typical detection
approach, all of the acquired CT density data would be
subjected to each detection approach in series. It will be
appreciated that this can be very time consuming. In
addition, when an object is analyzed in accordance with one
particular approach and is classified according to the threat
it poses or by its object type, inefficiencies are introduced
when that set of data is reanalyzed under the other remaining
detection processes. In the present invention, a multi-path or
multi-stage detection approach is used to eliminate these
inelliciencies. Specilic detection steps used to identily spe-
cific items are applied separately and, in one embodiment, in
parallel. In one particular embodiment of this multiple-path
method of the invention, where one specific detection path
has been applied to a set of data and has classified a portion
of the data, the classified portion of data are removed from
further processing. This eliminates inefficiencies introduced
by unnecessary re-analysis of data that has already been
classified.

The present invention also allows [or optimization of
overall system detection rate (probability of detection) and
false alarm rate. Each item that can be detected by the
system of the invention is associated with an individual
detection rate and false alarm rate. For example, sheet
explosive detection has a unique probability of detection and
false alarm rate. Also, each individual explosive material
type has its own unique probability of detection and false
alarm rate. The overall system probability of detection is an
accumulation of cach individual dctcction ratc; in onc
embodiment, it is the average of the individual detection
rates. In addition, the overall false alarm rate of the system
is an accumulation of all of the individual false alarm rates;
in one embodiment, it is the sum of the individual false
alarm rates. In the present invention, the overall detection
rate can be optimized by adjusting one or more or the
individual detection rates. Also, the overall false alarm rate
can be optimized by adjusting one or more of the individual
false alarm rates. Hence, overall system performance can be
adjusted as required to attain desired overall detection rate
and/or false alarm rate by making adjustments to individual
detection rates and/or false alarm rates.

It is possible that one or more individual detection rates
can be lower than a specified overall detection rate. The
system can provide the flexibility of adjusting one or more
individual detection rates to a lower level while maintaining
the overall rate within specified limits. Reducing one detec-
tion rate can also reduce the associated false alarm rate.
Thus, the overall system [alse alarm rate can be reduced
while maintaining the overall system detection rate within
the specified limits. Also, the overall detection rate can be
maintained at a particular value while individual and/or
overall system false alarm rates can be adjusted to desired
levels.

The present invention provides substantial advantages
over prior systems mentioned above in addition to the
aforementioned advantages. For example, the system of the
invention can provide a complete CT scan of a bag such that
complete three-dimensional image data for the bag can be
analyzed. This results in the system’s ability to detect
objects such as thin sheets in the bag regardless of orienta-
tion and size. In the InVision Machine, only regions iden-
tified as suspect by the 2D pre-screen are subjected to 3D
scanning. Also, in one embodiment of the invention, voxels
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are not connected and identified as objects until voxels
belonging to thin sheet objects are first identified. This
eliminates the problems of identifying sheets found in
systems such as the Eberhard et al. system.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages
of the invention will be apparent from the following more
particular description of preferred embodiments of the
invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts
throughout the different views. The drawings are not nec-
essarily to scale, emphasis instead being placed upon illus-
trating the principles of the invention.

FIG. 1 contains a perspective view of a baggage scanning
system in accordance with the present invention.

FIG. 2 contains a cross-sectional end view of the system
shown in FIG. 1.

FIG. 3 contains a cross-sectional radial view ol the system
shown in FIG. 1.

I'IG. 4 contains a schematic electrical and mechanical

block diagram of one embodiment of the baggage scanner of
the invention.

FIG. S contains a top-level flow diagram which illustrates
the logical flow of one embodiment of the object identifi-
cation method of the present invention.

FIG. 6 contains a flow diagram of the logical flow of one
embodiment of the region of interest calculation of the
present invention.

FIG. 7 contains a flow diagram of the logical flow of one
cmbodiment of a shect detection method in accordance with
the present invention.

FIGS. 8A and 8B schematically illustrate the sheet object
detection method of FIG. 7.

FIG. 9 contains a flow diagram of the logical flow of one
embodiment of a bulk object detection method in accor-
dance with the present invention.

I'IG. 10 contains pseudocode which describes one
embodiment of a modified connected component labeling
method in accordance with the present invention.

FIG. 11 is a schematic illustration of the partial volume
effect.

FIG. 12 is a schematic plot of mass threshold versus
density illustrating three different density dependent mass
thresholds in accordance with the present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS OF THE
INVENTION

The present invention provides an apparatus and method
which detect, identify and/or classify objects in CT data for
a region. The region can include the interior of a piece of
baggage or luggage being carried or checked onto a com-
mercial aircraft The invention can therefore be implemented
in a CT baggage scanning system. The objects identified by
the invention can be objects known to pose threats to persons
at an airport or on board an aircraft. These objects can
include explosive objects and materials.

It should be noted that the explosive objects and materials
that can be detected by the invention can be of various
shapes and materials. The explosives can be commercial,
military or improvised, i.e., home made. For example,
explosive objects can be in various shapes including, but not
limited to, sheets, single cylindrical containers or other such
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shapes, multiple cylinders or other stick shapes, and other
bulk shapes. Various types of explosive materials formed or
contained in these shapes can be detected in accordance with
the invention.

Throughout the following description, it is noted that
many thresholds, such as density thresholds, mass
thresholds, density-dependent mass thresholds, and differ-
cnce thresholds as well as process paramcters arc used to
carry out the various methods of the invention. These
thresholds and parameters are determined based on exten-
sive analysis of the CT data, such as actual three-
dimensional CT density data, for many actual threat and
non-threat objects. This analysis included statistical analysis
of the data employing statistical methods such as simulated
annealing and genetic algorithms. In accordance with the
invention, this analysis allows for threshold and/or param-
eter selection based on a particular objective to be met, e.g.,
false alarm and/or detection rate setting/optimization, dis-
crimination of explosive type, etc., as described below.

FIGS. 1, 2 and 3 contain perspective, end cross-sectional
and radial cross-sectional views, respectively, of a baggage
scanning system 100 constructed in accordance with the
invention, which provides object detection, identification
and classification in accordance with the invention. The
baggage scanning system 100 generates CT data for a region
which can include a piece of baggage. The system can use
the CT data to generate image volume elements or “voxels”
for the region. I'he baggage scanning system can be of the
type described in U.S. patent application Ser. No. 08/831,
558, filed on Apr. 9, 1997, now U.S. Pat No. 5,802,134,
issued on Sep. 1, 1999, 08/948,930, filed on Oct. 10, 1997,
now U.S. Pat No. 5,982,844, issued on Nov. 9, 1999,
08/948,937, filed on Oct. 10, 1997, now U.S. Pat No.
5,949,842, issued on Sep. 7, 1999, 08/948,928, filed on Oct.
10, 1997, now U.S. Pat No. 5,970,113, issued on Oct. 19,
1999, 08/948,491, filed on Oct. 10, 1997, now U.S. Pat No.
5,909,477, issued on Jun. 1, 1999, 08/948,929, filed on Oct.
10, 1997, now U.S. Pat No. 5,901,198, issued on May 4,
1999, 08/948,697, filed on Oct. 10, 1997, now U.S. Pat No.
5,887,047, issued on Mar. 23, 1999, 08/948,492, filed on
Oct. 10, 1997, now U.S. Pat No. 5,881,122, issued on Mar.
9, 1999, copending U.S. application Ser. Nos. 08/949,127,
08/948,450, 8/948,692, 08/948,493, filed on Oct. 10, 1997,
now U.S. Pat No. 5,932,874, issued on Aug. 3, 1999,
08/948,698, filed on Oct. 10, 1997, now U.S. Pat No.
5,937,028, issued on Aug. 10, 1999, mentioned above and
incorporated by reference.

The system 100 includes a conveyor system 110 for
continuously conveying baggage or luggage 112 in a direc-
tion indicated by arrow 114 through a central aperture of a
CT scanning system 120. The conveyor system includes
motor driven belts for supporting the baggage. Conveyor
system 110 is illustrated as including a plurality of indi-
vidual conveyor sections 122; however, other forms of
conveyor systems may be used.

The CT scanning system 120 includes an annular shaped
rotating platform or disk 124 disposed within a gantry
support 125 for rotation about a rotation axis 127 (shown in
FIG. 3) that is preferably parallel to the direction of travel
114 of the baggage 112. Disk 124 is driven about rotation
axis 127 by any suitable drive mechanism, such as a belt 116
and motor drive system 118, or other suitable drive
mechanism, such as the one described in U.S. Pat. No.
5,473,657 issued Dec. 5, 1995 to Gilbert McKenna, entitled
“X-ray Tomographic Scanning System,” which is assigned
to the assignee of the present application and which is
incorporated herein in its entirety by reference. Rotating
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platform 124 defines a central aperture 126 through which
conveyor system 110 transports the baggage 112.

The system 120 includes an X-ray tube 128 and a detector
array 130 which are disposed on diametrically opposite sides
of the platform 124. The detector array 130 can be a
two-dimensional array such as the array described in a
copending U.S. patent application Ser. No. 08/948,450
entitled, “Area Detector Array for Computed Tomography
Scanning System,” (Attorney Docket No. ANA-137) filed
on Oct. 10, 1997. The system 120 further includes a data
acquisition system (DAS) 134 for rcceiving and proccessing
CT data signals generated by detector array 130, and an
X-ray tube control system 136 for supplying power to, and
otherwise controlling the operation of, X-ray tube 128. The
system 120 is also preferably provided with a computer
processing system for processing the output of the data
acquisition system 134 and for generating the necessary
signals for operating and controlling the system 120. The
computer system can also include a monitor for displaying
information including generated images. The X-ray tube
control system 136 can be a dual-energy X-ray tube control
system such as the dual-energy X-ray tube control system
described in the copending U.S. patent application Ser. No.
08/671,202 entitled, “Improved Dual Energy Power
Supply,” filed on Jun. 27, 1996, now U.S. Pat. No. 5,661,
774, issued on Aug. 26, 1997; (Attorney Docket No. ANA-
094), which is assigned to the same assignee as the present
application and which is incorporated herein in its entirety
by reference. Dual energy X-ray techniques for energy-
selective reconstruction of X-ray CT images are particularly
useful in indicating a material’s atomic number in addition
to indicating the material’s density, although it is not
intended that the present invention be limited to this type of
control system. It is noted that the detailed description herein
of the object identification and classification system and
method of the invention describes the details in connection
with single-energy data. It will be understood that the
description is applicable to multiple-energy techniques. Sys-
tem 120 also includes shields 138, which may be fabricated
from lead, for example, for preventing radiation from propa-
gating beyond gantry 125.

In onc cmbodiment, the X-ray tubc 128 gencrates a
pyramidically shaped beam, often referred to as a “cone
beam,” 132 of X-rays that pass through a three-dimensional
imaging field, through which baggage 112 is transported by
conveying system 110. After passing through the baggage
disposed in the imaging field, cone beam 132 is received by
detector array 130 which in turn generates signals represen-
tative of the densities of exposed portions of baggage 112.
The beam therefore defines a scanning volume of space.
Platform 124 rotates about its rotation axis 127, thereby
transporting X-ray source 128 and detector array 130 in
circular trajectories about baggage 112 as the baggage is
continuously transported through central aperture 126 by
conveyor system 110 so as to generate a plurality of pro-
jections at a corresponding plurality of projection angles.

In a well known manner, signals from the detector array
130 can be initially acquired by data acquisition system 134,
and subsequently processed by a computerized processing
system using CT scanning signal processing techniques. The
processed data can be displayed on a monitor, and/or can
also be further analyzed by the processing system as
described in detail below to determine the presence of a
suspected material. For example, the CT data can be ana-
lyzed to determine whether the data suggest the presence of
material having the density (and when a dual energy system
is used, molecular weight) of explosives. If such data arc
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present, suitable means can be provided for indicating the
detection of such material to the operator or monitor of the
system, for example, by providing an indication on the
screen of the monitor by sounding an audible or visual
alarm, and/or by providing an automatic ejection device (not
shown) for removing the suspect bag from the conveyor for
further inspection, or by stopping the conveyor so that the
suspect bag can be inspected and/or removed.

As stated above, detector array 130 can be a two-
dimensional array of detectors capable of providing scan
data in both th¢ dircctions of the X- and Y- axcs, as well as
in the Z-axis direction. During each measuring interval, the
plurality of detector rows of the array 130 generate data from
a corresponding plurality of projections and thereby simul-
taneously scan a volumetric region of baggage 112. The
dimension and number of the detector rows are preferably
selected as a function of the desired resolution and through-
put of the scanner, which in turn are a function of the rotation
rate of rotating platform 124 and the speed of conveying
system 110. These parameters are preferably selected so that
in the time required for a single complete rotation of
platform 124, conveying system 110 advances the baggage
112 just enough so that the volumetric region scanned by
detector array 130 during one revolution of the platform is
contiguous and non-overlapping with (or partially overlap-
ping with) the volumetric region scanned by detector array
130 during the next revolution of the platform.

Conveying system 110 continuously transports a baggage
item 112 through CT scanning system 120, preferably at
conslant speed, while platform 124 continuously rotates at a
constant rotational rate around the baggage items as they
pass through. In this manner, system 120 performs a helical
volumetric CT scan of the entire baggage item. Baggage
scanning assembly 100 preferably uses at least some of the
data provided by the array 130 and a helical reconstruction
algorithm to generate a volumetric CT representation of the
entire baggage item as it passes through the system. In one
embodiment, the system 100 performs a nutating slice
reconstruction (NSR) on the data as described in copending
U.S. patent application Ser. No. 08/831,558, filed on Apr. 9,
1997, now U.S. Pat. No. 5,802,134, issued on Sep. 1, 1999,
cntitled, “Nutating Slice CT Imagce Reconstruction Appara-
tus and Method,” of common assignee, and incorporated
herein by reference. The system 100 thus provides a com-
plete CT scan of each bag, rather than only providing CT
scanning of selected portions of baggage items, without the
need for a pre-screening device. The system 100 also
provides rapid scanning since two-dimensional detector
array 130 allows the system 100 to simultaneously scan a
relatively large portion of each baggage item with each
revolution of the platform 124.

FIG. 4 contains a mechanical/electrical block diagram of
one embodiment of the baggage scanning system 100 of the
invention. The mechanical gantry of the scanner 100
includes two major components, the disk 124 and the frame
(not shown). The disk 124 is the rotational element which
carries the X-ray assembly, the detector assembly 130, the
data acquisition system (DAS) 134, a high-voltage power
supply and portions of the monitor/control assembly, the
power supply assembly and the data link assembly. The
[rame supports the entire system 100, including the baggage
handling conveyor system 110. The disk 124 is mechanically
connected to the frame via a duplex angular contact ball
bearing cartridge. The disk 124 can be rotated at a constant
rate by a belt which can be driven by a DC servomotor 505.
The gantry also contains X-ray shielding on the disk and
frame assemblies.
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In one embodiment, the baggage conveyor system 110
includes a single belt driven at a constant rate to meet
specified throughput requirements. The belt can be driven by
a high-torque, low-speed assembly to provide a constant
speed under changing load conditions. A low-attenuation
carbon graphite epoxy material can be used for the portion
of the conveyor bed in the X-ray. The total length of the
conveyor is designed to accommodate three average length
bags. A tunnel is used around the conveyor to meet the
appropriate safety requirements of a cabinet X-ray system.

In one embodiment, input power of 208 volts, 3-phase, 30
amps services as the main supply which can provide power
for the entire system. This input power can be supplied by
the airport at which the system is installed. Power is trans-
ferred from the frame through a series of frame brushes
which make continuous contact with the metal rings
mounted to the disk 124. The low-voltage power supply 501
on the disk 124 provides power for the DAS 134, the X-ray
cooling system and the various monitor/control computers
and electronics. A low-voltage power supply on the frame
provides power for the reconstruction computer and the
various monitor/control electronics. The conveyor motor
503, the gantry motor 503, the high-voltage power supply
and the X-ray coolant pump can all be supplied power
dircetly from thc main supply.

The high-voltage power supply provides power to the
X-ray tube 128. The supply can provide a dual voltage
across the cathode/anode. The driving waveform can be any
desirable shape, and preferably is in the form of a sine wave.
This supply can also provide X-ray filament power. The
supply current can be held approximaltely constant [or both
voltages.

The dual-energy X-rays strike the baggage, and some
portion of the X-rays pass through and strike the detector
assembly 130. The detector assembly 130 performs an
analog conversion from X-ray to visible photons and then to
electrical current. The DAS 134 can sample the detector
currents, multiplex the amplified voltages to a set of 16-bit
analog-to-digital converters and multiplex the digital out-
puts to the computerized processing system 3515, which
generates CT data and processes the data in accordance with
the invention as described below to detect, identify and
classify objects in the piece of baggage 112. In one
embodiment, the digital data from the DAS 134 are trans-
ferred to the processing system S15 via a non-contact serial
data link 511. The DAS 134 can be triggered by the angular
position of the disk 124.

The non-contact links 511 and 513 can transfer the
high-speed digital IDAS data to the processing system 515
and the low-speed monitor/control signals back and forth
between the disk and frame control computers. The data link
511 can be based upon an RF transmitter and receiver.

In one embodiment, the image reconstructor portion of
the processing system 515 converts the digital line integrals
from the DAS 134 into a set of two-dimensional images of
bag slices for both the high and low energies. The CT
reconstruction can be performed via a helical-cone-beam
solution, such as the nutating slice reconstruction method
described in copending U.S. patent application Ser. No.
08/831,558, filed on Apr. 9, 1997, now U.S. Pat. No.
5,802,134, issued on Sep. 1, 1999, incorporated by reference
above. The reconstructor can include embedded software, a
high-speed DAS port, an array processor, a DSP-based
convolver, an ASIC-based backprojector, image memory,
UART control port, and a SCSI output port for image data.
The array processor can perform data corrections and inter-
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polation. The reconstructor can be self-hosted and can tag
images based upon the baggage intormation received over
the UART interface to the frame computer.

The processing system 3515 can include a PC-based
embedded control system. All subsystems can be monitored
for key health and status information. This system can also
control both motion systems, can sense baggage
information, can control the environment, e.g., temperature,
humidity, etc., can sense angular position of the disk 124 and
can trigger the DAS and HVPS. This system can also have
a video and keyboard interface for engineering diagnostics
and control. Additionally, a control panel can be included for
field service.

Most types of explosive objects can be grouped into a
number of categories which can be based upon their shapes
and/or constituent materials. For example, categories can
include sheets, sticks, bulks and other categories based on
shapes. Certain types of materials can be subdivided into
subtypes which can also be based on containers such as
cylinders. These categories have different typical features,
such as shapc, sizc, mass or density. In gencral, a single
detection approach, such as the prior approaches referred to
above, cannot detect all of these explosive types efficiently.
In one embodiment, the invention can include multiple
separate detection paths, which can include a separate path
for each type. For example, the method can include a sheet
explosive path and a path for the rest of the explosive objects
which are referred to as “bulks” throughout this application.

In one embodiment of the object detection method and
apparatus of the invention, the process begins by first
performing a partial discrimination on the data to identity
sheet-shaped objects. Next, a connection step such as some
form of CCL is performed to connect objects. Then, further
discrimination is performed to classify identified objects
according to potential threats. This is in contrast to prior
systcms such as thc Ebcrhard ct al. systcm which perform
connection first and then discrimination, resulting in the loss
of thin sheet-shaped objects.

The basic steps of a method in accordance with one aspect
of the invention include sheet explosive detection, bulk
explosive detection, and discrimination. In one embodiment,
the sheet detection and bulk detection can be performed
respectively along two parallel paths. In one embodiment,
sheet explosive detection is based on a process known as a
constant false alarm rate method (CFAR) and modified in
accordance with the invention, which statistically decides
whether a volume element or voxel belongs to a sheet
explosive. Sheet voxels can also be identified by a morpho-
logical sheet detection approach in accordance with the
invention described below in detail. In one embodiment, the
voxels identified as sheet voxels by CI'AR or the morpho-
logical sheet detection of the invention are then connected
and labeled using a standard connected component labeling
(CCL) proccss. In another cmbodiment, the voxels arc
connected and labeled using the morphological CCL of the
invention described herein. The labeled objects can then be
discriminated by their mass. If the mass of an object is
greater than a predetermined threshold, the object is declared
a sheet explosive.

In one embodiment of the invention, bulk explosive
detection uses a modified connected component labeling
(CCL) process that can include morphological operations
(erosion and dilation) to prevent objects growing together. In
one embodiment, because sheets are detected on a separate
analysis path, they need not be preserved in the erosion and
dilation steps. Bulk detection can also involve controlled
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object merging for closely spaced threat objects, e.g., indi-
vidual stick-shaped objects which should be considered as a
single object. Discrimination is based on the density and
mass of a detected object. In one embodiment, the mass
thresholds for discrimination are density dependent. Lower
density objects can be assigned higher mass thresholds for
scveral rcasons. For cxample, data indicate that the amount
of low-density explosive required to cause a particular
amount of damage is greater than the amount of high-density
explosive. Therefore, at lower densities, a higher amount,
i.e., higher mass, of material is required to trigger an alarm
condition. Also, at low densities, a higher rate of false alarms
may result. Accordingly, a higher mass threshold can reduce
the number of false alarms at low densities.

FIG. 5 contains a top-level flow diagram which illustrates
the logical flow of one embodiment of the object identifi-
cation method of the invention. In one embodiment, in a first
step 301, reconstructed CT image data are received and
analyzed to define a region of interest (ROI) or bounding
box for the region. 'This process eliminates voxels outside a
bag and therefore reduces the size of the data set consider-
ably. The method can then proceed along parallel paths
including a sheet object detection path and a bulk object
detection path.

Along the sheet detection path, sheet-shaped objects are
detected in the sheet detection step 302. In the discrimina-
tion step 306, detected objects are analyzed to determine if
they are threats. In one embodiment, this is done by com-
paring the mass of an object to a mass threshold. The
discrimination step 306 produces label image data for the
bag, which mark the voxels belonging Lo each sheetl object
and identify physical properties of each sheet object
(preferably density and mass) and their position in the bag.
The label image data for each voxel also include a number
identitying the voxel according to an object with which it is
identified or identifying the voxel as being background.

Along the bulk detection path, bulk-type objects are
detected in the bulk detection step 304. Next, in the dis-
crimination step 308, the detected bulk objects are analyzed
to determine if they are threats. The discrimination step 308
produces label image data for the bag, which marks the
voxels belonging to each bulk object and identifies physical
properties of each bulk object (preferably density and mass)
and their position in the bag.

The decision—data fusion step 310 of the method takes
the label image data produced by sheet and bulk detection
steps and computes a single label image that corresponds to
detected explosives. It will be understood that the method
described in connection with FIG. 5 can include more than
two separate detection paths, depending on the number of
types of objects to be identified.

Throughout this application, the term “3-D image” and
the symbol C(i,j,k) are used to represent a set of CT slice
images. The size of each CT slice is I columns by J rows.
The symbol T in C(i,j.k) represents the column index and
runs from 0 to I - 1. Similarly, the symbol j represents the
row index and runs from 0 to J - 1. There are K of these slices
in a set. The symbol k represents one of these slices and runs
from 0 to K - 1. The function C (ij,k) is used to refer to or
represent a particular CT density in this set, meaning that it
is the CT density value at the ith column and the jth row of
the kth slice. The CT densities are represented by positive
integers with O (Hounsficld units) corresponding to the
density of air and 1000 (Hounsfield units) corresponding to
the density of water, although if desired other integer values
can be used.
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The function C (i,j,k) can be considered a 3-D image
being I pixels in width, J pixels in height, and K pixels in
depth. Each clement in the 3-D image is a voxel. The valuc
C (1,],k) for a particular voxel denoted by the (i,j,k) triplet is
the CT density of the material occupying that voxel.

The size of a voxel is determined by the resolution of the
CT equipment. In one embodiment, the scanner has a
nominal voxel size of 3.5 mm in width (x), 3.5 mm in height
(v), and 3.33 mm in depth (z), which is a relatively small
voxel and therefore produces higher resolution when com-
pared to the Eberhard et al. system, although the nominal
size can vary depending on several design factors. Using this
information and the CT density, it is possible to compute the
mass of each voxel in a 3-D image.

CT densities approximately correspond to physical den-
sities of material. Since the CT density of 1000 is made to
correspond to the density of water (i.e., 1 gram/cc), in order
to find the mass of a given voxel in grams, the CT density
value of that voxel is divided by 1000 and multiplied by the
volume of the voxel (0.35x0.35x0.333 cc). The method
described in this application utilizes this conversion (as the
constant ¢,) to compute the bag mass and the mass of each
identified object in the bag.

The main steps in the method of the invention listed above
and shown in I'IG. 5 will now be described in detail. I'IG.
6 contains a flow diagram of the logical flow of one
embodiment of the region-of-interest calculation 301 of the
present invention. The goal ol the region of interest calcu-
lation is to eliminate parts of the image that lie outside the
bag so that other parts of the process will have less data to
analyze and therefore speed up the process and decrease the
memory requirements. In one embodiment, a rectangular
subset that contains all of the voxels with CT density values
in the range of interest is extracted from the original image.

The inputs to the region-of-interest calculation include C
(i,j,k), which is the three-dimensional CT-image for a bag.
The outputs include C,_ fi,j,k), which represents the CT
image of a bag region of interest and (x,,,,..X
Z, im0 Zmar)» Which are coordinates of the region of the interest
box. A parameter used in the calculation is t, which is the
air-to-bag threshold. The method 301 begins by receiving
the data representing the 3-D image of a bag, C (i,j,k) and
the value for the air threshold t,. Next, in step 312, the
voxels identified as containing data representing air are
identified, and, in step 314, the coordinates for the region of
interest are computed so as to exclude most if not all of those
voxels. Steps 312 and 314 proceed as follows so as to define
the region of interest:

rraaer Y i Y rmaxo

X,.e=minimum value of I such that at least one

=t, for any j, k;

C(i..k)

X,...=minimum value of I such that at least one

=t, for any j, k;

C(i.i.k)

Y,...=minimum value of j such that at least one
=t, for any I, k;

C(i,i.k)

V,ex=minimum value of j such that at least one
=t, for any [, k;

C(i,j.k)

z,,..=minimum value of k such that at least one C(i,j.k)
=t, for any I, j;
Z,,..=minimum value of k such that at least one C(i,j.k)

=t, for any I, j;
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Next, the image of the region of interest, including the bag,
is computed by

Croi (i, jo k) = CU + Xin, f + Ymin K + Zmin),  where

0 < 1< Xpax — Xmin

0<J< Ymax —

Ok <gZpaux—

Ymin

Zmin

FIG. 7 is a flow diagram which illustrates the logical flow
of one embodiment of a sheet detection method in accor-
dance with the present invention. Sheet explosives are
characterized as being much thinner in one dimension
(height, width, or depth) than in the other two. This dimen-
sion is referred to as the thickness of a sheet explosive. One
sheet explosive detection method described herein is tunable
to the sheet thickness and uses a constant false alarm rate
(CFAR) method. Two-dimensional approaches to CFAR are
described in, for example, Kreiten, et al., “Discriminating
Targets from Clutter,” Lincoln Lab Journal, Vol. 6, No. 1,
1993; Novak, et al., “Effects of Polarization and Resolution
on the Performance of a SAR Automatic Target Recognition
System,” Lincoln Lab Journal, Vol. 6, No. 1, 1993; and
Frosgate, et al., “Multiscale Segmentation and Anomaly
Enhancement of SAR Imagery,” IEEE Trans. on Imag.
Proc., Vol. 6, No. 1, 1997; all of which are incorporated
herein by reference. Under the three-dimensional CFAR
approach of the invention, a CFAR sheet voxel analysis step
318, as described below in detail, is performed on the CT
image data for the region of interest to identify which voxels
are associated with sheet objects. Next, a connected com-
ponents labeling (CCL) method can be applicd in step 320
to sheet voxels to connect them within individual objects. In
step 306, the objects are classified such as by mass discrimi-
nation.

Under the CFAR method of the invention, each voxel in
the bag is examined to determine whether it is part of a sheet
explosive. To be part of a sheet explosive a voxel should
have a density value within a certain range of CT density
values and should be statistically distant from its back-
ground. In one embodiment, the background is defined as
the voxels on the surface of a cube of size comparable to the
sheet thickness that is centered around the test voxel as
shown in FIGS. 8A and 8B, which are schematic diagrams
of the preferred CFAR method of the present invention. FIG.
8A shows in two dimensions the background cube 321
including a test voxel 319 being applied to CT data voxels
that include a sheet object 317. The mean and standard
deviation of the background voxels around the test voxel are
computed. The value of the test voxel is compared against
the mean and standard deviation of the background. If the
statistical distance of the test voxel to its background is
larger than a predetermined threshold, then the test voxel is
said to belong to a sheet explosive.

In one alternative embodiment, all of the voxels on the
surfaces of the cube are not used to compute the mean and
standard deviation. To save processing time, the voxels at a
surface can be sampled, and only the sampled voxels can be
used in the computation of the mean and standard deviation.
In one embodiment, only every other voxel is sampled,
resulting in savings of half the processing time required to
generate the mean and standard deviation.

In another alternative embodiment, three separate two-
dimensional CFAR calculations can be performed in the
three orthogonal Cartesian planes, x-y, X-z, y-z. A voxel
mean and standard deviation of the background are com-
puted for each plane, the background being defined as the
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voxels on the perimeters of a square in the respective plane.
Then, statistical distances are computed for each plane and
are compared to a predetermined threshold. Different coor-
dinate planes may have different thresholds. The number of
planes in which the threshold is exceeded is used to deter-
mine whether the voxel is a sheet voxel. For example, if one
or more thresholds are exceeded, then it can be concluded
that the voxel is a sheet voxel. In another embodiment, the
voxel is labeled a sheet voxel if two or more thresholds are
exceeded.

In all cases of the CFAR method of the invention, an
upper threshold in addition to or instead of the lower
threshold can be employed. This will eliminate sheet-shaped
objects which have very high contrast with background. An
example of such a sheet would be the outer surface of the
bag.

As shown in FIG. 8B, for bulk object 325, the background
voxels cover more of the object itself. Hence, the back-
ground becomes statistically close to the test voxel which is
chosen to be in the test object. Therefore, the CFAR distance
is large lor thin sheet-like objects and small for thick
bulk-like objects. This property is used to detect all voxels
that belong to sheet-like objects and eliminate all voxels that
belong to bulk objects in the bag.

In accordance with the invention, a three-dimensional
CFAR method is applied to the CT data to detect sheet
objects. In developing the three-dimensional CFAR of the
invention, selecting the size of the void region between the
targel voxel and the background voxels was considered. A
standard two-dimensional prior art CEAR process, such as
the processes described in the literature mentioned above,
requires that the background samples be taken from an area
that does not include any part of the target. In the application
of the present invention in which sheet objects are detected,
in the case of a sheet, only one dimension of the target object
is known and the orientation of that dimension is not known.
So, if the prior art CFAR approach were applied, it would be
difficult to sample the background as the prior art CFAR
process requires. In the implementation of the invention,
parts of the target object are sampled as background also. In
the present invention, including some of the target samples
in the background samples changes the mean and the
standard deviation of the background samples. But the
change is different for different target coverage of the CFAR
sampling region. This fact helps the invention distinguish
between sheet-like objects and bulk objects. This difference
between sheet coverage and bulk coverage is illustrated in
FIGS. 8A and 8B.

After deciding which voxels to consider as sheets, the
CCL analysis 320 is performed on the sheet voxels to
combine the voxels into a sheet object. The mass of each
connected component thus obtained is compared against a
predetermined mass threshold to decide the prescnce of a
sheet explosive.

Hence, the present invention uses a CFAR approach that
is extended to three dimensions and is substantially modified
and improved over the two-dimensional techniques
described in the literature. In the present invention, the
modified CFAR is used as one step in a process to identify
a threat. The modified CFAR of the invention first classifies
individual voxels according to whether they are part of sheet
objects. Next, the process of the invention continues with
additional steps such as CCL to combine the voxels into
objects and discrimination steps to determine whether the
objects pose threats. In contrast, the prior two-dimensional
CFAR approaches were used as stand-alone detection algo-
rithms whose outputs consisted of a final classification of an
object based on two-dimensional CFAR analysis of a pixel
in the object
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As noted above, the goal of the sheet explosive detection
method is to detect sheet-like objects. A separate sheet
explosive detection step is used to solve the problem of
sheets being inadvertently removed from the data during
morphology steps such as erosion performed during the bulk
detection process. The inputs to the sheet detection method
include C,_(i,j,k), which is the 3-D image of the region of
interest (size I,,x J, x K, ). The outputs of sheet explosive

ror roi FOL.

detection include the [ollowing:

L.(i,j.k), Label image for sheet explosives (same size as
Coids

N,, Number of detected sheet explosives;

P,.» Density of each detected object;

M,,, Mass of each detected object; and

X ins X sy sy o Z minsZ max)> Bounding box for

cach detected object.

A bounding box as used in connection with this and other
aspects of the invention is defined as the smallest rectangular
region which contains the object that it bounds. The param-
eters for sheet detection include the following:

(P° irol’ ma)» CT-density range of interest for sheets;

g, Size of the CFAR cube around the test pixel in voxels;

t;; CFAR decision threshold;

A, CCL threshold;

CCL connectivity type (any combination of*face”,
“edge”, or “vertex”);

C

5

m,, Mass threshold for sheet explosive detection; and

¢y, CT density-to-mass conversion factor.

In one embodiment, the steps in the sheet explosive

detection method include the following:

1. Start with the 3-D image of the ROI, C,_(i,j,k).

2. Pad the image with g layers of voxel values having
some preset background value, e.g., zero, on each side
to create a padded image,

P, jo k), sizelior +28) X (o +28) X (Kioi +28), (D

Croili—g,J—g k—-g) g=i<(+g)
Pl k) = g=j<U+g
SR = g=<k<(K+g)

0 otherwise

3. Raster scan the padded image and find the voxels,
{Vo=(iojo> ko), vi=(ijik)s - - v L }, with a CT
density between p®,,;,, and p*,,, ... A shorthand notation
v, is used to denote a voxel, 0=n<(I,,+2g) (J,,+2g)
(K,.+2g).

4. For each voxel v,=(i,j,k) the surface of the CFAR cube,
S,.. is defined as the surface voxels v, =(T', j', k") of the
(Cg+D)=x(2g+1)x(2g+1) cube centered at v,,:

7

j—g=j=j+g. k—g=k=k+g, PV=ixtg 2)
i, . kyes,ifyi—g=l=<i+g k-—g=k=k+g, [j=jxg
i—g=<i"=<i+g j—g=<j=<j+g Kk=kxtg

The number of voxels in S, the surface area of the cube) is
equal to

A, =24g7+2
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5. On the surface S,, of the CFAR cube centered around
each v, compute the mean, g,

= AISMZ P(vy)

=

€))

Hn

n

6. On the same surface compute the standard deviation,
0 >

n

o_\/

7. Compute the distance, d, of the voxel v, to the
background given by u,, and o,,

“

Y PRvn) - 4

ASn Vs E8p

_ Pt ®)

Uﬂ

dp

8. Create a CFAR image CFARC(i,j,k), same size as input
image C, (i,j,k) (not zero padded), consisting only of

the voxcls whose distance, d,,, cxceeds the threshold t;.

PG, j k) d, = 6

cmm_g,j—g,k_g):{,(” bodEn ©
0 otherwise

9. Perform connected component labeling (CCL) using
the CCL parameters, A, and c_, on the CFAR image,
CFAR (i,j,k), to produce a label image L (i,j,k) and
bounding boxes, (x,;,.X z z"

Fl Fl ye3 Fi )
mins> max> Y miny macr® minol max)s

object label 0 < [ < N for CCL objects

0 otherwise

. { @
Ls(i, j, k) =

10. For each object 1=1, . . . N the mass M, is computed
during the CCL.

M, = o> CFARG, j. ML, j. ). D ®

i jk
where the selector function, h(x,l), is defined as

{ 1
hix, )=

0 otherwise

©

x=1

11. Eliminate all objects whose mass, M,, is below the

given mass threshold, m,.

L (0,)=0if My ,y<m, (10)

12. Renumber the remaining objects using consecutive

positive integer labels and update the label image. Set
N, equal to the number of remaining objects.

It should be noted that, with respect to the sheet detection
method, the variance o2, can be used in place of the standard
deviation o, in step 5. This can increase the execution speed
of the implementation. Also, shapes other than a cube could
be used to define a CFAR surface. In addition, thick sheet
explosives can be detected by the bulk path of the method of
the invention. Therefore, in one embodiment, the thickness
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of sheets to be detected can be set to be slightly thicker than
the thinnest sheet that can be detected by bulk detection.

In another aspect of the invention, sheet objects can be
detected in the density data by using a morphology approach
analogous to the morphological CCL applied in bulk object
detection. Under this morphological sheet detection
approach, all objects in the data are eroded a predetermined
number of times such that all thin sheet shaped objects are
eliminated from the data. The number of erosions performed
is based on the number of erosions needed to eliminate sheet
objects from the data, which is related to the thickness of a
sheet. Each erosion can remove one layer of surface voxels.
Therefore, the number of erosions is related to the expected
thickness of a sheet and the size of a voxel. After all of the
erosion steps are performed, the objects remaining in the
data are assumed to be bulk objects. The data associated with
these objects are then eliminated from further processing.
The original data, with the bulk objects removed, are then
analyzed to label the sheet objects. The remaining voxels are
analyzed one at a time such as by the CCL process to
combine voxels into sheet objects and then label the sheet
objects. Next, discrimination is performed on the sheet
objects to classify them as threats or non-threats, such as by
comparing the objects mass to a predetermined mass thresh-
old. Sheets with masses above the threshold can be classified
as threats.

It should be noted that other sheet detection approaches
such as high-pass filtering can be used with the various
aspects of the invention to detect sheets. Also, the connec-
tion process, ¢.g., CCL, can be applicd cither to the binary
data produced by sheet detection or to the product of the
binary data and the associated voxel density data

The bulk object detection process of the invention
searches the bag image for clusters of voxels in the density
range of interest, can label them as bulk objects, and can use
mass-dependent density thresholds to determine if an object
is a threat.

In one embodiment, the bulk detection process uses the
CCL method to identify objects in the three-dimensional bag
image. One of the main problems in using CCL is compound
objects, i.e., two or more physical objects in close proximity
growing together into a single object in the bag image due
to the finite resolution of the system causing partial volume
effects. To solve this problem, in one embodiment of the
invention, the image is preprocessed before the application
of CCL to split compound objects. This preprocessing can be
done using an erosion operator as described below in detail,
which effectively removes the surface layer of voxels from
objects to prevent CCL from growing multiple objects
together. To balance the effects of erosion on object size, a
dilation operation as described below in detail is applied
after an croded image is scgmented into objects by CCL.
This operation adds the surface voxels back to the objects
after the objects have been determined to be separate
objects.

In accordance with one aspect of the invention, the bulk
detection method uses one or more separate density ranges,
one for each type of bulk material of interest having density
values falling within the range. In one embodiment, there are
two separate density ranges used in the bulk detection. The
density ranges are chosen according to the objects sought to
be identified. In one particular embodiment, one ol the
ranges covers a first specific type of explosive (referred to
herein as “type A”); the other one includes all solid bulk
explosives exclusive of type A. Since explosive types and
typical false alarms in these two density ranges differ,
separate detection paths with different erosions and dilations
can be used to optimize performance for each density range.
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In one embodiment, the detection process for a given
density range has the following steps.

1. Perform at least onc crosion to remove surface voxels.

2. Use CCL to segment the image into separate objects.

3. Restore surface voxels o the objects using the dilation

operator.

4. Compute object properties.

5. Use mass thresholds to discriminate between explo-

sives and non-threat objects.

Once the bag image is segmented into objects, such
properties as mass, mean density, eroded mass, and eroded
mean density are computed for each object. Density depen-
dent mass thresholds are used to discriminate between threat
and non-threat objects. The number of potential explosive
objects, their properties and their coordinates in the bag
image are returned by the bulk detection process.

The inputs to the bulk detection process include C(i,j,k),
the 3-D CT image of a bag. The outputs include the
following:

N,, Number of detected bulk objects;

L,(,j,k), Label image, same size as C(i,j,k);

(x| oymin 2y (X7, v, 27) Bounding box

coordinates for each object;

V,,, Number of voxels in each object;

M,,, Mass of each object;

V¥¢,,, Eroded number of voxels in each object; and

M?,., Eroded mass of each object.

Parameters used by the process include:

(P s P nan), Density range for type A explosive;

(P% o0 men)> Erosion density range for type A cxplo-

sives;

(P? o> PPomer)> Density range for bulk explosives;

(P, 0F,..), Erosion density range for bulk explo-

sives;

©%% s PF%,..), Dilation density range for bulk explo-
sives;

(P%™ in> P77 ), Density range for bulk explosives object
merging;

A,,., Maximum eroded density difference between objects
for bulk explosives object merging;

¢,, Number of crosions in the type A density range;

e,, Number of erosions in the bulk density range;

n,,, Minimum number of neighboring voxels in the type A
erosion density range required to keep a type A voxel;

n,, Minimum number of neighboring voxels in the bulk
erosion density range required to keep a bulk voxel;

A,, Maximum density difference for connecting voxels in
CCL;

¢, Connectivity type for CCL;

P, Density threshold between low density and high den-
sity bulk explosives;

m,,, Mass threshold for cylindrical objects containing type
A explosives;

m;, Mass threshold for low density bulk explosives;

m,,, Mass threshold for high density bulk explosives;

V... Minimum number of voxels required to keep an

object after the image segmentation step; and

c,, Voxel volume.
FIG. 9 is a schematic flow diagram which illustrates the

logical flow of one embodiment of the bulk object detection

method of the invention. The bag image voxels are received
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for preprocessing steps 330 and 332. In the embodiment
shown in FIG. 9, the preprocessing steps including object
erosion are performed separately in parallel. Specifically,
preprocessing for type A materials is performed in step 330
and preprocessing for bulks is performed in step 332. It will
be understood that these preprocessing steps need not be
performed in separate parallel steps.

The erosion operator is applied recursively image-by-
image to the original CT image ¢, times for the type A
erosion density range (P, ;,, P,,....) in step 330, and/or ¢,
times for the bulk erosion density range (p°°,.;..r P70} il
step 332. The first iteration is the original CT image, i.e.,
CO(i,j,k)=C(i,j k). Further iterations are created by applying
the erosion operator to each voxel. For each voxel (i,j,k) the
erosion operator performs the following steps.

1. Check if the voxel belongs to onc of the crosion density

ranges of interest, set its CT value to zero and go to the
next voxel if it does not:

i, jok) for plt, = OV k) = . LD
L jo k) =4 €L jo k) Lot pPl = O, o k) = pl
0 otherwise

2. Examine the 3x3x3 neighborhood of the current voxel
(i,j,k). Count the number N of voxels (i’, i, Ky with CT
values C” (i, j*, kY) in the same density range as the
current voxel (either type A or bulk).

3. If the count is below the threshold, either n, or n,, sct
C™(i,j,k) equal to zero, otherwise keep the current

voxel. The thresholds are different for bulks and type A
materials:
NG Gk = (12)
C*(i, jok)  if N =n, and pB5. = C*(i, j, k) = pb2,
C'(i, k) if Nzn, and pll, < C'(Q, j, k) < pPt,
0 otherwise

Standard morphological erosion keeps a voxel only if the
voxel neighborhood fits a certain pattern mask. Typically,
only voxels with all 27 neighbors in the range of interest are
kept. Standard erosion is described in, for example, Serra, J.,
Image Analysis and Mathematical Morphology, Academic
Press, London, 1982. It should be noted that the erosion
operator employed in the morphological CCL of the inven-
tion can be the voting or counting operator described above.
Other erosion operators, such as the one described by Serra,
can also be used.

In the process of the invention, the purpose of the erosion
operation is to separate objects that are in close proximity to
each other and, as a result, can be merged together by
standard CCI.. In the present invention, the outside surfaces
of objcets arc croded. On the other hand, some objccts have
internal holes (such as thin cylindrical axial cavities in
cylindrical stick-like objects) or voxels that fall outside the
density range of interest due to noise or artifacts in the
image. Eroding these internal surfaces can split the objects
into several parts, or it can eliminate the object completely
in the case of thin objects with axial cavities.

The outer surfaces of objects are usually convex, while
the surfaces of internal cavities are usually concave.
Therefore, voxels on outside surfaces are likely to have
fewer object voxels in the 3x3x3 neighborhood than voxels
on the inside surfaces. The count threshold can be used to
selectively erode only the outer surfaces of objects while
preserving the object interior.
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The results of the two preprocessing steps 330 and 332 are
combined in the optional combine step 334. In the embodi-
ment shown in which separate paths are used for
preprocessing, each preprocessing step 330 and 332 gener-
ates a unique set of preprocessed data from the original bag
image data. In the combine step 334, these individual sets of
data are combined into a single set of preprocessed data

In the segmentation step 335, CCL can be used to identify
and label objects in the eroded CT image data. Neighboring
voxels in the same density range, either bulk (p%,.;., %)
or type A (p? i P%ua), are connected and assigned an
object label. Neighboring voxels are defined as a combina-
tion of “face”, “edge”, or “vertex” neighbors, determined by
the CCL connectivity parameter c,.

A single run of the CCL process can find objects in both
density ranges, as long as the gap between them is greater
than the maximum density difference for connecting voxels
in CCL, (p%,.0—P%,ex<d,. Using only a single CCL run to
compare voxels to multiple density ranges is much more
efficient and less time consuming than performing a separate
CCL run for each range, since CCL in general utilizes a large
amount ol processing resources. Il the threshold difference
A, is selected to be smaller that the gap between the density
ranges, then the chance of mislabeling a voxel of a material
of one of the ranges as belonging to another range is
eliminated, thus allowing the process to be run for multiple
ranges simultaneously. It will be understood that this
approach can be extended to any number of ranges separated
by gaps at least as large as the threshold A,.

The label image is created, where each voxel (i,j,k) is
assigned a value

LG, jo k) = (13

0,
1=n=<N,,

where N, is the total number of objects found in a bag
image. Eroded number of voxels, V¢, and eroded mass,
M?,,, are computed for each object n at the relabeling pass of
the CCL.

In the pruning step 336, objects consisting of only a few
voxels (V°, <V, . are discarded and corresponding voxels
in the label image, L,(1,j.k), are set to zero. The total number
of objects N, is decreased, remaining objects are renum-
bered using consecutive labels, and the label image is

updated with new object labels.

A type A dilation step 338 and/or a bulk dilation step 340
can then be performed. As in the preprocessing erosion steps
330 and 332, the dilation steps 338 and 340 can be per-
formed in separate parallel paths. In dilation, a layer of
voxels is added to remaining objects in order to restore the
mass and volume lost in erosion. For each labeled voxel
(1=L,(i,j,k)>0), the eroded density of the object labeled 1 that

contains the current voxel is given by

voxel is not ineither oneof the density ranges;

voxel belongs to nth object;

M (14)

D, =
o, Vf

where M¢, and V¢, are computed during CCL. This density
is used to determine if the voxel is part of a bulk explosive
object or a type A object. The C1 density C (i/, j’, k) of all
unlabeled voxels (I,(i, j%, k')=0 in the 3x3x3 neighborhood
of the current voxel (i,j,k) is examined. If the density is
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within the dilation density range corresponding to the explo-
sive class (bulk or type A) of the current object,

(Phin: Phex) 3 Pl < Di < ploy

(Pt Pox)s if Pl = Dy = Phioy

(15)
i, j’,k’)e{

then the voxel (i’, i, k%) is assigned the same label as voxel
(13,5,
Ly, J K)=1, ae

and the total number of voxels, V,, and the total mass, M, are
incremented. Dilation can be performed recursively e, times
for the type A density range, and e, times for the bulk density
range.

A ssecond combine step 342 can then be performed on the
dilated data. In the embodiment shown in which separate
paths are used for type A and bulk dilation, each dilation step
338 and 340 generates a unique set of dilated data from the
eroded, segmented and pruned bag image data. In the
combine step 342, these individual sets of data are combined
into a single set of dilated data.

A partial volume correction step 344 can then be per-
formed. 'The mass of each object is enhanced by replacing
the measured CT density of voxels added by dilation with
the average density of the object.

Ve

V, — a7

M, = M?+ M,

n

Partial volume correction 344 is described below in detail.

An object merging stcp 346 can then be performed. If
bounding boxes of objects n and m overlap and their eroded
densities are close, i.e.,

1D,~Dp| £A,, (19

then the objects can be merged into a new single object with
mass M=M, +M,,, and number of voxels V=V, +V, . The
label image L, (i,j,k) is updated so that merged objects have
the same label. Use of this merging in the analysis of
stick-shaped object detection is described below in detail.
Discrimination 308 can then be performed. For each
object n, 1=n=N,, the decision is made whether this object
is a potential threat based on the object mass and eroded
density:
(19)

<P p
M, zm, forp .. =D, =pf.

object is a threat if § M, =m; for pb, <D, < p,

M, =my, forp, <D, spfmx

This density dependent mass thresholding is described
below in detail.

The connected component labeling (CCL) approach used
in the invention is used to detect objects with density values
in the predefined range of interest in the 3D image. CCL is
a process which determines if a voxel belongs to a particular
object. An object is defined as a topologically connected (a
combination of “lace”, “edge”, and “vertex” conneclivily
determined by the parameter c) set of voxels with voxel CT
density values within a range of interest from p; to p, and
with the difference in voxel values between neighboring
voxels within a delta value A.

The 3D image is represented by the C (i,j,k) array. Index
0=k<K is the slice number (index along the Z axis), where
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the value of K is determined by the length of the bag. Index
0=j<J is the row number (index along the Y axis), where, in
one embodiment, J=117 or 158 depending on the bag shape
(oblong or square). Index 0=i<I is the column number
(index along the X axis), where, in one embodiment, 1=214
or 158 depending on the bag shape (oblong or square).

An array L(i,j,k) of the same size as C (i,j.k) is used to
label voxels as either background (labeled by L(i,j,k)=0) or
as belonging to an object number n>0 (labeled by L(i,j.k)=
n). The label equivalency array, 1(i), is used by the CCL
algorithm to assign a unique label to each object This array
must be initialized as 1(i)=i, 0=i=L,,,,, where the constant
L,... is determined by the maximum number of separate
objects that can be found in a bag.

Three dillerent topological delinitions ol neighboring
voxels (i, j,» k) (I-L]=L]i-,|=1,]k-k,|=1) being con-
nected to the current voxel (i,j,k) can be used in the 3D CCL
process:

1. Voxels (i,j.k) and (i,. j,. k,) share a common face,

[i—1, | +i-i,)+k—k,,=1.

2. Voxels (i,j.k) and (i,, j,, k,,) share a common edge,

li=i, | +j=j,|+k-k,=2.

3. Voxels (i,j,k) and (4, j,.»

[i—1,.|+j=i,+k—k,,=3.
A combination of these connectivity types can be specified
as an input parameter for the CCL process. It should be
noted that when the current voxel (i,j,k) is on the surface of
the bag image (either i,j, or k equal to 0 or their respective
maximum valucs), not all possible ncighboring voxcls cxist.

FIG. 10 contains pseudocode describing one embodiment
of the CCL method of the invention. The first step of the
CCL method is a raster scan through the image data. It
assigns preliminary labels to the voxels. If the current voxel
is within the density range of interest, then it is tested against
its neighboring voxels. If the neighboring voxel value is
within the A range of the value of the current voxel, these
two voxels are part of the same object Since the first pass is
performed sequentially, it is possible to assign different label
numbers to different parts of the same object. When the
merger point is encountered, the equivalency of the labels is
noted in the 1(i) array. The lowest available equivalent label
is used to avoid circular references.

The second step of the method is to resolve all label
equivalencies in the 1(i) array, count the number of separate
objects N, and assign each label an equivalent value ranging
tfrom 1 to N,. 'l'he third step is to relabel the voxels with the
equivalent label values, L(i,j,k)=1(1(i,j,k)) for all (ij,k).
During this pass, necessary information about each object
can be accumulated, such as the bounding box indices and
the total mass of the object.

Partial volumec correction or mass cnhancement of an
object addresses the problem of density degradation of the
surface voxels of the scanned objects. The CT value of a
given voxel represents the average density of the object
within that voxel. As a result, an accurate measure of the
object density can only be obtained if the voxel is totally
contained in the object. On the other hand, if the voxel is
partially occupied by the object, its density will be degraded
based on the occupied portion of the voxel. FIG. 11 shows
the partial volume effect on a scanned object 351. In FIG. 11
non-shaded voxels (squares) are allected by the partial
volume effect The partial volume correction of the invention
is based on substituting the CT values of the surface voxels
of the scanned object using its mean CT density or the mean
of its eroded CT density.

Because of the partial volume effect, the actual density
and mass of a scanned object are larger than their measured

k,,) share a common vertex,
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values. The difference in values depends on the shape of the
object; more specifically, it depends on the surface-to-
volume ratio of the scanned object An object with a large
surface-to-volume ratio, such as a sheet or a cylinder of
small diameter, will be more affected than an object with
small surface to volume ratio, such as bull object or a
cylinder of large diameter. The measured CT density of a
scanned object is defined as the averaged density of all its
voxels:

. 0
VEZOP

N

ﬁ:

where p,, is the CT density of the vth voxel of the object, 0
is the scanncd objcct, and V is the number of voxcls of the
scanned object as found by CCL. The mass of the object is
then:

M = NCVp = Z CVpv (21

vcO

where V is the volume ol a voxel and C is a mass conversion
constant.

The object voxels can be divided into surface and core
voxels. Surface voxels are voxels having less than 26
neighbors of the scanned object voxels. A more accurate
density measure can be computed using only the core voxels
of the scanned object. The new density is known as the
eroded density:

> o

velCo
Ne

(22)

Pe=

where C, is the core of the scanned object, and N, is the
number of eroded voxels of the scanned object. N, the
number of surface voxels, is given by N-N_. Let S, be the
set of surface voxels, the mass can be written as follows:

M= Z CVp, + Z CVp,

veCo veSg

(23)

The extent of mass reduction by the partial volume effect
is determined by the second term of the right hand side of
Equation 23, since p, will be most affected at the object
surface. One way of correcting that is to use the averaged
density or the eroded density for replacing p,, in the second
term of the right hand side of Equation 23. The corrected
mass can be computed using one of the following equations:

M= Z CVp, + N,CVp 24
veCey
M= Z CVp, + N,CVp, (25)

veCo

The eroded or the averaged density can be chosen to replace
the CT values of the surface voxels. However, the best
substitution can be determined based on a controlled experi-
ment. Using both densities, the corrected masses of scanned
objects can be compared to their actual masses, and the
density that produces the least error can be chosen. An
iterative algorithm can also be used to compute a combina-
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tion of eroded and average densities that produces the mass
correction least dependent on object shape or size.

The merging process 346 mentioned above in connection
with FIG. 9 will now be described in detail. To avoid
combining different objects in a scanned bag, an erosion
stage can precede the CCL process. As a result, physically
separate objects can be assigned different labels. However,
certain explosive devices, such as certain stick-shaped
explosive objects, can consist of several explosive objects
banded together. The use of erosion can cause each object to
be considered separately, thus failing the mass threshold
criterion and reducing the overall detection rate. Each of
these objects by itself satisfies the density criterion,
however, its mass is below the threshold value. In the
present inventlion, a merging process based on the eroded
densities of segmented objects can be implemented to
recover the objects.

The data show that these objects have almost identical
eroded densities as found by the CCL process. In addition,
their bounding boxes lay in the same XYZ region. In one
embodiment, this information leads to the conclusion that
these objects must have been components of the same single
abject.

In one embodiment, the merging approach deals only with
objects within a certain density range that fail the mass
threshold criterion. As a result, for every such object the
following steps can be performed:

1. Search tor an object of similar density, i.e.,

(P"=P"+A,.

2. If a density match is found, compute one of the
following proximity measures:

(1) Bounding box adjacency.

(ii.) Distances between the centers of bounding boxes;
distances can be computed in the XYZ space, XY
planc, XZ planc or the YZ planc.

3. Merge the two objects into one if the objects pass the
adjacency criterion, i.e., if the distances are less than
threshold values.

4. Repeat until merging is not possible.

It should be noted that other criteria such as object location,
shape and/or size can be used in determining whether
objects should be merged together.

In general, the first step in the explosive detection process
of the invention is to detect objects within a given density
range. This density range covers most of the objects that can
or may be found in luggage. The second step is to eliminate
most of these objects based on additional information such
as mass. For instance, it may be the case that an explosive
will be considered a threat only if its mass exceeds a certain
mass threshold.

The mass threshold can be used to have the effect of
reducing the false alarm rate. A higher mass threshold yields
a lowcer falsc alarm and lower detection rate. On the other
hand, a lower mass threshold increases both the detection
and the false alarm rates. As a compromise, in one
embodiment, objects of different densities are subjected to
different threshold masses. The mass threshold can then be
described by

mi i P S P <1 26)

ey
my if pr <P, < Pl

In accordance with the invention, it has been recognized
that different density ranges can be associated with different
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false alarm rates. As a result, selection of a mass threshold
based on a density range can be used to adjust the false alarm
rate within that particular density range, which results in an
adjustment of the overall system false alarm rate. For
example, a density range may be associated with a relatively
high false alarm rate. A relatively high mass threshold can be
sclected for that density range to reduce the falsc alarm rate
for that range. As a result, the overall system false alarm rate
is reduced.

Other density dependent threshold masses can be used.
For example, the density space can be divided into more
than two nonoverlapping regions. Furthermore, the step
function can be replaced with a gradual change in mass
between two density regions:
M7 — My @7

M =M} +—
o= M A — o))

where M,' and M, are the threshold masses in each region,
P4 is the boundary between the two regions, and A is the
transition factor, which determines the width of the transi-
tion region between the two threshold masses. The transition
factor A can be determined automatically using a set of
scanned luggage. FIG. 12 is a schematic plot of mass
threshold versus density illustrating three different density
dependent mass thresholds.

In one embodiment, the decision made by the two detec-
tion methods for sheets and bulks is reconciled in order to
reach a unanimous decision. For this purpose, the two label
images produced by two parts of the process are fused to
obtain a single label file. The inputs to the decision-data
fusion method include:

N,, Total number of detected sheet explosives;

L.(i,j.k), Sheet explosive label image;

N,, Total number of detected bulk explosives; and

L,(i,j,k), Bulk explosive label image.

The outputs include:

N, Total number of detected explosives; and

L(i,j,k), Fused label image.

In one embodiment, the decision-data fusion process
includes the following steps.

1. Check the number of detected sheet explosives, N, and
the number of detected bulk explosives, N,. Both
should be non-zero in order to perform the data fusion.
Otherwise, take the label image with non-zero explo-
sives.

L(i, j, k) = Ls(i, J, k)
N=N,

(28)
Ny>0Oand Ny =0

L(i, j, k)= Lp(i, J, k)

Np>Uand Ny =0
N=N,

2. Fuse the label images, if both N, and N, are non-zero.

Lo, j )+ Ny Lp(i, j, k) =0
Ly (i, j» k)

29
LiE, > k) ={ @

Otherwise

It should be noted that if a voxel has two conflicting
labels, one of them designating it as part of a sheet object
and the other labeling it as a bulk object, then an arbitrary
decision is made to use the bulk object label for the voxels.
Also, if output specifications for the detection method
change, the data fusion part of the method can be switched
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off, resulting in two separate output label images for sheet
and bulk objects.

Several variations and additions can be incorporated in
the detection process of the invention. These will now be
described in detail.

Running bulk detection first and subtracting the detected
objccts from the image can be performed to reduce proccss-
ing time. Bulk detection takes less time than sheet detection.
Sheet explosive detection then works only on the remaining
voxels, speeding up the overall detection process. That is, in
one embodiment, detection is carried out in stages such that
the overall detection process is more efficient. Each item that
can be identified by the method of the invention is, in
general, associated with a unique set of detection steps. In
the present invention, a detection approach is applied to
eliminate inefficiencies introduced by repetitive processing
of the data by multiple detection methods. Where one
specific detection procedure has been applied to a set of data
and has been used to classify that data, the data are removed
from [urther processing.

Terminating the detection process after detecting the first
explosive can also increase the throughput of the system,
since the operator inspects the bag images if a potentially
explosive object is found.

Execution time limits can be applied to the process. The
execution time of the detection process increases signifi-
cantly if the bag has a large total volume occupied by dense
abjects. Such a luggage item may be declared suspicious and
forwarded for further inspection by an operator without
completing all of the detection process steps.

Merging divided sheets by extending their surface planes
can be used to improve the sheet detection approach. Sheet
explosives may be detected as smaller pieces if they are
located near a relatively opaque object such as a metal bar.
If they are not merged, each part is eliminated by the mass
threshold. One way to merge these pieces in accordance with
the invention is to fit a plane to each piece and determine the
intersection of the two planes. If the intersection is close (in
the predetermined limits) to both the pieces, then both pieces
are considered to be part of a bigger sheet, and the mass
becomes the total mass of the pieces. As a result, the merged
abject exceeds the mass threshold and is identified as a threat
object.

It may be the case that it is desirable to detect liquid
objects. If it has been determined that liquid objects should
be classified as non-threat items, then it can be beneficial to
identify liquids as such to reduce the number of possible
alarms.

Many bags have bottles of liquid (shampoo, water, wine
etc.) in them. If these bottles of liquid trigger a false alarm,
they can be discriminated using a liquid detection method of
the invention and thus reduce the number of false alarms.
The liquid detection method distinguishes liquid bottles
from solid objects. This detection uses the fact that the
surface of a liquid is level with the horizontal, and air is
usually above the surface. This assumes that the bottle of
liquid is not completely full. Given the bounding box and the
voxels of the detected object, the number of voxels touching
ecach surface of the bounding box is determined and the
percentage of the top surface count in the total count is
computed. A voxel is concluded o touch a surlace of the
bounding box if it is labeled as being part of the object, i.e.,
bottle of liquid, and it is also located at or near the surface
of the bounding box. If the percentage is larger than a
predetermined threshold and the average value of the voxels
above the liquid surface is close to air value, then the object
is a liquid.
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In one embodiment, the invention determines whether an
object is a contained liquid by first creating a bounding box
which surrounds the object. Along the height of the bound-
ing box, the histogram of the number of top-surface voxels
and the histogram of the number of bottom-surface voxels
are computed. Here the top-surface voxels are defined as the
voxels of the object that are visited first while traversing a
column of voxels in the bounding box from top to bottom.
The bottom-surface voxels are defined as the voxels of the
object that are visited last while traversing a column of
voxels in the bounding box from top to bottom. The position
of the maximum of the histogram for top-surface voxels
defines the location of the top surface along the height of the
bounding box and the maximum count in the histogram
defines the number of top-surface voxels. Similarly for the
bottom-surface histogram, the position of the maximum
defines the location of the bottom surface and the maximum
count defines the number of bottom-surface voxels. The
ratio of the number of top-surface voxels to the top-surface
area of the bounding box is calculated. If this ratio exceeds
a predetermined threshold, and the ratio of the number of
top-surface voxels to the number of bottom-surface voxels
exceeds another predetermined threshold, and if the average
density of voxels above the top surface indicates that air is
located above the top surface, then it is concluded that the
objcet is a contained liquid. In onc cmbodiment, it can then
be concluded that the object does not pose a threat.

The overall performance of the system, including detec-
tion rate and false alarm rate, can be optimized. The overall
detection rate of the many types of explosives depends on
their a priori probabilities and the likelihood of detection.
The detection likelihood depends on the individual detection
processes of each of these explosive types. The detection
process may have done very well on one type but not so well
on another type of explosive. In one embodiment, the overall
detection rate is the average of the individual detection rates.
The overall false alarm rate of the system also depends on
the individual false alarm rates. In one embodiment, the
overall system false alarm rate is the sum of the individual
false alarm rates. For example, individual and overall system
detection and false alarm rates can be as presented in Table
1 for a particular set of predetermined thresholds and
parameters for three separate types of materials labeled, for
illustration purposes, as Type 1, Type 2, and Type 3.

TABLE 1

Detection Rate False Alarm Rate
Item P, (%) P, (%)
Type 1 95 5
Type 2 100 15
Type 3 100 10
Overall System 98.33 30

In accordance with the invention, it is recognized that the
individual detection rates for the three material types are
interrelated. That is, for example, the detection rate for Type
2 materials is affected by the detection rate for Type 1
materials. In addition, as a detection rate is changed, its
corresponding false alarm rate also changes.

If, for example, a set of system specifications that requires
an overall system detection rate of P, Z95% and an overall
system false alarm rate of P, £10%, is applied to the system
of Table 1, it would not meet the requirements. In accor-
dance with the invention, one or more of the individual
detection rates can be adjusted to bring the overall system
into compliance. This can be done, for example, by lowering
the detection rates of Type 2 and Type 3 materials. An
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example of the result of this adjustment is shown in Table 2.
It is noted that the values in Tables 1 and 2 are used for
illustration purposes only and are not intended to reflect
actual system parameters.

TABIE 2

Detection Rate False Alarm Rate
Item P, (%) Py, (%)
Type 1 95 5
Type 2 92 2
Type 3 98 3
Overall System 95 10

As shown, the system is now in compliance with the sample
specifications as a result of the adjustment to the two
individual detection rates. It is noted that as each detection
rate was adjusted down, its associated false alarm rate was
also reduced. Ilence, given the desired ranges for overall and
individual detection rates, the overall detection rate and/or
false alarm rate can be optimized by adjusting the individual
detection likelihoods and false alarm rates. In one
embodiment, the system is tunable to a specific detection
rate and/or a specific false alarm rate.

It should be noted that an individual detection rate can be
dependent on other individual detection rates. As a result,
adjustment of one rate may inadvertently change another
rate. To account for this effect, statistical data analysis
approaches such as simulated annealing and genetic algo-
rithms can be cmployed to determine parameters required to
adjust the individual rates as required for a particular desired
overall system performance.

In the present invention, the detection rates can be
adjusted by one or more of several approaches. For example,
the extensive analysis performed on actual threat and non-
threat items has resulted in a relationship between object
density and threat mass threshold. This permits mass thresh-
olds to be tailored to particular densities, and, therefore, to
particular threat items. Where it is desired to reduce the
detection rate and, therefore, the false alarm rate, of a
particular threat, a higher mass threshold for the density
range of the particular threat can be employed. In addition
to or instead of the adjustment of mass thresholds, other such
deterministic parameter adjustment approaches can be
employed. That is, other parameters described in detail
herein can be adjusted to tailor the individual detection
and/or false alarm rates and, consequently, the overall sys-
tem detection and/or false alarm rates. Also, in addition to or
instead of these deterministic approaches, statistical
approaches such as simulated annealing and genetic algo-
rithms applied to the data acquired for actual threat and
non-thrcat objects can be used to adjust onc or morc param-
eters and/or thresholds to adjust the detection and/or false
alarm rates.

Intelligence data can provide additional information
regarding possible shapes of explosive devices and their
likely locations inside a bag. Statistics on shapes and loca-
tions of typical non-threat items carried in checked luggage
can be gathered by testing items. This information can be
used at the decision making stages of the method to further
discriminate between threats and innocuous objects. For
example, new discrimination [features and/or process
changes may be incorporated to account for perishable
items.

While this invention has been particularly shown and
described with references to preferred embodiments thereof,
it will be understood by those skilled in the art that various
changes in form and details may be made therein without
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departing from the spirit and scope of the invention as
defined by the following claims. For example, the invention
is applicable to detect explosives other than the specific
materials disclosed above. Also, the invention is applicable
to detect other objects and materials including drugs and
currency. The invention can be used to detect any of these
items in checked and carried-on luggage and in shipping and
other types of containers.
‘What is claimed is:
1. A method of processing computed tomography (CT)
data for an object in a region comprising:
identifying a plurality of volume clements associated with
the region, each volume element being associated with
a density value;

for each volume element of interest, (i) identifying a
plurality ol neighboring volume elements of the region,
(i1) comparing the density value associated with each of
the neighboring volume elements with a predetermined
object density range, (iii) classifying neighboring vol-
ume elements whose density values are within the
predetermined object density range as object volume
elements, (iv) counting a number of object volume
elements in the neighboring volume elements, (v) com-
paring the number ol object volume elements with a
predetermined threshold, (vi) if the number of object
volume elements does not exceed the predetermined
threshold, classifying the volume element of interest as
an exterior surface volume element to distinguish the
volume element of interest from interior surface vol-
ume clements, and (vii) defining an objcet as including
a subset of the volume elements associated with the
region, said subset of volume elements including inte-
rior surface volume elements and excluding exterior
surface volume elements.

2. The method of claim 1 wherein the predetermined
object density range is determined based on the density
value of the volume element of interest.

3. The method of claim 1 wherein the predetermined
object density range is selected from a plurality of prede-
termined object density ranges based on the density value of
the volume element of interest.

4. The method of claim 1 wherein the predetermined
threshold is selected such that a volume element at a surface
of the object is removed from the object.

5. The method of claim 1 wherein the predetermined
threshold is selected such that a volume element at a surface
of an interior void region of the object is not removed from
the object.

6. The method of claim 1 wherein the predetermined
object density range is selected such that a volume element
at a surface of the object is removed from the object.

7. The mcthod of claim 1 wherein the predetermined
object density range is selected such that a volume element
at a surface of an interior void region of the object is not
removed from the object.

8. The method of claim 1 wherein the plurality of neigh-
boring volume elements define a three-dimensional subre-
gion containing the volume element of interest.

9. The method of claim 8 wherein the three-dimensional
subregion is cube-shaped.

10. The method of claim 1 wherein the object comprises
an explosive malerial.

11. The method of claim 1 wherein the region includes at
least a portion of an interior of a container.

12. The method of claim 11 wherein the container is a
piece of baggage.

13. An apparatus for processing computed tomography
(CT) data for an object in a region comprising:
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means for identifying in the CT data a plurality of volume
elements associated with the region, each image vol-
ume element being associated with a density value;

means for identifying, for each volume element of
interest, a plurality of neighboring volume elements of
the region;

means for comparing the density value associated with

cach of the neighboring volume e¢lements with a pre-
determined object density range;
means for classifying neighboring volume elements
whosc density valucs arc within the predetermincd
object density range as object volume elements,

means for counting a number of object volume elements
in the neighboring volume elements;

means for comparing the number of object volume ele-

ments with a predetermined threshold;
means for classifying the volume element of interest as an
exterior surface volume element to distinguish the
volume element of interest from interior surface vol-
ume elements if the number of object volume elements
does not exceed the predetermined threshold; and

means for defining an object as including a subset of the
volume elements associated with the region, said subset
of volume elements including interior surface volume
elements and excluding exterior surface volume ele-
ments.

14. The apparatus of claim 13 wherein the predetermined
object density range is determined based on the density
value of the volume element of interest.

15. The apparatus of claim 13 wherein the predetermined
object density range is selected from a plurality of prede-
termined object density ranges based on the density value of
the volume element of interest.

16. The apparatus of claim 13 wherein the predetermined
threshold is selected such that a volume element at a surface
of the object is removed from the object.

17. The apparatus of claim 13 wherein the predetermined
threshold is selected such that a volume element at a surface
of an interior void region of the object is not removed from
the object.

18. The apparatus of claim 13 wherein the predetermined
object density range is selected such that a volume element
at a surface of the object is removed from the object.

19. The apparatus of claim 13 wherein the predetermined
object density range is selected such that a volume element
at a surface of an interior void region of the object is not
removed from the object.

20. The apparatus of claim 13 wherein the plurality of
neighboring volume elements define a three-dimensional
subregion containing the volume element of interest.

21. The apparatus of claim 20 wherein the three-
dimensional subregion is cube-shaped.

22. The apparatus of claim 13 wherein the object com-
prises an explosive material.

23. The apparatus of claim 13 wherein the region includes
at least a portion of an interior of a container.

24. The apparatus of claim 23 wherein the container is a
piece of baggage.

25. A computed tomography (CT) scanning system for
processing CT data for a region comprising:

means for acquiring the CT data for an object in the

region;
means for identifying in the CT data a plurality of volume
elements associated with the region, each image vol-
ume element being associated with a density value;

means for identifying, for each volume element of
interest, a plurality of neighboring volume elements of
the region;
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means for comparing the density value associated with
ecach of the neighboring volume elements with a pre-
determined object density range;

means for classifying neighboring volume elements
whose density values are within the predetermined
object density range as object volume elements,

means for counting a number of object volume elements
in the neighboring volume elements;

means for comparing the number of object volume ele-
ments with a predetermined threshold;

means for classifying the volume element of interest as an
exterior surface volume element to distinguish the
volume element of interest from interior surface vol-
ume elements if the number of object volume elements
does not exceed the predetermined threshold; and

means for defining an object as including a subset of the
volume elements associated with the region, said subset
of volume elements including interior surface volume
elements and excluding exterior surface volume ele-
ments.

26. The CT scanning system of claim 25 wherein the
predetermined object density range is determined based on
the density value of the volume element of interest.

27. The CT scanning system of claim 25 wherein the
predetermined object density range is selected from a plu-
rality of predetermined object density ranges based on the
density value of the volume element of interest.

5

10

15

20

40

28. The CT scanning system of claim 25 wherein the
predetermined threshold is selected such that a volume
element at a surface of the object is removed from the object.

29. The CT scanning system of claim 25 wherein the
predetermined threshold is selected such that a volume
element at a surface of an interior void region of the object
is not removed from the object.

30. The CT scanning system of claim 25 wherein the
predetermined object density range is selected such that
volume elements at a surface of the object are removed from
the object.

31. The CT scanning system of claim 25 wherein the
predetermined object density range is selected such that
volume elements at a surface of an interior void region of the
object are not removed from the object.

32. The CT scanning system of claim 25 wherein the
plurality of neighboring volume elements define a three-
dimensional subregion containing the volume element of
interest.

33. The CT scanning system of claim 32 wherein the
three-dimensional subregion is cube-shaped.

34. The CT scanning system of claim 25 wherein the
object comprises an explosive material.

35. The CT scanning system of claim 25 wherein the
region includes at least a portion of an interior of a container.

36. The CT scanning system of claim 35 wherein the
container is a piece of baggage.
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