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ABSTRACT

Walk-through metal detectors (WTMDs) are the mainstay for screening people for the presence
of metal threat or contraband objects at security checkpoints. Although nonmetallic threats are a
concern, most threats encountered in practice are metal or comprise metal components. To en-
sure that a WTMD will detect a given threat requires testing for that threat. However, the variety
of geometries and construction of metal threats that a WTMD is expected to detect is immense,
ranging from handguns to disposable razor blades and items constructed of ferromagnetic met-
als, nonferromagnetic metals, or both. It is unrealistic to test for all of these potential threat items.
Instead, the WTMD s tested using test objects that represent classes of threats. These repre-
sentative test objects must be designed so that the operator of the WTMD has confidence that
the WTMD will detect the actual threat objects. The purpose of this paper is to examine the
usefulness of currently used WTMD test objects to accurately and reproducibly provide an in-
dication of WTMD detection performance and suggest new designs as appropriate.

Keywords

baseline performance, detectability, documentary standard, exemplars, test objects, threat
objects, walk-through metal detector

Introduction

Walk-through metal detectors (WTMDs) are used at checkpoint security stations to search
people for hidden metal objects. These objects may be threat items or contraband, depend-
ing on the required security implementation. WTMDs can be used to find metal objects

ThisGepyHgist hpASTbjdat |l oaghys igervedy, WET Bctitet8id8:a68MDQ0Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959 3795

Downloaded/printed by

Nicholas Paulter, Jr (U.S. DEPT OF COMMERCE-NIST) pursuant to License Agreement. No further reproductions authorized.


https://doi.org/10.1520/JTE20190876
https://doi.org/10.1520/JTE20190876
mailto:nicholas.paulter@nist.gov
mailto:nicholas.paulter@nist.gov
https://orcid.org/0000-0002-9782-0894
https://orcid.org/0000-0002-9782-0894
https://doi.org/10.1520/JTE20190876
https://www.astm.org

3796 PAULTER ET AL. ON WTMD TEST OBJECTS

hidden inside body cavities or underneath skin folds, which advanced imaging technologies' typically cannot do.
Therefore, the detection performance of WIMDs must be accurately known and reproducibly measured or as-
sessed. Knowing the performance of a WTMD will help in product selection, deployment strategies, and modeling
of multitechnology security solutions. The detection performance of a WIMD is obtained using appropriate test
methods, test objects, and analysis methods. These test methods should thoroughly exercise the detection perfor-
mance of the WTMD, which was the subject of Larson, Paulter, and Troje* and Paulter” and will not be addressed
here. The effect of the test object on the assessment of WIMD baseline detection performance is examined here.

The baseline performance is the performance level below which a WTMD is deemed not adequate for secu-
rity and safety applications. Having baseline performance requirements facilitates the procurement and selection
process because only those WTMDs that meet these performance requirements should be considered for employ-
ment or further agency-specific assessment. The only currently published WTMD standard that contains baseline
performance requirements is the outdated National Institute of Justice (NIJ) Standard 0601.02,° Walk-Through
Metal Detectors for Use in Concealed Weapon and Contraband Detection, which comprises several detection per-
formance requirements: test object detectability (detection sensitivity), test object transit speed, detection repeat-
ability, throughput rate, and discrimination. ASTM publishes a standard practice’ for assessing the detection
performance of WTMDs that includes test object design.

We have previously identified the test methods that will provide accurate and reproducible measures of
threat object detectability” in a WTMD. This study will examine the utility of the different test objects currently
in use to provide estimates of WIMD detection performance. These test objects are either described in the NIJ
standard or have been required for product evaluation by different US federal agencies. The ASTM test objects’
have not been used routinely for WIMD evaluation and are not considered here.

19and

Metal detection technology is employed for other applications, such as buried landmine detection®”
unexploded ordinance (UXO) detection.''™"® Often, in these cases, inductance spectroscopy or other inductive
methods are used to gain more information on the possible threat because of the ubiquity of clutter.

Previous studies on WTMD testing have been reported,'®'” but the design of the test objects was not com-
paratively addressed, whereas this study is focused on comparing the efficacy of the test objects for quantifying
WTMD detection performance. This study does not address designs that exploit the magnetic polarizability

18,19
tensor,

as these designs are not commercially available or fielded.

This study examines the detectability of test objects of the size classes of large, medium, and small, nominally
as defined in NIJ Standard 0601.02,° for both ferromagnetic and nonferromagnetic test objects. These results have
applications in procurement requirements as well as documentary performance standards, similar to the ASTM
standards for hand-worn metal detectors>® and handheld metal detectors,”' both of which were driven by similar
studies for hand-worn and handheld metal detectors.***

The test objects are used to assess the detection performance of a WITMD using a measure of the probability
of detection, py, and probability of false alarm, py,. To facilitate the assessment of WTMD detection performance,
text objects are segregated into different categories, such as object size, which is adopted here. The p, for the least-
detectable test object for a given size class should establish the baseline detection performance of the WTMD.
Using the least-detectable test objects for the baseline will ensure that all threat items larger than the least-
detectable test object will be detected for that size class. This least-detectable test object will represent a given
class of threat objects, such as handguns, knives, or other threat items. The size segregation also facilitates defining
innocuous items, which are items that should not cause an alarm in certain situations, wherein these alarms (also
called nuisance alarms) may cause lengthy delays in security screening. For example, in certain situations, the

security protocol is to prevent handgun entry but not to stop knives or other objects from entry.

Test Methods

The National Institute of Standards and Technology (NIST) metal detector measurement system was used to
perform this study** (see fig. 1). This system comprises a cartesian robot that pushes a test object through
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FIG. 1 Sketch of the measurement system showing the Cartesian robot and two columns of a WTMD.
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the WTMD portal at fixed entry-point locations at specified velocities following a rectilinear trajectory. This
trajectory is parallel to the axis running through the portal of the WTMD (labeled as the y axis). The entry-point
locations are defined in the x-z plane of the WTMD, where the z axis is parallel to the vertical direction and the x
axis is normal to the z axis and to the y axis.

The test methods research performed in Paulter’ demonstrated that the detectability of a test object as a
function of the test object entry-point location in the WTMD portal, test object orientation, scan speed, and scan
trajectory (rectilinear and nonrectilinear) was nominally the same for different WIMD models and different
WTMD detection-sensitivity-related settings. Consequently, one WIMD model was selected for this study.
Based on the results of Paulter” and the fact that the data acquisition rate is fixed and does not change with
scan speed, a scan speed of 0.2 m/s was selected, as this provides four usable samples for each scan and does
not affect test object detectability. A usable sample is one that is taken from about the central half of the scan data.
The entry-point locations for the scans are described by a 27-position (3 horizontal by 9 vertical) array. The
horizontal positions referenced from the inner surface of one side of the WIMD portal are approximately
150, 300, and 450 mm for a portal width of nominally 600 mm. The vertical locations are approximately
100; 300; 500; 700; 900; 1,100; 1,300; 1,500; and 1,700 mm.

The test objects used in this study are those that are frequently used for verification of the performance of
WTMDs. These objects include the ones described in the National Institute of Law Enforcement and Criminal
Justice (NILEC]J) Standard 601 and the NIJ Standard 0601.02, the North American Arms (NAA) 22-caliber
revolver, and the Davis' 32 caliber derringer, both assembled and disassembled. (Note: Mention of a manufac-
turer or product in this manuscript does not imply endorsement of the manufacturer or product by NIST or the
authors. The products mentioned here have been used as de facto detection artifacts for WTMD testing.)

Although the detection signal values that are caused by test objects passing through the portal of the WTMD
are used here in comparing test object detectability, it should be noted that it is the generation of an alarm by the
WTMD that is the basis for the security function. The WTMD provides an alarm if the object passing through
the WTMD portal produces a detection signal that exceeds a threshold value, which may happen anywhere along
the trajectory of the test object through the portal.
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Data Analysis

The data were collected for a set of 27 unique entry-point locations in the portal. For each of these locations,
20 scans were performed. For each of these 20 scans, a maximum, minimum, and average value was obtained
(see fig. 2). These values were then averaged over the 20 scans to provide 1 value for each of the 27 entry-point
locations for each test object. These values are used (1) for p, to determine the test object for each size
category that provides the least detectable signature for any location in the WTMD portal and (2) for
Pra for each size category to determine the test object that provides the most detectable signature for any
location in the WTMD portal. For (1), then, the p; requirement should be based on the signal level corre-
sponding to the minimum of the scan maxima for all test objects of the same size category, that is, based on
the following:

Milyay, = min{max,p;jo. } o
where
1 &
Maxopjloc = % E MaAX op loc,i .
i=1
and
maxobj,loc,i = max{sobj,loc,i}, for alli @

and Sop; o, is the real-valued detection signal (a four-element sequence as described in the “Test Methods”
section) output by the WTMD for a given object (indicated by subscript “ob;”), for a given entry-point location
(indicated by the subscript “loc”), and for a given scan (indicated by the index “i”); max{} returns the maximum
value of its argument, and min{} returns the minimum value of its argument. The min,,,, is the signal level
for each test object that occurs at the entry-point location that causes that test object to be the least detectable.

For each possible text object, there is a min We compare the sets of min for each size class

max,p;* max,p;

and material class (ferromagnetic and nonferromagnetic) to identify that test object with the least value
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for min,,,,,, in that class. The rationale for selecting the least of min,,,,, is that the least-detectable test object

of a given size class should set the threshold for detection, and this should reduce the probability that smaller

items will cause an alarm. The results presented here are min and standard uncertainty for the 20 scans.

max,p;
For (2), the py, requirement should be based on the signal level corresponding to the maximum of the scan
maxima for all innocuous items of the same size category, which is based on the following:

MAX yay, = Max{ maxobj)loc} (4)

b

For illustrative purposes, plots of the 7axop;iocs Mitopj,iocs A AVE,p; 1o for the test object NILEC] AMO for its
minimum detectability orientation are shown in figure 3, which show the variability of the test object detectability
across the portal of the WTMD for different attributes of the signal (maximum value, average value, and mini-
mum value). Figure 4 shows the relative difference in detectability for different test objects through avey; i, for
the NAA 22-caliber revolver assembled, the NAA 22-caliber revolver disassembled (that is, without the cylinder),
and the NIJ 0601.02 steel handgun exemplar.

Results

Results of measurements on different test objects are presented in this section.

LARGE FERROMAGNETIC TEST OBJECTS

The large ferromagnetic test objects that are considered include the NILEC] AM9, the NILEC] AM?7, the NILEC]
AMS5, the NILEC] AM3, the fully assembled (commonly referred to as “assembled”) NAA 22-caliber revolver, the
NAA 22-caliber revolver missing the cylinder (commonly referred to as “disassembled”), and the NIJ Standard
0601.02 steel handgun exemplar (see Table 1). The results for the min,,,,, values for these test objects are shown
in Table 1. For the large ferromagnetic test object, the test object that provided the least detectability is the
NIJ 0601.02 steel handgun exemplar.

FIG. 3 Detectability scan maps for test object NILECJ AM9 at its orientation giving minimum detectability. The leftmost
plot displays the maximum value of the 20 scans, the middle plot the average value of the 20 scans, and the
rightmost plot the minimum value for the 20 scans. The measurement uncertainty for each datum shown in the
plots ranged from about 5 % of datum value to about 20 %.
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FIG. 4 Detectability scan maps for the indicated test objects at their orientation giving minimum detectability. The plots

display the average value of the 20 scans. The measurement uncertainty for each datum shown in the plots ranged

from about 5 % of datum value to about 20 %. The leftmost plot shows the scan map for the assembled-NA-22 test
item, the middle plot for the disassembled-NA-22 test item, and the rightmost plot for the NIJO601.02 steel-

handgun test item.
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TABLE 1

mmmaxm values for the large ferromagnetic test objects

Size and Material Category Test Object Mty V
Large, ferromagnetic NILEC] AM9 0.623 £ 0.047
NILEC] AM7 0.607 +0.040

NILEC] AM5 0.629 + 0.036

NILEC] AM3 0.563 + 0.052

NAA 22, assembled 0.700 + 0.009

NAA 22, disassembled 0.537 £ 0.025

NIJ 0601.02 steel handgun 0.502 +0.023

Large, nonferromagnetic NILEC] AN7 0.615 +0.008
NILEC] AN5 0.524 +0.042

Davis 32, assembled 0.490 + 0.008

NIJ 0601.02 zinc handgun 0.517 +£0.007

Medium, ferromagnetic NILEC] AM1 0.129 +0.004
NILEC] B5 0.337 £ 0.007

NIJ 0601.02 steel knife 0.149 £ 0.016

Medium, nonferromagnetic NILEC] AN1 0.128 + 0.007
NILEC] AN3 0.255+0.001

NIJ 0601.02 aluminum knife 0.127 £ 0.010

Davis 32, disassembled 0.216 +0.002

Small, ferromagnetic NILEC] B2 0.105 +0.003
NIJ 0601.02 #2 Phillips screwdriver bit 0.073 £0.016

Small, nonferromagnetic NIJ 0601.02 22-caliber bullet 0.041 £ 0.016
NIJ 0601.02 nonferromagnetic stainless steel knife 0.068 +0.023

Stainless steel rod, 6-mm diameter, 80-mm long 0.005 +0.014
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LARGE NONFERROMAGNETIC TEST OBJECTS

The large nonferromagnetic test objects that are examined include the NILEC] AN7, the NILEC] ANS5, the
Davis 32 caliber derringer assembled, and the NIJ Standard 0601.02 zinc handgun exemplar (see Table 1).
The barrels in the Davis 32 derringer are ferromagnetic. The results for the min,,,,,,, values for these test objects
are shown in Table 1. For the large nonferromagnetic test object, the test object that is the least detectable is the
Davis 32 caliber derringer assembled. The NIJ 0601.02 zinc handgun exemplar has a min,,,,,, very close to that
of the assembled Davis 32 handgun and, with a modification in size, could be used to replace the assembled
Davis 32 handgun. This is discussed in the “p; Test Objects” section. The purpose of using a modified NIJ
0601.02 zinc handgun exemplar instead of the Davis 32 handgun is reproducibility of manufacture and consis-
tency over time.

MEDIUM FERROMAGNETIC TEST OBJECTS

The medium ferromagnetic test objects that are examined include the NILEC] AMI, the NILEC] B5, and the NIJ
Standard 0601.02 steel knife exemplar, and results for the Ml
For the medium ferromagnetic test object, the least-detectable test object is the NILEC] AM1. The NIJ 0601.02 steel
knife exemplar has a min,;,,,, very close to that of the NILEC] AM1 and, with a modification in size, could be used to
replace the NILEC] AML. This is discussed in the “p; Test Objects” section. The NILEC] AMI is a solid cylinder, and
the purpose for a modification to the NIJ 0601.02 steel knife exemplar would be to create a test object that is similar in

values for these test objects are shown in Table 1.

appearance to a knife. Similarities to actual threat objects are preferred by both the user community and manufacturers
for establishing baseline performance standards and procurement documents.

MEDIUM NONFERROMAGNETIC TEST OBJECTS

The medium nonferromagnetic test objects that are considered include the NILEC] AN1, the NILEC] AN3, the
Davis 32 caliber derringer disassembled (missing the barrels), and the NIJ Standard 0601.02 aluminum knife
exemplar results for the Mty values for these test objects are shown in Table 1. The disassembled Davis
32 is included in this class as it has a detection signal similar in magnitude to other objects in this class. For
the medium nonferromagnetic test object, the least-detectable test object is the NIJ 0601.02 aluminum knife

exemplar. Although the NILECJ AN1 has a very similar min,,,,, = compared with the aluminum-knife exemplar,

obj

the latter is selected for similarity to the actual threat.

SMALL FERROMAGNETIC TEST OBJECTS

The small ferromagnetic test objects examined include the NILEC] B2 and the NIJ Standard 0601.02 #2 Phillips
screwdriver bit exemplar (see Table 1). A previous study demonstrated that the NIJ Standard 0601.02 #2 Phillips
screwdriver bit exemplar was the least detectable of the NIJ Standard 0601.02 small ferromagnetic test objects.>’
The Mty values for these test objects in their least detectable orientation are given in Table 1. The least-
detectable test object for this category is the #2 Phillips screwdriver bit exemplar in its minimum detection ori-
entation. The minimum detection orientation is where the long axis of the screwdriver bit exemplar is parallel to

the height (vertical axis) of the WTMD.

SMALL NONFERROMAGNETIC TEST OBJECTS

The small nonferromagnetic test objects examined include the NIJ Standard 0601.02 22-caliber bullet exemplar,
the NIJ Standard 0601.02 nonferromagnetic stainless steel knife exemplar, and a nonferromagnetic stainless steel
rod that has been broadly accepted as an example of a hard-to-detect object, and min,,,, values for these test
objects in their least-detectable orientation are given in Table 1. The least-detectable test object for this category is
the stainless steel rod with its length aligned to be parallel to the width of the WTMD. However, this test object
may not be detectable by most WTMDs and should not be used in a baseline performance standard. The NIJ
0601.02 22-caliber bullet exemplar with its long axis parallel to the width (horizontal axis) of the WITMD portal
should be used as the small nonferromagnetic test object.
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3802 PAULTER ET AL. ON WTMD TEST OBJECTS

TEST OBJECTS FOR py,

The innocuous test items require selection considerations similar to that for the p, test objects. The consideration
for the innocuous test item is that maximumly detectable innocuous item should be less detectable than the test
object of the associated size category. In this case, if the test object is not detected, then the innocuous item is not
likely to be detected. The innocuous item test objects, historically, have not been grouped according to material
properties and so will not be here. There are two size classes for the innocuous items, large and medium. The

MaXy4x,, Values for the four innocuous test objects are given in Table 2.

Innocuous Items for Large-Size Class
Any of the innocuous items given in Table 2 could be used for a large-object innocuous test object because the
MAX gy, of the innocuous test objects is less than the Ml of the large-size test objects. To facilitate baseline

performance measurements and minimize confusion regarding which WTMD regions to use for the different
innocuous test objects, the use of one innocuous test object throughout the volume of the WIMD portal would
be preferred. One innocuous test object would also facilitate WTMD model comparison. Suggestions for alternate
large-size innocuous test object designs will be discussed in the “p, (Innocuous) Test Objects” section.

Innocuous Items for Medium-Size Class

It can be seen by comparing max,,y,, from Table 2 with min,,,,, from Table 1 that only the NIJ 0601.02 belt
buckle exemplar could act as a possible innocuous item for the medium-size category if it is limited to a partial
vertical range. Requiring different innocuous test objects for different regions of the WTMD portal would in-
troduce additional measurement complexity that is not necessary. The innocuous test object should be able to be
used over the entire volume of the WTMD portal. Alternate designs for the medium-size innocuous test object

will be discussed in the “ps, (Innocuous) Test Objects” section.

EFFECT OF TEST OBJECT ROTATION ON DETECTABILITY

The test object orientation has been previously demonstrated to affect test object detectability.* These orientations
describe the alignment of the major axes of the test object with the vertical axis, Zy7ap, of the WTMD and with
the faces of the test object perpendicular to the direction of propagation (see fig. 5).

The rotations considered here are around the major axes of the WTMD: Xyrap, Ywramp, and Zyrpsp, where
Xwrmp is the direction between the left and right panels of the WIMD, Yy rap is the direction of travel through
the WIMD, and Zy1yp is along the vertical direction in the WTMD. To measure the effect of rotation on test
object detectability, the NIJ 0601.02 steel knife exemplar is used. This exemplar has nine unique sets of starting
faces and rotation axes for the rotation measurements (see Table 3 and fig. 6).

TABLE 2

MaXmax,, values for the innocuous test objects over different vertical ranges of
the WTMD

Test Object MAX g,y s \%
NIJ 0601.02 belt buckle

« 600 to 1,000 mm 0.075 +0.026
« Full range 0.133 £0.010
NIJ 0601.02 eyeglasses

« 1,200 to 1,600 mm 0.305 + 0.004
« Full range 0.318 +0.006
NIJ 0601.02 set of coins

« 600 to 1,000 mm 0.311 +0.005
« Full range 0.311 + 0.005
NIJ 0601.02 watch

« 400 to 800 mm 0.330 £ 0.010
« Full range 0.330 +0.010
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FIG. 5 Orientations of knife exemplar relative to vertical axis, Zy,7vp, of the WTMD. The numbered arrows indicate the
direction of travel of the exemplar through the WTMD portal, and these are used for orientation numbering.* The
unique faces of the exemplar are indicated by F1, F2, and F3. The red arrows indicate the major axes of the

exemplar.
2 6 SwrMD
WIMD
i a
| 2 >5 1 > 2
F3
........... » A2
F1
> A3
Al IwrMp
3
1
TABLE 3

Rotation measurement axes for steel knife exemplar; see figure 5. The face
designation in the leftmost column indicates the face of the exemplar (see top
sketch in fig. 6) that is perpendicular to the indicated rotation axis, which is one
of the axes of the WTMD portal (see bottom sketch in fig. 6)

Face Perpendicular

to Rotation Axis Rotation Axis

F1 Xwrmp
Ywrmp
Z WTMD
F2 Xwrmp
Ywrmp
ZwrmD
F3 Xwrmp
Ywrmp

ZWTMD

In figure 7, the change in the detection signal relative to the rotation giving the least detection signal is
shown. This change is computed using the following:

least (avemax,ohj)

Aave,,, = <1 9l )100% )

greatest(avemax,gbj ) epl

where least(x),,; gives the least value of x for all the tested entry-point locations, and greatest(x),,; gives the
greatest value of x for all the tested entry-point locations, and

1 &
Ve, =5 E MAX b foc ©

loc=1
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FIG. 6
The unique faces of the Fl
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From figure 7, it can be seen that the effect of rotation for a given starting configuration depends on that
configuration. In some cases, F1-Y and F1-Z for example, the effects of rotations are within measurement
uncertainty (indicated by the bars in fig. 7). Most configurations do show an effect of rotation. The worst case
is about a 30 % effect. Depending on the threshold level setting to generate an alarm, the rotation effect
may incorrectly cause the WIMD to alarm on a test object that is expected to be in its least-detectable ori-
entation when, in fact, it is not. The rotation effect is not as pronounced as was observed for handheld and
hand-worn metal detectors,*” and this is due to the complex magnetic field within the WTMD portal volume
that is the result of several transmit coils, where each transmit coil may have a different geometry and may
overlap with adjacent coils. In comparison, the handheld and hand-worn metal detectors typically employ
one coil. Because of the effect of test object rotation on test object detectability, the rotation of the test object
should be controlled during testing. However, because of the many contributors to the rotational uncertainty
of the test object relative to the metal detector, it may be difficult to accurately control this rotation and to

FIG. 7

Rotations about different
faces of the NIJ 0601.02
steel handgun exemplar.

The face references are
given in figure 5. The
axes of rotation are
indicated by “X,” “V,” and
“Z.” As an example,
“F1-Y” means that face
F1is rotated about the
y axis. The vertical bars
indicate the approximate

65 % (one sigma)
measurement
uncertainty.

change in signal amplitude (%)

rotation angle (°)

Copyright by ASTM Int'l (all rights reserved); Wed Oct 12 18:4428/@Mfr @f2Zesting and Evaluation
Downloaded/printed by

Nicholas Paulter, Jr (U.S. DEPT OF COMMERCE-NIST) pursuant to License Agreement. No further reproductions authorized.



PAULTER ET AL. ON WTMD TEST OBJECTS 3805

reproducibly and accurately assess the technical detection performance of a WTMD. Test objects that
would not be subject to rotation and orientation effects are discussed in the “Spherical Test Objects”
section.

Alternate Test Object Design

The purpose of this section is to explore different designs for the test objects. The first part of this section will
consider traditional test object designs, that is, designs that nominally have an appearance similar to the threat but
are simple to manufacture and are manufactured using materials of known characteristics, such as composition
(via Unified Numbering System (UNS) designations), magnetic permeability, and electrical conductivity.
The material requirements ensure reproducibility of the test object detectability.

Pg TEST OBJECTS

Two test objects were suggested for replacement in previous sections (“Large Nonferromagnetic Test Objects”
and “Medium Ferromagnetic Test Objects”): the Davis 32 caliber derringer assembled to be replaced by a modi-
fied version of the NIJ 0601.02 zinc handgun exemplar and the NILEC] AMI1to be replaced by a modified
version of the NIJ 0601.02 steel knife exemplar. Both modifications were performed by reducing the size
of the NIJ test objects. The results are shown in Tables 4 and 5, whereas the orientations and geometries
are shown in figures 5, 6, and 8. These tables show the dimensions of a reproducible test object that can
be used for the large nonferromagnetic test object and the medium ferromagnetic test object. For the NIJ
0601.02 steel knife exemplar, these test locations were for the smallest z-axis values (that is, closest to the floor);
see figure 9. Although the detectability of a test object is dependent on entry-point location, it can be seen in
figure 9 that the nominally 65 by 15 by 1.6-mm steel knife exemplar is the least detectable of the group for all
entry-point locations. Note that the ideal goal is to have the modified steel knife exemplar be the least-detectable
test object for all entry-point locations tested. However, because of day-to-day variations in WTMD response
(repeatability), it will likely be difficult to ensure that the selected test objects will always provide a smaller
detection signal than the threat object. Moreover, as the purpose is to develop test objects that describe
the baseline performance of the WIMD, the ideal goal of the test object being less detectable than the threat
object for all entry-point locations is not necessary, as the end user should test the WITMD for their specific
threats.

L]
FIG. 8

Sketch of NIJ 0601.02
zinc handgun exemplar.
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TABLE 4

MiNmax,, Values for the modified test objects. The NIJ 0601.02 zinc handgun exemplar is an “L"-shaped extrusion (see fig. 8)
of zinc (UNS Z35530) with a thickness of 14.257nbsp;mm + 0.1 mm. The overall length, Lo, and the overall width, Wy, of the
exemplar and the width, W, and length, L., of the cutout to make an “L"-shaped extrusion are given

Test Object Size, mm Mty V
Davis 32, assembled As Manufactured 0.415+0.015
NIJ 0601.02 zinc handgun Ly Wo Le Weo

Mod0 (no modification) 76 +0.1 57+0.1 48+0.1 29+0.1 0.416 + 0.003
Mod1l 76 +£0.1 57+0.1 48 £0.1 37+0.1 0.378 £ 0.067
Mod2 76 +£0.1 57+0.1 56 +0.1 37+0.1 0.351 +0.049
TABLE 5

MiNmay,,, values for the modified test objects. The NIJ 0601.02 steel knife exemplar is a parallelepiped of steel (UNS G41300)
with a thickness of 1.6 + 0.1 mm. The length, L, and width, W, of the exemplar are given. Two samples, given by “knifel” and
“knife2,” were tested to verify the reproducibility of test object response. Tests on the modified steel knife exemplar were
based on Sample #2

Test Object Size, mm Mty sV
NILEC] AM1 As Manufactured 0.129 +0.004
NIJ 0601.02 steel knife L w

knifel 76+0.1 19+0.1 0.149 +0.016
knife2 76£0.1 19£0.1 0.149 £ 0.015
knife2 70£0.1 19£0.1 0.128 £ 0.013
knife2 65+0.1 19£0.1 0.127 £ 0.026
knife2 65+0.1 15£0.1 0.121+0.018

FIG. 9 The maxyy e for the different test objects as a function of the entry-point location. There were 27 entry-point
locations: 3 columns and 9 rows. The bottom row of the scan corresponds to entry-point location indexes of 1, 2,
and 3 and is located nearest to the WTMD floor. “Knifel” and “knife2” are two distinct test pieces. The values in
parentheses show the length and width of the text object in millimeters.

—=— NIJ knifel(76x19)
—e— NIJ knife2 (76x19)
0.35 —a— NIJ knife2 (70x19)
- —v— NIJ knife2 (65x19)
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For the NIJ 0601.02 zinc handgun exemplar, the width of the barrel and the handle of exemplar were reduced
from approximately 28 mm to approximately 20 mm. These reductions resulted in a test object with a similar
detectability to that of the assembled Davis 32. For the NIJ-0601.02-steel knife exemplar, the length and width
were both reduced to obtain signal levels nominally equivalent to those of the NILEC] AM1 obtained nearest the
WTMD floor.

Pra (INNOCUOUS) TEST OBJECTS

The recommendation in the “Test Objects for pg,” section for the alternative innocuous test object design is to use
the next smaller size class for discrimination. That is, for a WTMD to alarm on large-size threat objects, the
innocuous item should be a medium-size test object. Specifically, it should be the medium-size test object that
provides the greatest value of MAXay,, > but the WTMD should be set to alarm at Mty of the selected large

test object. For the large ferromagnetic class, the selected test object is the NIJ 0601.02 steel handgun exemplar,
which has a min 0f 0.502 £0.023 V. Of the medium ferromagnetic test objects examined, the NILEC] AM1

max,p;

would be suitable with a max 0f 0.332 +0.003 V. The NILEC] AM1 could also be used for the innocuous test

Maxop;
object for the large nonferromagnetic class. Furthermore, by modification of the NIJ 0601.02 steel knife exemplar
to replace the NILEC] AM1 as described in the “p; Test Objects” section, the reduced-size (65 by 15 by 1.6 mm)
steel knife exemplar could be used as the large-size innocuous-item test object.

A similar argument can be presented for using the nonferromagnetic stainless steel rod with a nominal 6-mm

diameter and nominal 80-mm length (max 0f 0.093 £ 0.019 V) as the innocuous test object for the medium-

Max,p;

size category.

SPHERICAL TEST OBJECTS

Nonspherical test objects manifest a rotational dependence (see fig. 7) in their detectability that may affect the
qualification of a WTMD to perform as required. That is, the rotation may cause the threat object to appear larger
than it is and thus incorrectly qualify the WTMD to detect the smaller threat object. The replacement of a non-
spherical test object by a spherical test object for establishing the detectability of a set of threat objects represented
by that test object should be based on the orientation of the nonspherical test object that provides its least detect-
ability. The spherical test object that is selected should be less detectable than the nonspherical object in its least-
detectable orientation at all entry-point locations, as this will ensure a high likelihood of detecting the threat
objects it is intended to represent, regardless of the orientation of the threat object. In this section, and for
the purpose of illustration, only two examples of using a spherical test object in lieu of the traditional test object
will be presented.

Large-Size Test Objects

The least-detectable large-sized ferromagnetic test object is the NIJ Standard 0601.02 steel handgun exemplar, fab-
ricated using steel UNS G41400. Figure 10 shows the max,p; 0. for the NIJ Standard 0601.02 steel handgun exem-
plar (indicated as “steel handgun”) and solid steel (UNS G41300) spheres of varying diameters. This figure shows
that the detectability of the 50-mm-diameter sphere is greater than that of the steel handgun exemplar, whereas the
40-mm-diameter sphere’s detectability is less than that of or nearly the same as (within 2 standard deviations) the
steel knife exemplar for all entry-point locations. Therefore, if the WITMD can detect a 40-mm-diameter steel
sphere, it will detect the steel handgun exemplar and all other more detectable test objects or threat items.

Small-Size Test Object

The least detectable of the typical small nonferromagnetic test objects is the 22-caliber round, often represented by
the NIJ Standard 0601.02 22-caliber-round exemplar. Figure 11 shows the maxy; 0. for the NIJ Standard 0601.02
22-caliber-round exemplar and solid aluminum (UNS A96061) spheres of varying diameters. This figure shows
that the detectability of the 9-mm-diameter sphere is greater than that of the 22-caliber-round exemplar, whereas
the 8-mm-diameter sphere’s detectability is less than that of the 22-caliber-round exemplar for all entry-point
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FIG. 10
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locations. Therefore, if the WTMD can detect an 8-mm-diameter aluminum sphere, it will detect a 22-caliber
round and all other more detectable test objects or threat items.

Innocuous-Item Test Objects
The purpose of the innocuous object is to aid in adjusting the sensitivity of the WTMD so that it will not alarm on
items deemed to not be a threat. One approach is to have a unique set of innocuous items (see the “Test Objects

for ps,” section). Another approach is to have the innocuous item be one size smaller than the size classification
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being tested, as described in the section “p, (Innocuous) Test Objects.” However, from a baseline performance
perspective, it is not necessary that the innocuous-item test object resembles an actual innocuous item encoun-
tered in practice. Consequently, the use of spheres is a reasonable approach for the design of the innocuous-item
test objects, and it avoids the effects of rotation and orientation on its detectability and the measurement un-

certainty associated with these effects.

Conclusions

Currently used and industry-accepted test objects were examined for use in evaluating the baseline technical per-
formance of WTMDs. The test objects that represent threats and that should be used to test the detection perfor-
mance of WTMDs should be the least detectable of a given size category to ensure that any threat-based test objects
that are more detectable than the least-detectable threat-based test object would be discovered. It was determined
that the test objects described in NIJ Standard 0601.02 typically are the least detectable for the given size category, of
which there are three for the WITMD: large, medium, and small, each category comprising one test object each of
ferromagnetic and nonferromagnetic metals, giving six test objects for evaluating WIMD threat object detection
performance. In two of these cases, the test object described in the NIJ Standard 0601.02 had to be modified to be the
least detectable. The effect of rotation about the major orientation axes was also examined and shown to cause a
difference in detectability of up to 30 % between the most and least-detectable rotations. This effect led to the
examination of spheres as potential candidates to test WTMD threat object detection performance. Spheres elimi-
nate the effects of test object rotation on test object detectability. For two of the six categories of test objects, a sphere
was identified to provide an option for the least-detectable test object. Lastly, the innocuous-item test objects, which
are used to assess nuisance alarms, was also examined. The detection signature of the selected innocuous-item test
object should ideally be the greatest for its size category but less than the least-detectable threat-test object of that
category. Because of orientation effects, these two bounds may approach each other. Consequently, it is recom-
mended that the least detectable of the next-size-smaller threat object category be used as the innocuous-item test
object for the threat object detection category being tested. For example, the least-detectable small-sized threat-item
test object may be used to test the nuisance alarm rate for the WTMD medium-sized threat detection setting.
Spherical test objects may be also used for innocuous-item test objects.
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