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Abstract

Evaluating different radiation detection technologies, with the intent of either directing
research and development or equipment acquisition, involves the consideration of many
criteria, the suitability of the detection sensitivity being normally of prior importance. This
report presents two general statistical methods allowing the evaluation of the detection sen-
sitivity for different technologies. These methods rely on a limited set of assumptions, thus
allowing more accurate sensitivity estimates in scenarios where the signal and background
levels are low. One of the models also supports sensitivity estimation for imaging detectors,
under the same limited assumptions.

Résumeé

L’ évaluation de différentes technologies pour la détection de radiations, en vue de diriger
des efforts de recherche et de développement ou encore I’acquisition d’équipement, im-
plique de considérer plusieurs criteres, ce qui inclue habituellement la convenabilité de la
sensibilité de détection, et ce de facon prioritaire. Ce rapport présente deux méthodes statis-
tiques généralistes qui permettent I’évaluation de la sensibilité de détection pour différentes
technologies. Ces méthodes reposent sur un ensemble limité d’hypotheses et permettent
ainsi d’estimer de facon plus précise cette sensibilité pour des scénarios ou les niveaux de
signal et de bruit sont faibles. Un des modeles supporte aussi I’estimation de la sensibilité
des détecteurs d’imagerie, en utilisant toujours les mémes hypotheses.
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Executive summary

Statistical tests for the assessment of single channel
and imaging standoff radiation detector sensitivity

Pierre-Luc Drouin; DRDC Ottawa CR 2013-123; Defence R&D Canada — Ottawa;
December 2013.

Introduction and background: The Chemical, Biological and Radiological (CBR) Mem-
orandum Of Understanding (MOU) International Task Force (ITF) — 53 on pre-event radio-
logical standoff detection was tasked to explore options, gather relevant technological data
and develop a way forward to achieve the standoff detection of radiological hazards. The
evaluation of different radiation detection technologies in the context of a standoff detec-
tion application can be quite challenging due to the small signal to background ratios and
absolute signal strengths that are often involved. In order to assess the relative merits of
such technologies, evaluating their respective detection sensitivity is of prime importance.

Results and significance: The author of this note developed and implemented two statis-
tical tests that allow evaluating the detection sensitivity of different technologies. These
methods rely on a limited set of assumptions, thus allowing more accurate sensitivity esti-
mates in scenarios where the signal and background levels are low. One of the models also
supports the sensitivity estimation for scenarios involving imaging detectors with multiple
channels, which allow to better constrain the background level in addition to improving
the signal to background ratio. These tests were used to evaluate the numerous scenarios
considered by ITF-53.
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Sommaire

Statistical tests for the assessment of single channel
and imaging standoff radiation detector sensitivity

Pierre-Luc Drouin ; DRDC Ottawa CR 2013-123; R & D pour la défense Canada —
Ottawa ; décembre 2013.

Introduction et mise en contexte : Le groupe de travail international lié au protocole
d’accord Chimique, Biologique et Radiologique (CBR) (ITF-53) sur la détection radiolo-
gique a distance pré-événement a été mandaté d’explorer les options, de rassembler les
données technologiques pertinentes et de développer un plan afin de parvenir a la détection
a distance de risques radiologiques. L’évaluation de différentes technologies de détection
radiologiques dans le contexte d’une application de détection a distance peut tre un défi,
considérant les faibles rapports signal a bruit et intensités absolues des signaux qui sont
sont habituellement impliqués. Afin d’estimer la valeur relative de ces technologies, 1’éva-
luation de leur sensibilité de détection respective représente un élément clef.

Résultats et importance : L’auteur de cette note a développé ainsi qu’implémenté deux
tests statistiques permettant d’évaluer la sensibilité de détection de différentes technologies.
Ces méthodes reposent sur un ensemble limité d’hypotheses et permettent ainsi d’estimer
de facon plus précise cette sensibilité pour des scénarios ol les niveaux de signal et de
bruit sont faibles. Un des modeles supporte aussi 1’estimation de la sensibilité des détec-
teurs d’imagerie, en utilisant toujours les mémes hypotheses. Ces tests ont été utilisés afin
d’évaluer les nombreux scénarios considérés par ITF-53.
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1 Introduction

The evaluation of different radiation detection technologies in the context of a standoff
detection application can be quite challenging due to the small signal to background ratios
and absolute signal strength that are often involved. In order to assess the relative merits of
such technologies, evaluating their respective detection sensitivity is of prime importance.
There are different criteria that can be considered in the assessment of these sensitivities,
that normally involve the probability of false alarm as well as the probability of alarming
in the presence of a signal. This note presents a pair of algorithms that allow to evaluate
the sensitivity of different types of radiation detectors. The first model consists of a “brute
force” approach that directly evaluates the sensitivity of single channel detectors based on
a target probability of false alarm. The other model uses a Bayesian estimator to evaluate
the sensitivity of imaging-type detectors using a criterion which is strongly correlated to
the probability of false alarm. Because these tests are meant to be applicable to various
technologies, their models do not aim at simulating the instrumental behaviour of specific
detectors. Both models rely on a common set of principles:

1. The production rate for the radiation background is assumed to be normally dis-
tributed, such that the expectation value for the detected background rate is u,, with
a detection rate uncertainty due to the background fluctuation given by Gy,

2. Signal and background detection are affected by Poisson statistical fluctuations that
are approximately Gaussian for large detection rates, but that have significantly
asymmetrical distributions when the number of counts per detection channel is low.

3. Detection efficiencies are evaluated by computing the fraction of simulation mea-
surements above some alarm thresholds. These thresholds are determined by evalu-
ating the minimum number of detected events which results in a false alarm proba-
bility that does not exceed a target level. A given detector configuration is assumed
to be effective at detecting a radioactive source when the presence of such a source
is expected to trigger the detector with a pre-established probability.

2 Single Channel Detectors

Establishing the statistical model to evaluate the sensitivity of single channel radiation
detectors is relatively simple. Given the parameters u, and Gy, related to the background
production rate such as previously defined, the probability mass function (PMF) for the
detection of background events is given by

o0

P(np|up,0p) :/ f(nv, Vo |up, O )dVy

—o0

= [ POwive) £Vl 0u)ve, (1)

—o0
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where Vy is the parameter for the Poisson fluctuations of the detected number of back-
ground events. f(ny,Vp|up,Op) is the joint probability density function (PDF) of n;, and
Vp, given u, and 6. The second line was obtained using the definition of conditional
probability and noting that P(np |Vy,up,Gb) = P(np|Vp). P(np|Vp) is the Poisson PMF

e Vo
P(np|Vp) = ——— 2
Ny .

and f(Vp|up,Op) is the Gaussian PDF
1 S
Vb|Hb,Ob) =
S (Vbluv, ov) N

e T . 3)
From Equations (1) to (3), the PMF for the detection of background events is thus given by

2
~Viy, b 1 _ (p—#p)
b 2(52
e b dVy 4
npy!  \/27mop ’

where the proportionality symbol has been added to signify that the PMF is not exactly
normalised, due to the (normally small) probability of vy to be negative.

e
P(np|up, 0p) “/0

To ensure a given false alarm probability, the alarm threshold for the number of detected
events must be determined. This threshold corresponds to the smallest positive integer 7
that satisfies

P(np > ni|uy,Op) = Z P(np|u,01) < P(false alarm). (5)

np=n

Because the integral of Equation (4) cannot be solved analytically, a natural method to
determine 7 is to use Monte Carlo integration. At the limit where the number of generated
Monte Carlo events nge, tends to infinity, the method described by Equations (4) and (5) is
thus equivalent to the following procedure:

1. Generate random values vy, distributed according to N (up, G%) until a positive value
is drawn.

2. Generate a random value ny, using a Poisson distribution with parameter vy,.

3. Store the value np in a histogram if the number of ny values generated so far is
smaller than [ngenP(false alarm) + 1], or if ny, is greater or equal to the smallest
value currently stored in the histogram.

4. If a new measurement was stored in the histogram, verify if the number of measure-
ments in the first bin of the histogram is smaller or equal to the excess in the total
number of measurements in the histogram compared to [ngenP(false alarm) + 11]. If
this condition is met, discard the first bin of the histogram.

2 DRDC Ottawa CR 2013-123



5. Repeat the previous step while bins keep being discarded.
6. If the number of vy, values generated so far is smaller than nge,, go back to Step 1.

7. The estimated value for n; is given by the smallest value stored in the histogram, plus
one.

8. The estimated value for the false alarm probability resulting from the selected thresh-
old, P(ny > n|uy,0p), is given by the number of measurements contained in the
whole histogram, except in the first bin, divided by nge,. Its expectation value is
lower than the target false alarm probability, due to the quantised ny, parameter.

9. From binomial probability theory, the uncertainty on the calculated false alarm prob-
ability for the selected threshold is approximated by

\/ﬁmb > mlaty, o) [1 = Py > il 05)] ©

Ngen

This uncertainty can be used to determine if the number of generated measurements
Ngen 1s sufficiently large to set the alarm threshold accurately.

3 Imaging Detectors

Developing a statistical model to determine an alarm threshold is obviously more difficult
in the case of an imaging detector due to the presence of multiple channels. It can be
also highly beneficial for such detectors to use the data collected in the channels that are
only exposed to background events to measure the current background production rate. For
imaging detectors, a “brute force” Monte Carlo approach, such as the one described in the
previous section, would be difficult to apply, due to the very large number of simulation
measurements that would be required and also due to the very important numerical trunca-
tion errors that can easily occur when attempting to compute the probabilities of individual
simulation measurements as a metric to determine an alarm threshold.

In the case of imaging detectors, the construction of a Bayesian statistical model combined
with the usage of a Markov Chain Monte Carlo (MCMC) method allows to establish an
alarm threshold based on a target false alarm probability. Effectively, requiring a given
false alarm probability is very closely related to evaluating the probability of the signal
production rate to not being strictly positive. This thus leads to an interest for the distribu-
tion of the signal and background production rate parameters, which can be described by
a Bayesian statistical model and then sampled by an MCMC algorithm. Using a notation
similar to the one used in the previous section, Bayes’ theorem allows to write the PDF

DRDC Ottawa CR 2013-123 3



for v¢ and vy, which constitute the parameters for the Poisson fluctuations of the detected
number of signal and background events, respectively:

f(nsb,mb, Vs, Voltt, Ob)  P(nsb,nb|Vs, Vo, b, Ob) f (Vs, Vb |tb, Ob )

f(V57Vb|nSb7nb7‘ub76b) = =

P(l’lsb,nbLle,Gb) P(l’lsb,nb |‘le,(5b)

f(vs)

P(ngp, np |, Op)

=P (ngp,np|Vs, Vo) f (Vo |tp, Ob) (7
In the above equation, ng, represents the total number of detected events in the channels
that are assumed to be exposed to signal events and ny, is the number of detected events in
the remaining channels (which are only exposed to background events). P(ngp,np|Vs,Vb)
represents the likelihood function describing the current model. f(Vp|up,Op) is a prior
PDF for the parameter vy, which is given by Equation (3). f (V) is the prior for the Pois-
son parameter associated to the radioactive source, which is assumed to be flat. Note that
Vg corresponds to the expectation value for the average number of detected signal events
per channel among all signal channels. In this model it is assumed that all channels have
the same sensitivity and that they are all equally exposed to background events. The PMF
P(ngp, np |y, 0p) does not depend on the estimated parameters of the model, such that it
represents a constant scaling factor of the PDF f(vg, Vp |nsh, nib, tip, Op ) for a given measure-
ment. Because of the additive property of Poisson-distributed random variables, the total
number of detected events within all background-only channels follows a Poisson distribu-
tion with parameter (n. — ng)vyp, Where n. is the total number of channels for the imager,
where ng is the number of signal channels and where vy, is the parameter for the Poisson
fluctuations of the background events per channel. In the case of the signal channels, the
number of detected events follows a Poisson distribution with parameter ng. (Vs + Vp), such
that the likelihood function is given by

P(ngy,np|Vs, Vi) =P (nsb|[Vs + Vb ) P(np|Vb)

o~ "sc(Vs+Vb) 15 (Vs -+ Vp )]0 e (ne=nse) Vo [(ne — nsc)Vp]™

nsb! }’lb!
e~ (nscVstncVp) [(l’lc - l’lsc)Vb]nb [nsc (VS + Vb)]nSb
Ngh !nb! '

®)

In the above model, determining the most likely production rate parameters (Vg,Vy,) asso-
ciated to a given measurement can be achieved analytically. Due to the properties of the
logarithm function, including its monotonicity, finding the position of the maximum for
f(Vs, Vb |nsy, ny, up, Op) is equivalent to finding the position of the maximum for its loga-
rithm. Expanding (7) using Equations (3) and (8), evaluating its logarithm and regrouping
the terms that are constant for a given measurement leads to the expression

log f(Vs, Vb|nsb, b, Mb, Ob ) = — RscVs — NeVp + 1p 10g Vi, + ngpy 10g (Vs + Vi ) —

(Vb —.Ub)2

C, 9
202 + €))
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where C does not depend on either vg or vy,. Note that the above expression does not
evaluate to a real value when v, < 0 or when vg + v, < 0. However, the third and fourth
terms in the expression evaluate to 0 when ng, = 0 and v, = 0 or when ng, = 0 and vg +
Vp = 0, because the Poisson PMFs at the origin of these terms must evaluate to 1 in these
conditions. Negative values for vy, are non-physical, but forcing positive values would lead
to a positively biased signal estimator. Such negative values do not present a problem, as
long as the physical region is not excluded by the estimator [1]. Enforcing non-negative
Vp values cannot be mathematically avoided, but the negative region should normally be
mostly excluded by Equation (3).

The position of the maximum within the parameter space can thus now be determined:

dl A
aogf ST B S+ O = P (10)
Vs | (9,9) Vs + Vb R
dlo n n Uy, — 1 N
agf S SR N o 3 {(nc nee) ,Ul;} )
Vb 1(959) Vo Vs+Vb G, Sp Cp
—np = 0. (11)

In the above expressions, the first equation was used to simplify the second. In Equa-
tion (11), the second order polynomial in \A/% can be solved, leading to

2
Vb= |—B+ BZ_+_4_1; _b7 BE(”C_nSC)_Iuga (12)
G| 2 Op

after using the positive prior for Vy,.

It was thus possible to find an analytical solution that provides estimators for the Poisson
parameters related to the signal and background production rates. These estimators corre-
spond to the most likely values for the Poisson parameters, based on a given measurement.
However, if one wants to estimate the probability of the signal production rate to not be
strictly positive, integrating the left tail of the parameter PDF is of primary interest. Be-
cause the parameter PDF is non-Gaussian (see Equation (9)), particularly when vy and vy,
are small, using an MCMC method to estimate this probability appears to constitute a po-
tentially efficient technique. Since it was possible to analytically find the position of the
peak in the parameter PDF, it seems appropriate to use an MCMC proposal distribution
defined around this peak, rather than being function of the previously accepted point. The
proposal distribution is thus asymmetrical (unless a flat distribution is chosen) such that
the more general Metropolis-Hasting [2] algorithm constitutes a natural MCMC method
choice.

In order to properly sample the parameter space, MCMC methods require a proposal dis-
tribution. Since the Metropolis-Hasting algorithm does not require a symmetrical jumping

DRDC Ottawa CR 2013-123 5



function, it appears reasonable to use for this purpose a bivariate normal distribution cen-
tred around the peak of the parameter PDF:

1 ——l {(V57§5)2+(Vb7§b)2_ZP(VS*Vs)(Vb*°b>
N _ 21-p2) | o o 75
q(Vs,Vb|VS7Vb;GS7Gbap)—2ncscbme ? b
. L [s=99% | (vo—%)°
log g (Vs, Vb|Vs, Vb, Os, Op, p) = — { 2 B
R 2(1-p?) o3 S
2p(Vs — V) (Vb — V1)

] +C', (13)
Gscb

where G5 and o}, are the standard deviations for the signal and background Poisson pa-
rameters, respectively, where p is the correlation factor of the parameter PDF and C’ is
a constant that does not depend on either vg or vy. It is possible to estimate these three
parameters based on the analytical calculation of the second order partial derivatives of the
parameter PDF logarithm at the peak. From Equation (13),

0’loggq 11 5 1 Plogqg\
=— — = =— 14
ovi 1—p?o? o 1—92( V3 ) (%
?logg 11 ) 1 [logg\ "
ov? 1-p2c? b 1—p2( ov? ) ()
_1
d*logg B p 1 N _leogq 0?logg d?logq 2 (16)
ovdvy, 1 —p2os0p S OVOVy \ OVZ OV} '

Now using Equation (9),

0%1 0%1 2
ozgq - ozgf __hs (17)

ov; NV logay b

0’logg  d*logf n, n 1

e T as)

d’logg d*logf n2.
~ =——= (19)

aVSaVb anaVb (\A’Sﬁ)b) Ngh

The proposal distribution parameters can thus be approximated by combining Equations
(14) to (19).

So far, the parameter PDF f(Vg, Vy|ngy,7p, tb, Op) and the proposal distribution identified
by q(Vs,Vp[Vs, Vb, 05, Ob, p) have been determined, along with the position (Vg,Vy) of the
parameter PDF peak and an estimate for the proposal distribution parameters. To complete
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the MCMC algorithm, a method to determine the number of burn-in steps, the number of
following steps as well as the amount of thinning necessary to produce the final results
is required. Because the objective of the MCMC integration is to accurately measure a
quantile of the posterior v distribution (the quantile here corresponds to the value v¢ for
which P(vs < V¢ |ngy, np,up,6p) ~ P(false alarm)), a method based on the gibbsit al-

gorithm [3] can be used. Using the notation presented in [3], the resulting algorithm that
determines if a given imaging detector event should trigger an alarm is the following:

1. Calculate the position (Vs, V) of the parameter PDF peak, using Equations (10) and
(12).

2. If V4 <0, there is no alarm and the algorithm exits.

3. Calculate initial proposal distribution parameters (62,62, p) using Equations (14) to
(19).

4. Calculate Ny, according to [3], using for example ¢ = 0.01 (the false alarm prob-
ability), s = 0.99 for the confidence level and » = 0.001 for the uncertainty on g.
This provides the minimum number of MCMC steps to generate in order to reach
the desired accuracy on the false alarm probability.

5. Generate the determined number of MCMC steps, starting at position (Vgg,Vpg) =
(Vs,Vp) and after evaluating log f(Vsg, Vbo|sb, b, b, Ob) as well as the value for
log g(Vso, Vbo| Vs, Vb, Os, Ob, p) using Equations (9) and (13), respectively. Each step
of the MCMC chain is generated using the following sub-algorithm:

(a) Randomly generate a pair of parameters (Vs;,Vp;) according to the proposal
distribution g(vg, vp|Vs, Vb, G5, Op, p). Such correlated normally distributed ran-
dom variables can be generated using a Cholesky decomposition.

(b) Evaluate log f(Vs;, Vb;|fsbs i, b, Ob ) -
(c) Evaluate logq(Vs;, Vb;|Vs, Vb, G5, Ob, P).
(d) If

10gf(Vsi,Vbi\---)+10g(Z(Vsi—1,Vbi—1\-~-) ZIng(Vsi—laVbi—l ’---)JF
logq(Vsi, Vol --.),  (20)

accept the current values (Vg;, Vp;). Otherwise, draw a uniform deviate in the
interval [0, 1[. If the random value is smaller than the expression

log f (Vs Vbil---)—1og f (Vsi—1,Vbj—1 |.-.)+10gq(Vsi—1,Vbi—1|.-) =102 G(Vs;, Vbl ---) 21
e ; (21)

accept the current values (Vg;, Vp;). Otherwise, set (Vs;, Vp;) to (Vsi_1,Vbi_1)-

DRDC Ottawa CR 2013-123 7



6. Use the gibbsit method [3] to determine k (the thinning parameter), M (the num-
ber of MCMC steps used for burn-in) and N (the number of MCMC steps following
burn-in), using the array of resulting v values, the same ¢, r and s inputs along with
e=r.

7. If the value M + N is smaller or equal to the previous value (or Ny, in the case of
the first iteration), go to Step 10.

8. Compute Gs, O and p using all generated (vg,Vp) pairs. Revert to the previous
parameter values if the resulting correlation factor is not strictly negative.

9. Go back to Step 5.
10. Compute /, as defined in [3]. If I > 5, reject the current detector event.
11. Compute the quantile v, after discarding the burn-in events and using thinning.
12. Compute the value of ¢ that corresponds to v{ = 0.

13. If v{ is larger than 0, the detector event generates an alarm. Otherwise, no alarm is
triggered.

Typically in the above procedure, Step 12 is unnecessary when the number of background
events in the signal channels is a few thousands of events or larger, in which case requir-
ing a given false alarm probability is equivalent to evaluating the probability of the signal
production rate to not being strictly positive. However, as the background rate goes down,
the quantised nature of event detection causes shifts in the effective false alarm probabil-
ity when the alarm threshold is computed using ¢ = P(false alarm). At the limit where
the probability of background detection in the signal channels becomes smaller than the
targeted false alarm probability, it becomes impossible for the effective false alarm proba-
bility to be as large as the targeted value, unless alarms are triggered without measuring any
event in the signal channels. In the case where the background rate is still sufficiently large
to reach the target false alarm probability when triggering on measurements having events
in the signal channels, the default method can be modified to apply a threshold correction,
using the following procedure:

1. Compute the effective false alarm probability of a scenario using the default proce-
dure, but a sample containing only background events.

2. If the effective false alarm probability significantly differs from the targeted value,
use the distribution of g values from Step 12 of the last procedure to determine the

value that should allow to correct the false alarm probability. Otherwise, go to Step
4.

8 DRDC Ottawa CR 2013-123



3. Go back to Step 1, after reducing the value for r and € if necessary due to a smaller
value of g. Typically both parameters can be reduced by an order of magnitude when
q/r becomes smaller than 5. A decrease of the value for r significantly increases the
required computation time.

4. Perform the computation described in the default procedure, using a regular sample
containing signal and background events, but using the updated values for ¢, r and €.

As mentioned early in this section, the statistical model for the imaging detector is based
on the assumption that the events from the radioactive source are contained in a reduced
number of channels, which is hopefully a single channel. This obviously constitutes an
idealised scenario, which can require perfect event reconstruction from the detector. As
the angular dimension of a source relative to a detector depends on the effective size of the
source as well as on the distance between the source and the detector, these parameters must
be taken into account when evaluating the different scenarios. This is particularly important
for shielded sources where radiation does not appear to be emitted from a single point, but
rather by the whole volume of the shield (albeit with a non-uniform distribution). Assuming
a flat detector located at a distance d from the centre of a spherical source surrounded by a
spherical shield of radius R, the angle 6 sustained by the shield on each side of the segment
linking the source to the centre of the detector surface, is given by

05 = arcsin (S) . (22)

Assuming that radiation can be emitted from anywhere within the spherical shield, the solid
angle of the shield, as seen from the centre of the detector surface, is thus given by

O d2 —R2
Qg = 27‘c/ sin0d0 = 2n(1 —coss) =2m | 1 — —Q | (23)
0

Because the maximum solid angle that is visible by the imaging detector is assumed to be
27 sr and that all channels have the same sensitivity, the number of signal channels for a
given scenario can be approximated by the expression

2 p2
o 5 {n (1—%” . (24)

Note that although ng. could be further constrained for a specific detector geometry, the
best case scenario is assumed here.
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4 Example

In this section, an example of simulation for an imaging detector is presented. It consists
of a scenario involving a detector with 10 000 channels, which expectation value for the
number of background counts per channel is u, = 0.455, with an uncertainty of 6, = 0.182.
A radioactive source has a composition, location and environment that are such that signal
events are only detected by a single known channel of the imaging detector and that the
expected number of detected signal events is Vg = 2.317. The requirements for the detection
system are a false alarm probability of 1% and an alarm trigger efficiency of 99% in the
presence of a signal. Consequently, this translates into an initial value of 0.01 for g. The
value for both € and r can be set to 0.001, to require resulting relative uncertainties of 10%
for the false alarm probability and the parameter governing the uncertainty for the number
of burn-in iterations, respectively. Also, s, the level of confidence for the uncertainty on ¢,
is set to 99%.

Based on the above parameter values, including the background constraints, the second
procedure from the previous section was performed, resulting in ¢ = 0.009875. MCMC
simulations where then performed using a sample containing both signal and background
events. Figures 1 and 2 present distributions of generated MCMC events for two different
sample events. These sample events were selected to show how asymmetrical the vy pa-
rameter space can be, but also how its width can vary on an event by event basis, mostly
due to the involved Poissonian distributions. Also, Figure 1 presents an event that triggers
an alarm under the condition g = 0.009875, while the event from Figure 2 does not.

After simulating 1 x 10° of these sample events, the alarm trigger efficiency of the detector
was computed for the scenario. Figure 3 presents the distribution of v{ as generated from
these events. It shows that 64% of the generated events falls in the region defined by vg > 0.
For this particular scenario, the detector does thus not satisfy the required 99% trigger
efficiency. The figure also shows important structures within the vy distribution that are due
to the quantisation of the (Vs,Vy) positions and of the width for the f(vg, Vp|ngp, nb, b, Ob)
PDFE.

10 DRDC Ottawa CR 2013-123



[\
N
)
)

[\e]
]
S
()

—
)
S
()

W
]
(=]

Number of MCMC chain events
[a—
¥,
)
S
T T T T | T T T T | T T T T | T T T T | T T T T | T T T T

Ll N NS RN N NN S f'u Tl n INENINEN AN

0 2 4 6 8 10 12
Vs

Figure 1: Distribution of MCMC events for the v¢ parameter when ng, = 3 and np = 5721,
with the fraction corresponding to the absence of positive signal (0.003) shown in red.
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Figure 2: Distribution of MCMC events for the v4 parameter when ng, = 1 and np = 7382,
with the fraction corresponding to the absence of positive signal (0.168) shown in red.
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Figure 3: Distribution of v{ for the sample events generated for the described scenario,
with the fraction of events triggering an alarm (0.64) shown in blue.
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5 Conclusions

This note presented two statistical models that allow to evaluate the sensitivity of radiation
detectors. These models correctly handle the asymmetrical nature of the distributions as-
sociated to event detection with limited statistics. They are also general and compatible, in
the sense that they are based on the same limited assumptions and that they normally lead
to the same results when applied to the same scenario in the limit where sufficient statistics
are generated. The first model consists of a more direct approach which is however only
applicable to scenarios involving single channel detectors. The other model supports multi
channel detection such as imaging detectors, but is more complex and requires more input
parameters. It can also be used for single channel detection in which case the number of
signal channels is the same as the total number of channels.

DRDC Ottawa CR 2013-123 13



References

[1] Cowan, Glen (1998), Statistical Data Analysis, Clarendon Press, Oxford: Oxford
Science Publications.

[2] Walsh, B., Markov Chain Monte Carlo and Gibbs Sampling. Lecture Notes for
EEB 581, version 26 April 2004,
http://web.mit.edu/ wingated/www/introductions/mcmc-gibbs-intro.pdf.

[3] Raftery, Adrian E. and Lewis, Steven M. (1995), The Number of Iterations,
Convergence Diagnostics and Generic Metropolis Algorithms, In Practical Markov
Chain Monte Carlo (W.R. Gilks, D.J. Spiegelhalter and S. Richardson, eds.),
pp. 115-130, Chapman and Hall.

14 DRDC Ottawa CR 2013-123



DOCUMENT CONTROL DATA

(Security classification of title, body of abstract and indexing annotation must be entered when document is classified)

ORIGINATOR (The name and address of the organization preparing the 2a. SECURITY CLASSIFICATION (Overall
document. Organizations for whom the document was prepared, e.g. Centre security classification of the document
sponsoring a contractor’s report, or tasking agency, are entered in section 8.) including special warning terms if applicable.)
UNCLASSIFIED
Calian, 340 Legget Drive, Suite 101, Ottawa, ON 2b. CONTROLLED GOODS
Canada K2K 1Y6 (NON-CONTROLLED
GOOQODS)
DMC A
REVIEW: GCEC JUNE 2010

3.  TITLE (The complete document title as indicated on the title page. Its classification should be indicated by the appropriate
abbreviation (S, C or U) in parentheses after the title.)
Statistical tests for the assessment of single channel and imaging standoff radiation detector
sensitivity

4. AUTHORS (Last name, followed by initials — ranks, titles, etc. not to be used.)
Drouin, P-L.

5. DATE OF PUBLICATION (Month and year of publication of 6a. NO. OF PAGES (Total 6b. NO. OF REFS (Total
document.) containing information. cited in document.)

Include Annexes,
Appendices, etc.)

December 2013 26 3

7. DESCRIPTIVE NOTES (The category of the document, e.g. technical report, technical note or memorandum. If appropriate, enter
the type of report, e.g. interim, progress, summary, annual or final. Give the inclusive dates when a specific reporting period is
covered.)
Contract Report

8. SPONSORING ACTIVITY (The name of the department project office or laboratory sponsoring the research and development —
include address.)
Defence R&D Canada — Ottawa
3701 Carling Avenue, Ottawa ON K1A 0Z4, Canada

9a. PROJECT OR GRANT NO. (If appropriate, the applicable 9b. CONTRACT NO. (If appropriate, the applicable number under
research and development project or grant number under which the document was written.)
which the document was written. Please specify whether
project or grant.)
06dp W0046-080001/001/TOR

10a. ORIGINATOR’'S DOCUMENT NUMBER (The official 10b. OTHER DOCUMENT NO(s). (Any other numbers which may
document number by which the document is identified by the be assigned this document either by the originator or by the
originating activity. This number must be unique to this sponsor.)
document.)
DRDC Ottawa CR 2013-123

11.  DOCUMENT AVAILABILITY (Any limitations on further dissemination of the document, other than those imposed by security
classification.)
(X) Unlimited distribution
() Defence departments and defence contractors; further distribution only as approved
() Defence departments and Canadian defence contractors; further distribution only as approved
() Government departments and agencies; further distribution only as approved
() Defence departments; further distribution only as approved
() Other (please specify):

12. DOCUMENT ANNOUNCEMENT (Any limitation to the bibliographic announcement of this document. This will normally correspond

to the Document Availability (11). However, where further distribution (beyond the audience specified in (11)) is possible, a wider
announcement audience may be selected.)




13. ABSTRACT (A brief and factual summary of the document. It may also appear elsewhere in the body of the document itself. It is highly
desirable that the abstract of classified documents be unclassified. Each paragraph of the abstract shall begin with an indication of the
security classification of the information in the paragraph (unless the document itself is unclassified) represented as (S), (C), or (U). Itis
not necessary to include here abstracts in both official languages unless the text is bilingual.)

Evaluating different radiation detection technologies, with the intent of either directing research
and development or equipment acquisition, involves the consideration of many criteria, the suit-
ability of the detection sensitivity being normally of prior importance. This report presents two
general statistical methods allowing the evaluation of the detection sensitivity for different tech-
nologies. These methods rely on a limited set of assumptions, thus allowing more accurate
sensitivity estimates in scenarios where the signal and background levels are low. One of the
models also supports sensitivity estimation for imaging detectors, under the same limited as-
sumptions.

14. KEYWORDS, DESCRIPTORS or IDENTIFIERS (Technically meaningful terms or short phrases that characterize a document and could
be helpful in cataloguing the document. They should be selected so that no security classification is required. Identifiers, such as
equipment model designation, trade name, military project code name, geographic location may also be included. If possible keywords
should be selected from a published thesaurus. e.g. Thesaurus of Engineering and Scientific Terms (TEST) and that thesaurus identified.
If it is not possible to select indexing terms which are Unclassified, the classification of each should be indicated as with the title.)

imaging detector
radiation detector
detector sensitivity
Bayesian estimator
false alarm







Defence R&D Canada R & D pour la défense Canada

Canada’s leader in Defence Chef de file au Canada en matiere
and National Security de science et de technologie pour
Science and Technology la défense et la sécurité nationale

DEFENCE *5\7 'DEFENSE

www.drdc-rddc.gc.ca



