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However, in certain environments the effective use of radi-
ation detection systems is complicated by the presence of sig-
nificant quantities of naturally occurring radioactive materials
that trigger nuisance alarms which divert attention from valid
investigations. The frequency of nuisance alarms sometimes
results in the raising of alarming thresholds, reducing the like-
lihood that systems will detect the low levels of radioactivity
produced by key threat materials such as shielded highly
enriched uranium. This paper explores the potential of using
data science techniques, such as dynamic time warping and
agglomerative hierarchical clustering, to provide new insights
into the cause of alarms within the maritime shipping environ-
ment. These methods are used to analyze the spatial radiation
profiles generated by shipments of naturally occurring radio-
active materials as they are passed through radiation portal
monitors. Applied to a real-life dataset of alarming occupan-
cies, the application of these techniques is shown to preferen-
tially group and identify similar commodities. With further
testing and development, the data-driven approach to alarm
assessment presented in this paper could be used to charac-
terize shipments of naturally occurring radioactive materials at
the primary scanning stage, significantly reducing time spent
resolving nuisance alarms.

Introduction

International concerns over the clandestine movement of sensitive nuclear
and radiological materials across borders have existed for more than 70
years." These have driven the development and deployment of detection
systems that identify and assist in the interception of illicit radioactive
materials. In the post-9/11 period, there has been a dramatic increase and
internationalization of efforts to detect and intercept radioactive materials,
precipitated by a perceived increase in the potential for acts of nuclear
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terrorism by non-state actors.” Over the past two decades billions of dollars
have been spent on the deployment of radiation detectors to counter these
perceived threats.” U.S.-led programs, such as the Container Security
Initiative (CSI) and the Megaports Initiative, have supported the installa-
tion and operation of radiation detection systems at seaports, airports,
road, and rail border crossings in more than 50 countries.”

However, despite significant investment in this area, technological chal-
lenges remain in the sensing and characterization of key threat materials,
such as highly enriched uranium (HEU), as it is believed that adversaries
are likely to shield and ship HEU and plutonium in small quantities
thereby reducing their radioactive emissions.” Detection challenges are
arguably most acute in the maritime supply chain where large scale ship-
ments of naturally occurring radioactive materials (NORM) and commer-
cial radioactive goods regularly trigger nuisance alarms.® Examples include
ceramics, fertilizers, granite, radiopharmaceuticals and industrial sources.”
The time and attention devoted to investigating these nuisance alarms
diverts attention from other activities and slows material flows and trade.
High levels of nuisance alarms can also lead to increased alarming thresh-
olds, reducing the ability of systems to detect materials with low radiation
levels such as shielded HEU.®

A 2019 U.S. Department of Energy (DOE) study estimated that 1.66% of
all containers at seaports triggered an alarm because of NORM.” This rep-
resents a significant number of containers given the high volume of global
seaborne trade and the U.S. objective of scanning 100% of imported con-
tainers.'’ For example, the throughput of the world’s busiest port, Shanghai
International in China, surpassed 40 million twenty-foot equivalents units
(TEU) in 2017, equivalent to more than 100,000 containers a day.11 At the
DOE rate, that would amount to approximately 1800 nuisance alarms daily.
At other large ports, NORM could produce hundreds of nuisance alarms in
a single day.

This paper explores the potential of using data science techniques such
as dynamic time warping (DTW) and agglomerative hierarchical clustering
to reduce maritime nuisance alarms in the initial scanning stage. Tens of
millions of Radiation Portal Monitor (RPM) occupancies are created and
recorded every year, including hundreds of thousands of alarming
records.'> However, systematic analysis of this data has been limited to an
inferential analysis on the stream of commerce and the pace of site opera-
tions."? The application of data science tools to this information, in support
of the real-time assessment of alarms, has not been studied.

An introduction to DTW and its utility in analyzing time-series data is
provided and applied to a dataset of RPM spatial radiation profiles for
alarming occupancies triggered by containerized shipments of NORM.'*



30 C. HOBBS ET AL.

DTW is performed on spatial radiation profiles generated by alarming con-
tainers as they pass through an RPM. This accounts for variations in con-
tainer speed so that alarming containers can be meaningfully compared
and their degree of similarity calculated. The relative dissimilarity of these
warped profiles is then assessed using agglomerative hierarchical clustering,
creating groups of similar objects. These are illustrated as dendrograms and
show a preferential clustering of common NORM commodities. The key
results of this study are then summarized, with suggestions for
future work.

Radiation detection at maritime facilities — current and
proposed systems

At maritime facilities containerized cargo may be inspected for the presence
of nuclear and radiological materials when passing through a point of entry
or exit, or for transshipments during loading and unloading.> Typically,
multi-stage detection protocols are employed, with alarming containers
undergoing a series of increasingly intrusive inspections until the source of
the alarm is determined. A key component of radiation detection systems
are RPMs. These are passive, non-intrusive detectors which are widely
employed in large-scale primary scanning at maritime and other facilities.
In a primary inspection, a container passes slowly through an RPM, which
detects gamma emissions and neutron radiation over the course of
its occupancy.

The presence of neutrons automatically triggers an RPM alarm and fol-
low-up investigation, although such events are relatively rare in most envi-
ronments. In contrast there are many potential sources of gamma
radiation, which necessitates a gamma count threshold.'® If the total
gamma radiation received is above the count threshold an alarm is trig-
gered. The spatial gamma profile of a container is also captured by the
RPM and visually examined by officials for anomalies. For example, a sharp
spike in the gamma profile might indicate a strong radioactive point
source.'” RPM gamma and neutron information is assessed in conjunction
with the shipment manifest, which lists the declared content of the con-
tainer and other information.

The spectral resolution of existing RPMs is limited and, following an
alarm, a secondary inspection may be performed to characterize the radi-
ation source. In a secondary inspection a container is typically moved to a
secure area before a manual external inspection is conducted with passive
handheld radioisotope identification devices (RIIDs).'"* Gamma and X-ray
images of the container may also be taken during a secondary inspection to
identify dense materials that might be shielding radioactive emissions. If a
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secondary inspection is inconclusive then a tertiary inspection may be
launched, whereby the container is opened and unpacked. Disruptions to
cargo flows increase significantly when secondary and tertiary inspections
are triggered. While a primary inspection can be conducted in less than a
minute, a secondary inspection might take tens of minutes, and a tertiary
inspection could take several hours."

Challenges in assessing alarms and variations in practice

It is intrinsically difficult to identify and characterize low radioactive threat
materials at locations where commercial radioactive goods are transited
and where significant quantities of NORM are present. Although the pres-
ence of radiation can be detected during the short time it takes for con-
tainer to pass through an RPM, radioisotope identification, an important
step in resolving nuisance and other alarms, currently requires at least a
secondary inspection. Secondary inspections can also be inconclusive as
RIIDs may fail to detect the relatively low activity of NORM containing
commodities.”> These challenges are compounded by fluctuating local fac-
tors relating to the ambient environmental conditions and detector setup,
which can affect the radiation received, further complicating alarm assess-
ment. Local factors include the weather, the separation of the RPM detec-
tors, their volume and “cross-talk” from nearby containers.'

Practical deployment of detection systems is shaped by the priorities of
national detection programs, the environment, available resources, and com-
mercial considerations. These priorities are frequently in conflict and a diffi-
cult compromise between them will often have to be reached. As an
example, RPM alarming thresholds and the triggering of secondary and ter-
tiary inspections will vary based on how the operator balances the need to
maintain throughput rates with their security priorities.”” At some facilities
security considerations dominate, while at others the management of nuis-
ance alarms largely dictate how detection systems are configured and oper-
ated.”” This can result in considerable variation in operations and approach
from facility to facility. For example, a recent study by one of the authors
revealed that RPM nuisance alarm rates ranged from more than 10% to less
than 1% across facilities. Even greater variation was seen in secondary
inspection rates following initial RPM alarms, which were triggered at some
facilities in over 90% of cases, and at others in less than 1% of cases.*

Efforts to improve the operation of detection systems for border monitoring

There has been considerable research and development aimed at improving
the speed, detection and characterization of radioactive materials at
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maritime (and other) facilities. A significant proportion of this work has
been focused on the initial scanning stage, as the ability to accurately iden-
tify the cause of alarms at this stage would reduce the need for secondary
and tertiary inspections. For example, tens of millions of dollars have been
invested on spectroscopic portal monitors (SPM) which offer the promise
of both high-sensitivity and spectral resolution.”” In theory, SPMs could
provide both simultaneous radiation detection and nuclide identification
during initial scanning.”® However, SPMs have struggled to meet oper-
ational requirements in certain environments, in particular at maritime
facilities, and their deployment to date has been limited.*”

Other efforts have sought to improve the ability of existing systems. For
example, the International Atomic Energy Agency’s (IAEA) mobile applica-
tion Tool for Radiation Alarm and Commodity Evaluation (TRACE) pro-
vides a readily accessible database of NORM with information on the
specific radionuclides found in each commodity.”® This can help officials
unfamiliar with the radiative properties of NORM to interpret alarms from
RIIDs during secondary inspections by facilitating manual spectral matching
to commodity information on the shipment manifest. Similarly, the approach
presented here does not require new detectors or associated hardware.

A new approach - characterizing nuisance alarms using spatial
gamma profiles

The approach proposed here could potentially improve detection efficiency
and free up time to focus on difficult to characterize alarms, including
potentially those caused by threat materials. It could also enable lower
alarm thresholds by significantly increasing the capacity of maritime facili-
ties to respond to primary RPM alarms. This would in turn increase the
likelihood of detecting key threat materials such as shielded HEU.

The speed at which containers are driven through RPMs is variable,
resulting in spatial gamma profiles of varying lengths and shapes, which
are challenging to interpret. Widely varying speeds of containers moving
through RPMs are common, as illustrated by analysis presented here, where
occupancy periods (time spent inside the RPM) ranged from 5.2 to
33.8 seconds.”” The impact of this is illustrated in Figure 1, which for a sin-
gle container of NORM passed through a RPM multiple times, shows how
variations in speed can significantly distort the gamma radiation profile.>
This provides further evidence that RPM spatial gamma profile information
is currently useful only in identifying clear anomalies, such as a strong
unshielded radioactive source.

The data science technique of DTW is a useful method of accounting for
the speed distortion of spatial gamma profiles so that they can be
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mathematically compared and a degree of dissimilarly between them calcu-
lated. It is hypothesized that the degree of dissimilarity will be small
between the warped spatial gamma profiles from shipments of similar
NORM commodities relative to shipments of other NORM commodities.
For example, shipments of ceramics would have similar warped spatial
gamma profiles, relative to say shipments of fertilizer. If true, this approach
could be used to differentiate between NORM shipments, grouping similar
alarming occupancies and linking them to specific commodity types. This
is explored using hierarchal agglomerative clustering, a common technique
for grouping objects based on their similarity. If validated, once a reference
database of warped spatial gamma profiles for common NORM commod-
ities is developed, this approach could be used to categorize nuisance
alarms at the primary scanning stage.

Times series and the analysis of real-world data through dynamic
time warping

RPM spatial profiles can be considered as time series, a sequence of gamma
counts indexed in time as a container passes through a detector. Time ser-
ies are most simply compared by calculating the Euclidean distance, the
shortest path between points on two series that occur at the same time.
This can be a useful metric for comparing the similarity between series if
they are in phase, i.e. with similar events occurring at the same moment.
However, as previously discussed, variations in container speed through an
RPM mean that corresponding peaks and troughs will occur at different
times, negating the use of this metric. For example, if the Euclidean dis-
tance were used to compare the RPM spatial gamma profiles in Figure 1, it
would erroneously conclude that they were produced by different, as
opposed to the same shipment.

Comparing out of phase time series data is a common exercise. It is
used successfully in automatic speech recognition where there can be
considerable variation in speed, pace, tempo, rhythm, and pronunciation.
Similar challenges can also be found in signature matching, music and
signal processing, and even in the rehabilitation of stroke victims.'

Dynamic time warping

To compare time series data with temporal variations, DTW calculates the
best non-linear alignment between two series, matching similar features
even if they are out phase.”® The difference between Euclidean matching
and non-linear DTW matching is illustrated visually in Figure 2 for two
example timeseries of differing lengths. Here the black lines show how cor-
responding points are matched and subsequently compared using each
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Figure 1. Gamma radiation profiles for an alarming container passed through the same RPM at
different speeds (Reproduced from IAEA).

technique. In this example, DTW is better at matching the corresponding
peaks and troughs.

DTW functions by modifying or warping time series data along an opti-
mal path which considers all local compressions, shifting, and minimizing
the cumulative distance between aligned points. Consider two time series
To = (ta... tai... tan) and Tg = (tg;... tg;... tgpy), of different lengths N
and M, with points occurring at different times. These can be used to con-
struct a matrix, C € RY * ™, containing the distance between every point
in series X with respect to every point in series Y.

Ce R :¢j = |[tai — tgifl,i € [1:N],je[1:M]

There are several ways to calculate the distance between points across
different series. This study used the Manhattan or city-block metric, due to
its ability to account for differences between similar series.”> For example,
small differences between RPM spatial gamma profiles could potentially be
significant for low activity shielded HEU purposefully hidden inside a ship-
ment of NORM. Rather than taking the shortest Euclidean distance
between two points, the Manhattan metric measures the distance along
axes at right angles. For example, in a plane with point 1 at (x;, y;) and
point 2 at (x,, y,), the Manhattan distance is |x; — x5| + |[y1 — yal.

The correspondence between the points in different series is then established

through a warping path ® = (¢, y) where t=1,..., T, under the following
constraints, namely:
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Figure 2. Comparison of Euclidean matching (left) and non-linear dynamic time warping
matching (right) for two example time series.

1. Start-point constraint. The warping curve is anchored at the origin:
pr=yY1=1

2. End-point constraint. A global alignment is required, and the mapping
covers both time series completely: ¢t = N, Y = M;

3. Monotonicity restriction. No “time loops” are allowed in the mapping:
¢t > b1 and Yy > Yo

4. Step-size condition limits the warping path from long jumps (shifts in
time) while aligning sequences.”*

The start- and end-point constraints guarantee that the alignment
does not partially consider one of the series. The monotonicity restric-
tion and step-size condition ensure that the alignment path does not go
backwards or forwards in time, which could omit potentially import-
ant features.

The optimal warping path, which minimizes the distance between points
in the two series subject to the above constraints, is then calculated:

. T d Xpts Yt )M, @
@ = (¢t’ lpt) = arg mln(f’p‘/’t thl ( M(D )

Here x4¢ and yy; are the elements of the warped input time series, d is
the local distance function, m;¢ is a local weighting coefficient,
and Mo = > _ my o.

A measure of dissimilarity between time series can be calculated by sum-
ming the Manhattan distance between the points, which have been
matched by DTW. Represented by the following cost-function:
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Cp (TA, TB> = ZtT:I c(xAi, yBi)

To avoid unfairly favoring short series owing to the cumulative sum
element of this cost-function, this is normalized to give the average per-
step dissimilarity, known as the pairwise distance.

RPM alarming dataset - overview

The data used in this analysis was provided by the IAEA under a
Coordinated Research Project (CRP).*® Tt includes scanning records from
multiple RPM lanes at maritime facilities in three countries in the form of
“daily files.”>® The files contain conveyance information on all alarming
and non-alarming containers that passed through a RPM over 24 hours.
The officials at each site also provided additional information relating to
the shipment manifests for alarming occupancies. The data included a
description of the declared container contents and the corresponding six-
digit Harmonized System (HS) code which was critical for this study. HS
codes are an international nomenclature used to classify traded goods for
customs purposes.”’ At the international level these are six-digit product
codes where specific commodities are classified within a hierarchal struc-
ture composed of chapters, headings, and sub-headings. For example, all
ceramics are within Chapter 69, within which bathroom ceramics come
under heading 10, with all non-porcelain, non-china ceramics under sub-
heading 90. Consequently, a shipment of non-porcelain, non-china bath-
room ceramics will be given the HS code 691090.

A total of 720 usable alarming records triggered by NORM were identified
in the dataset. These were separated into individual lanes before comparative
calculations were performed to minimize the influence of local factors on the
gamma radiation received. Accounting for variations in local factors is a key
focus area of the JAEA CRP. However, the JAEA CRP research is ongoing
so the authors decided to isolate the local factors and focus on the challenges
associated with variable speed. Splitting the dataset into specific RPM lanes
and analyzing the alarming occupancies in each lane reduced the size of the
dataset, across which comparisons could be made. Nevertheless, in the most
populous lane, there were still over 150 records. This was deemed promising
enough to explore the potential utility of DTW and agglomerative hierarch-
ical clustering in this proof of concept study.

Preliminary analysis

We compared and contrasted RPM spatial profiles from a random selection
of alarming occupancies within specific lanes to evaluate the utility of
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DTW. The DTW pairwise distance for these profiles was used as measure
of their dissimilarity.”® Results obtained from applying DTW to these small
trial datasets was promising, with the relative pairwise distance proving a
useful metric for distinguishing between commodities. An example from
one of these initial tests, comparing five RPM alarming profiles is shown in
Figure 3 and Table 1. According to the supplied HS-codes, three of these
five alarms were triggered by shipments of fertilizer (HS-code 310490),
shown in the red, green, and gold profiles. The other two alarms were trig-
gered by ceramics (HS-code 691090) in blue, and clay (HS-code 240840) in
purple. Examining the RPM spatial gamma profiles in Figure 3, the red
and gold profiles are almost identical, while the green profile, despite hav-
ing a similar shape, has a shorter time series as a result of being moved
through the RPM at higher speed.

Simple Euclidean matching shows the green profile to be considerably
different from the red and gold profiles, as their peaks and troughs
occur at different points in time. DTW takes this variation into account

— 01090
~L 310490

= 310490

250840
| 310490
008

004

T T T T T T T
0 2 4 6 8 10 12
Time Elapsed Through Occupancy

Figure 3. RPM spatial profiles for five alarming occupancies with corresponding HS codes.

Table 1. Pairwise distance dissimilarity matrix for the five RPM profiles illustrated in Figure 3.

1 (Blue) 2 (Green) 3 (Red) 4 (Purple) 5 (Gold)
(691090) (310490) (310490) (250840) (310490)
Blue) (691090) 0 1.33 1.28 0.93 1.34

1

2 (Green) (310490) 1.33 0 0.53 1.50 0.55
3 (Red) (310490) 1.28 0.53 0 1.23 0.32
4(
5(

Purple) (250840) 0.93 1.50 1.23 0 1.36
Gold) (310490) 134 0.55 0.32 1.36 0
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showing there is a comparable level of dissimilarity (a pairwise distance
of 0.32, 0.53, and 0.55) between the three profiles. This is shown for all
five profiles in the pairwise distance matrix in Table 1, with the level of
dissimilarity between the shipments of fertilizer considerably less than
their dissimilarity with respect to the shipments of ceramics and clay. It
is also considerably less dissimilar than the pairwise distance (0.93)
between the shipments of ceramics and clay. Consequently, for these
five records the pairwise distance can be used to identify that three of
shipments are of the same commodity while the other two shipments
contain different commodities.

Clustering time warped RPM profiles

Following initial testing, DTW was then applied to larger datasets containing
all the alarming records available from specific lanes. In assessing the ability of
DTW to distinguish between similar and different commodities, the unsuper-
vised data mining technique of clustering was employed. Clustering does not
utilize any preexisting information or labeling of objects, but instead relies on
establishing an effective criterion for defining “similar” data. Clustering
attempts to “identify structure in an un-labelled data set by objectively organiz-
ing data into homogeneous groups where the within-group-object similarity is
minimized and the between-group-object dissimilarity is maximized.”* As was
the case for the preliminary tests, the pairwise distance was used as the measure
of dissimilarity between warped RPM spatial gamma profiles.

There are several different clustering options.*> Here agglomerative hier-
archical clustering was selected due to its ability to split a dataset into clus-
ters naturally without having to specify their number. This is important in
the context of this study as the number of different commodities passing
through an RPM is unknown in advance. Specifying the number of com-
modities beforehand might have caused the datasets to split in an artificial
manner. Agglomerative hierarchal clustering initially treats each record as
its own one-record (singleton) cluster then utilizes a bottom-up stepwise
iterative process to pair similar clusters until they are members of one clus-
ter. This produces a tree-based representation of the records known as
a dendrogram.

The process of agglomerative hierarchal clustering is illustrated in
Figure 4 for an example dataset of six records labeled 0 through 5. The
order of the six records from left to right is not sequential according to
their labels but arranged to show the incremental clustering approach. Here
each record starts as its own singleton cluster before being paired and
merged into larger clusters as the measure of dissimilarity is increased,
moving up the vertical axis of the dendrogram. In the first step, records 2



SCIENCE & GLOBAL SECURITY 39

= |

300 A

250 4

200 A

150

100 A

50

0

2 5 1 0 3 4

Figure 4. Dendrogram illustrating the process of agglomerative hierarchical clustering for a
small dataset of six records, labeled 0 to 5. The vertical axis is the measure of dissimilarity. The
branch linking records 2 and 5 is green to illustrate that they are like one another but consider-
ably different to any other record.

and 5 are paired, in step two records 3 and 4 are paired, in step three
record 0 is merged with records 3 and 4, in step four record 1 is merged
with records 3, 4 and 0, and finally in step five all records are merged into
a single cluster. This demonstrates that records 2 and 5 are like one
another but considerably different than any other record in the dataset,
clustering only with the other records at high levels of dissimilarity.

In determining how clusters are merged at each step there are several linkage
methods that can be used to weigh their relative difference based on their con-
stituent records.*' The utility of the following commonly used methods
was explored:

o Single link. Mergers are decided by the minimum pairwise distance
value between any of the records within two clusters (i.e. the similarity
of their most similar members).

e Average link. Mergers are decided by the average pairwise distance value
between all the individual records within each of the two clusters.

o Complete link. Mergers are decided by the maximum pairwise distance
value between any of the records within two clusters (i.e. the similarity
of their most dissimilar members).

The results from the most populous RPM lane containing 153 alarming
occupancies are illustrated as dendrograms in Figures 5-7 for single, aver-
age, and complete link cluster merging. In each figure the y-axis provides a
measure of the dissimilarity between commodities, with individual alarming
occupancies represented under the x-axis. The three most common com-
modities extracted from the HS codes on the shipment manifests were
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glazed ceramics (HS-code 690890), ceramic bathroom fixtures (HS-code
691090), and fertilizer (HS-code 310490). These alarming occupancies are
represented in Figures 5-7 as three vertical red dots (glazed ceramics), two
vertical yellow dots (ceramic bathroom fixtures) and four vertical blue dots

S

distance

w

Figure 7. Complete link clustering for DTW RPM spatial profiles.
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(fertilizer), with other commodities which were far less prevalent within the
dataset represented as a single green dot.

The clusters of red, yellow, and blue records underneath the x-axis illus-
trate that for each of the three linkage methods tested there is a preferential
grouping of similar commodities. Although imperfect, this is to be expected
with real world data.

Integrating DTW and clustering into RPM alarm assessment

In field conditions the warped spatial gamma profile for a specific shipment
against a database of warped spatial gamma profiles for common NORM
commodities would be compared. Agglomerative hierarchical clustering
would be used to associate the alarming shipment with a particular com-
modity type. The strength of this association would be calculated based on
level of dissimilarity between the warped spatial gamma profile and other
members of the commodity group, i.e., where the alarming shipment fits
within a particular cluster. This would then be checked against the ship-
ment manifest for any inconsistencies.

If this method grouped the cargo with a commodity that was different
from what was listed on the shipment manifest then a secondary inspection
would be triggered. However, if there was a match then a decision would
have to made by the on-site official, based on the strength of association,
whether the container could be returned to the supply chain or if a second-
ary inspection was warranted. For example, referring to Figure 5, if the
warped spatial profile of a declared shipment of bathroom ceramics fell
within the strong cluster of yellow records (that can be observed toward
the left of center) then it could be reasonably assumed that the information
recorded on shipment manifest was accurate. The container could then
continue its journey. However, if the warped spatial profile was to fall
within the red or blue clusters toward the left or right of Figure 5, then it
would be highly likely that a commodity other than bathroom ceramics
was contained within the shipment and a secondary inspection would
be initiated.

For this approach to be operationalized, a large and comprehensive data-
base of warped RPM occupancies against which comparisons could be
made is required, ideally containing hundreds, if not thousands, of occu-
pancies for common commodity types. Databases could be constructed for
individual lanes, or at the facility, national, or international level if it
proved possible to account for the influence of local factors. Ideally data-
bases would be populated with records from shipments that had their
NORM cargo unambiguously confirmed through secondary or tertiary
inspections. As highlighted previously, hundreds of thousands of alarming
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records that could potentially be drawn upon for this purpose and new
confirmed alarming records already exist and could be added over time
thus increasing the size of the reference database.*’

Conclusions and future work

Identifying key nuclear threat materials during border monitoring is a chal-
lenging task. This challenge is exacerbated in environments where signifi-
cant shipments of NORM and commercial radioactive sources trigger
nuisance alarms as they move through radiation detection systems.
Currently, nuisance alarms are resolved using time-intensive secondary and
tertiary inspections. This paper has explored an alternative approach to
assessment, involving the characterization of nuisance alarms, radioactive
shipments, and possibly threat materials at the primary scanning stage.
Rather than suggesting the development of a new type of detector, such as
a SPM, it uses data science tools to extract valuable insights from informa-
tion generated by existing RPM technology. Focusing on the RPM spatial
gamma profilee, DTW was used to account for differences in container
speed so different alarming occupancies could be compared. The applica-
tion of agglomerative hierarchical clustering to these warped profiles,
showed a preferential grouping of similar NORM commodities. Following
the development of a reference database, this approach could in theory be
used to identify the likely commodity within a container and hence the
cause of an alarm without the need for additional inspections. Given the
relatively small dataset used in the analysis, it is difficult to precisely esti-
mate the operational gains from this technique. However, the strong group-
ings of similar commodities suggest that it could resolve a significant
fraction of alarms caused by NORM.

It should be emphasized that this study represents exploratory data ana-
lysis due to the relatively small dataset across which comparative analyses
could be run. Its results should be confirmed using larger datasets, ideally
with thousands of alarming NORM occupancies which would also enable a
quantitative measure of the quality of clustering for a record to be deter-
mined. For example, if a record is a relative outlier within a particular clus-
ter or if it has high levels of similarity to other records. This is an essential
step in the development of a practical tool based on this approach, as the
quality of clustering would likely determine whether on-site officials will
allow a container back into the supply chain or launch a further
investigation.

Future research could explore whether the approach outlined in this
paper could be used to classify commercial radioactive shipments or pos-
sibly threat materials. Given its comparative approach, in theory there is no
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reason it could not be extended to non-NORM alarming occupancies, as
long as an appropriate dataset against which comparisons could be made
could be constructed. However, this may pose a significant challenge to
identify threat materials given the virtually unlimited number of potential
smuggling scenarios involving unknown amounts of material and shielding.
Here a potentially fertile line of research would be to explore how the
insertion of different quantities of threat materials into a container of
NORM would affect the quality of clustering within specific commodity
types. It would also be interesting to probe the limits of the approach advo-
cated in this paper with regards to container speed i.e. explore whether
there is a maximum speed at which comparisons between gamma spatial
profiles utilizing DTW become ineffective. This could be accomplished by
passing the same container of NORM through an RPM multiple times,
increasing the speed until it was no longer possible for it to be identified as
the same shipment.
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Appendix
Alarming dataset and pre-processing

The data for this research was provided to King’s College London by the IAEA, it was collected
from maritime facilities in three countries, from road, as opposed to rail-based RPMs.
Information provided included RPM “daily-files” containing 24 hours of data on the count rates
observed by RPM gamma and neutron detectors. Also included was information on the key
RPM settings such as alarm thresholds, detector type, and fluctuating background radiation lev-
els. “Daily-files” are relatively large, containing 10,000 of lines of data, these were cleaned and
pre-processed to reveal a total of 720 alarming occupancies, where the gamma radiation
received exceeded the pre-set threshold. For these alarming records, spatial gamma profiles
were created from the gamma readings captured every 0.2's as the container passed through
the RPM.

Information related to the commodity for alarming records was also made available in a
Microsoft® Access file originally created by the on-site official, drawing on information
from the shipment manifest. This included the HS-code of the commodity and its weight.
Unfortunately, not all alarming occupancies could be associated with an HS-code as this
had not been inputted correctly for every record. Because this study relies on ultimately
associating alarms with specific commodities, records that could not be assigned an HS-
code had to be removed. This work also requires gamma readings to be normalized by
weight so that shipments of different weights could be compared. This was done by sub-
tracting the background radiation before dividing by weight. Accurate weight information
is therefore essential, however, here it was clear that for certain cases this had been inaccur-
ately recorded and so these records were also disregarded. Finally, records were also
removed if the gamma count readings produced were obviously erroneous. For example,
there was a series of records taken in succession which had profiles with an extended tail,
far longer than for other records. This is likely to have occurred due to the container not
being completely evacuated from the RPM after scanning, possibly due to the formation of
a traffic jam, where trucks were unable to drive away.

This pre-processing stage reduced the number of records from over 1000 to 720.
Although not the focus of this study, improvements in local processes to capture RPM data
would support future research.
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