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Abstract

Estimating the time since discharge of a spentidgg or a firearm can be useful in criminal situa-

tions involving firearms. The analysis of volatdgnshot residue remaining after shooting using
solid-phase microextraction (SPME) followed by gasomatography (GC) was proposed to meet
this objective. However, current interpretative mlgdsuffer from several conceptual drawbacks
which render them inadequate to assess the ewadleaiue of a given measurement. This paper
aims to fill this gap by proposing a logical appiedased on the assessment of likelihood ratios. A
probabilistic model was thus developed and appbea hypothetical scenario where alternative hy-

potheses about the discharge time of a spentdgetfound on a crime scene were forwarded. In
order to estimate the parameters required to imgherthis solution, a non-linear regression model

was proposed and applied to real published data.prbposed approach proved to be a valuable

method for interpreting aging-related data.
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1. Introduction

Determining the time since discharge of firearmsgent cartridges would be very useful in the fo-
rensic investigation of firearm-related cases [[1,F2r this purpose, several methods were previ-
ously proposed in the literature. Simpler approadbeused on the evaluation of physical charac-
teristics like the thickness of the rust or dusteltaon the inner surface of firearm barrels [3-5].
Modern techniques, on the other hand, are basdldeoohemical analysis of the gaseous and vola-
tile compounds composing the organic gunshot resf@8R) [3-13].

The GSR is the residue formed during the dischafgefirearm. It is a complex and heterogeneous
mixture composed of a variety of chemical spedies,majority of which are gaseous and volatile
products generated by the cartridge explosion154, After the shot, these products stay mainly in
the inner atmosphere of barrels and cartridges,tiagyg quantitatively decrease over time due to
physicochemical processes, such as diffusion throaig and adsorption on metallic surfaces.
Knowing that the residual quantity could be verformative for dating purposes, recent develop-
ments proposed to sample organic GSR compoundslioyphase microextraction (SPME) and an-
alyze them using gas chromatography (GC) [10-18ps& methods showed promising results to
follow compound diminution in a wide range of firee and spent cartridges [1, 2, 16-19] and was
even applied in casework [1, 2].

Although several works reported the analysis ofaoig GSR compounds for dating purposes, the
issue of age inference from the obtained analytesiilts was only superficially addressed. In sim-
ple terms, SPME/GC analyses of barrels and cadsiqgovide qualitative and semi-quantitative
data (in the form of chromatograms) about the camgse remaining in their inner atmosphere at
the moment of extraction. Information about theetithat has elapsed since discharge can be evalu-
ated from some selected aging indicators sucheagrbsence and/or the residual quantity of spe-
cific compounds (e.g.: naphthalene). In literattine, present trend is to incorporate these indisato
in investigative frameworks and then infer tempgralpositions about the discharge time. How-
ever, this typical approach suffers from sevemistical and conceptual drawbacks.

The main objective of this paper is therefore taeligp an innovative and reliable framework for
assessing the evidential value of organic GSR aralin discriminating between temporal proposi-
tions regarding the discharge. To reach this olveca logical approach based on the assessment of
likelihood ratios (LRs) was proposed as recentlygasted by different authors [20-23], and its use
to discriminate between competitive hypothesesisohdrge time will be shown. The paper is or-
ganized as follows. Sections 2 and 3 will introddice hypothetical scenario and the analytical

background which will be the core of the subsequastdussion. In Section 4, current interpretative



approaches will be discussed in more detail. Se&iwill present the proposed evaluative method
based on the LR approach. The application of theslehwill be shown in Section 6. Empirical

problems concerning the estimation of some relepardameters needed for implementation will al-
so be presented. Section 7 will develop statisgo#titions to overcome these difficulties. Discus-

sion and conclusion will be presented in Sectioas®9, respectively.

2. Hypothetical scenario

One evening in the woods, the body of a young mas found in a pool of blood with a gunshot-
compatible wound. A spent cartridge (caliber 9mmaPellum) was discovered close to the dead
body. The autopsy estimated the time of death atita® hours before the discovery. The cause of
death was a heavy hemorrhage due to the gunshetdyand a bullet was extracted from the tho-
rax. After some time, a suspect was arrested. A $anabellum pistol and some cartridges were
seized at the suspect’s apartment. According t@xiaenination of the firearm experts, the observa-
tions carried out between the questioned and thgpaason cartridge cases strongly support the
hypothesis that the questioned cartridge was fivgd the suspect’s weapon rather than with an-
other, unknown pistol; however, the bullet was ttamaged, and no useful comparison could be
undertaken. With regard to the results, the susgiechot deny that he fired the questioned car-
tridge; he claimed however that it was alreadyhatdcene due to a shooting game the morning be-

fore the discovery of the corpse (i.e., about 32Zrb@arlier).

3. Organic GSR analysis of the spent cartridge

In the situation presented, the main issue forcthet is to determine if the cartridge discharges wa
or was not simultaneous with the commission ofdhme so as to support or reject its relevance
and, indirectly, the culpability of the suspect.dmer to carry out useful analyses, we assume that
before sending the questioned cartridge to fireexperts, it was immediately sealed in a hermetic
vial preventing gas escape [18, 19]. A single asialwas immediately performed in the laboratory
using SPME/GC [11, 17]. The chromatogram of theaetéd analytes yielded the quantitative data
on several organic GSR compounds including napéieal a polycyclic aromatic hydrocarbon
which is often produced by the incomplete combustid gunpowder [2, 24-26] and previously

proposed for dating purposes [2, 10, 11, 19]. Téekmarea of naphthalene was therefore selected as



a suitable aging indicator, and a specific valagy (5= 28.00 a.4) was observed. The question that
should be asked now is: how can we use this reshklp the court make a decision?

4. Current methodologiesfor the interpretation

In the literature on discharge dating, the intetiggien of organic GSR analyses has always been
treated as a comparative process in which the m&asmts on the questioned cartridge are
weighed against a reference calibration curve (2,18]. In this way, a particular observation can
be correlated to a discharge time. The use ofrarlifpre-established thresholds was previously
proposed in order to define intervals in which téal discharge time is most likely to have occurred
[2, 10]. This solution was given mainly for dealiwgh the variability due to factors influencingeth
aging kinetics (i.e., the temperature). Considethwyprevious scenari@ € 28.00) and the hypo-
thetical aging profile reported in Figure 1, thdilmation method would lead to the inference that
“the cartridge discharge dates back to 13.7 hoefsre the discovery of the body”, while the
threshold method allows to conclude that “the dasghk time is older than 8 hours”.
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Figure 1 — Decrease of the naphthalene peak area measuredhhthe SPME/GC analysis of some reference car-
tridges (data from Table 1). The scale of the gataxis is the chromatographic peak area dividetid®0. The central

line represents the mean tendency curve.

! In this work, peak areas are expressed as théuadson count divided by 1000. Units are thus @aby.
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However, these are considered inadequate from ddtiatistical and a conceptual point of view.
Firstly, no work considered the measurement erirotbeir interpretative models. This is particu-
larly problematic because the discharge time esitomas an inductive inferential process which is
naturally uncertain [27, 28]. Secondly, some amibiggi still exist about the collection of the refer
ence data. Although almost all the authors agrbat they should be acquired from case-related
material (i.e., the same firearm/ammunition sysstoned in the same conditions as the one used for
perpetuating the investigated crime), few solutisiese proposed in case the relevant comparison
material and/or sufficient circumstantial infornmatiabout storage conditions are not available. In
these situations the use of a “standard” set od ¢ia¢., a set of analyses performed on arbitrarily
predetermined cartridges at laboratory conditiaaglenerally proposed with a “prudent interpreta-
tion” [2]. Finally, it should be noted that the pased interpretative methodologies are actually in-
vestigative frameworks whose implicit purpose igrifer the best explanation from the observa-
tions on the questioned cartridge [29, 30]. Howewgiormation on the lapse of time since dis-
charge are rarely used for investigative purposastextualizing the discharge on a time scale usu-
ally becomes an issue when the relevance of tldepee is contested by the suspect during his de-
fense [20]. At this trial stage, different scenarexplaining the facts have already been formulated
by the parties, and it would be of the greatesrast to test them rather than advance new proposi-

tions. An impartial approach may therefore be prefe[31].

5. A logical approach for interpreting analytical results

The LR-based logical approach has gained consitdena@portance in the interpretation of forensic
data [32-34], and applications in firearm-relat88-f2] as well as dating-related domains [20-23]
have been reported. Under an LR-based interpret&tmework, the role of the scientist is to as-
sess the probability of a given evidential elememder different alternative hypotheses: the ratio
between these probabilities is known as the LRmFaoconceptual point of view, this approach is
thus a balanced, robust and transparent methatiéagissessment of the evidential value [31]. The
LR is also a useful metric because it gives infdramaabout which hypothesis is supported by the
observations on the questioned material as welea$orce of this inference [32, 33].

The formulation of the hypotheses depends on tleermistances of the case. In this paper, we focus
on the case where a suspect admits to having tiedjuestioned cartridge but he contests the pro-

posed discharge time. In such a situation, two thgses about the course of the events (one from



the prosecutor and one from the defense, namedatsgy T, and Tg) can therefore be suggested
as follows:
- Tp: the questioned cartridge was fired at the same &s the commission of the crime with
the suspect’s firearm and ammunitions.
- Tg the questioned cartridge was fired prior to tbhenmission of the crime with the sus-
pect’s firearm and ammunitions.
The expert’s role is therefore to assess the pilbityatf observingq (i.e., the naphthalene peak area
observed on the questioned cartridge) given resdethe prosecutor and the defense hypotheses;

the LR (defined with the lettdr) is given by the ratio of these two likelihoods:

T
If Vis greater than 1, it can be said that the vgl(lsased on analytical results) supports the prose-
cutor’'s hypothesid,. If V is smaller than 1, the evidence supports the def@mopositiorily. It
should be noted that it is not necessary that érileecadvanced propositions perfectly explains the
measurement: each probability composing the LR can assumeegasmaller than 1. In order to
guantifyV, the determination of the relative magnitude betweumerator and denominator is thus
sufficient [37].
Consider now that| is a particular observation @: the unknown quantity of naphthalene. This
variable is continuous becaugean assume any value between the limits delinbiethe defini-
tion of the aging parameter. For the sake of sicitgliit is assumed th& is normally distributed,
soQ ~ Ng;6%). Therefore, if the values of the distribution paeders (the meamand the variance
¢°) are known, the density for a givén= q is provided by the following density function:

folalm o%) = - HEXP[_%I (2)

VamTg=

From a practical point of view, it should be notedt the more recent is the discharge time, the
greater is the amount of organic GSR compoundsirengain the spent cartridge (and vice-versa
for longer intervals). Consequently, the distribatparameters fa® depends on the hypothesis that
has been put forth, and the formula in equationcél) be substituted by the following definition
[37, 43]:
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whereg,,, ug, t;r?,2 andg,; are the parameters characterizing the distributfathe chosen aging pa-

rameter under each of the two given propositions.

6. Estimation of the distribution parametersin an ideal situation

Parameter estimation

From a general point of view, the exact valueshefdifferent parameters which are needed to im-
plement a specific probabilistic model are unknoamgd their determination is the main practical
problem. The easiest way is to estimate them frasetaof reference data is through conventional
frequentist methods [37, 40, 44, 45]. In this cadgntion must be given to the fact that, by using
point estimates of the true parameters, the oldanéie forV shall also be treated as a point esti-
mate of the likelihood ratio (hereaftét) [45, 46].

Considering the definition (3), two sets of estiesafire needed in order to calculﬁte(ﬁp andc’r‘,j;

s andé;?), both defining the distribution @ under a given hypothesis. Two series of experiment
can thus be planned with the reference firearmanthunitiorf: the spent cartridges belonging to
the two groups are then analyzed after the intsrdefined by the propositions andTq, respec-

tively. The estimateg,, i, &‘?'f and &7 are provided by determining the sample means anid v

ances of the two groups of measurements.

Case scenario example

In the previous scenario, the victim's death ocadirabout 8 hours before the discovery of the
body: consequently, assuming that the cartridgesaagpled one hour after the discovery, the pros-
ecutor’s proposition would be that the suspectsaiim and ammunition were used to shoot the
spent cartridge 9 hours before its seizure on tineecsceneT,-on). However, the suspect pretended
that cartridge discharge occurred 32 hours befwaliscovery of the corpse in a situation uncorre-
lated with the crimeTy=32r). For the present discussion, we neglected thectetif the environ-
mental conditions at the crime scene, as well ascértainty about the suspect testimony and the

2 |f hypotheses are formulated as above, it is weyortant to use the correct comparison materiamithat the car-
tridge batch and the employed firearm are supptised known. Anyway, it is acknowledged that inét always so in
real casework. Evaluation of the evidence wherafireand ammunition are treated as stochastic agéb not treated
in this paper, but it is possible and will be dissed in future works.
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medico-legal conclusiofisEstimates for the distribution f under each hypothesis can thus be in-
ferred from two series of shots (analyzed 9 hoas 22 hours, respectively, after the discharges of
the cartridges) with the firearm and ammunitiorzedifrom the suspect’s apartment. Considering
that naphthalene peak area was selected as alealiging indicator, shooting experiences for the
considered scenario are summarized in Table 1 @tatprovided by the work of Weyermaeinal.

on 9mm Parabellum ammunition [17]).

Time after Observed naphthalene peak area [a.u]] Estimates[a.u.]
discharge [h] | Cart. #1 Cart. #2 Cart. #3 fi 7
0 327.26 114.23 146.10 195.86 13202.42
2 92.36 73.97 73.35 79.89 116.68
9 30.30 51.26 38.43 40.00 111.70
24 31.33 25.83 3.65 20.27 214.66
32 18.01 19.05 22.23 19.76 4.85

Table 1 — Naphthalene peak areas measured through the SF/&halysis of some reference cartridges at differe
times after discharge. These data are drawn frenwtirk of Weyermaneet al. [17]. Values represent integrated peak
areas of the corresponding chromatographic peaidsedi by 1000.

Remember that the analysis of the questioned dgertases produced a naphthalene peak apa of
= 28.00 a.u. It is possible to calculate the LRoasged with this observation by using the function
(2) in definition (3) and the estimates calculatedable 1:

fo(q = 28.00|4,-5, = 40.00,5%,, =111.70)
follg = 28.00|fig=yy, = 19.76,6 L ,,, = 4.85)
_1.98-107%

T 1.65-10¢

V=

4)
120

Given the measurements on the reference matdmsligsult means that the naphthalene peak area
g observed on the SPME/GC chromatogram of the questicartridge is estimated to be about 120
times more likely if the discharge occurred 9 hdoegore its sampling on the crime scene rather
than if it occurred 32 hours before, thus suppgrthre prosecutor’s hypothesis that the discharge of

the questioned cartridge is approximately at tmeesime as the commission of the crime. It is im-

3 Clearly, these variables will represent additios@mirces of uncertainty which should be considératie evaluation
of the measurements in real cases. However, meeareh is actually needed in order to model tHéscts.
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portant to note that a lowey value would have supported the defense proposiion example,
with g = 17.00 a.u., & of about 0.043 is obtained, which indicates thatdbservation is approxi-
mately 23 times (=17) more likely undefy-3,n than undefly-n. Figure 2 provides a graphical rep-
resentation of the two estimated density distrimgiexploited in the assessment of the present sce-
nario. It should be noted that, from a geometnzaht of view, thel’ associated to a particular ob-
servationg actually corresponds to the relative height oftthe curves at this value. In this case, it

is moreover evident that, forvalues greater than about 25.00 a.u., the heigifieodistribution of

Q given T,=on is always greater than its height givegson: thus, the prosecution’s proposition is

always supported with regard to the defense’sratere forg > 25.00 a.u.

Practical issues

Estimating parameters from the direct analysisaopfgarison material at the given discharge times
could be a good approach in ideal situations. Hanawo problems could arise in real cases. First,
on the basis of some new pieces of informationegathduring an intermediate investigative stage,
it is possible that both parties change their exggians about the events, requiring a further easalu
tion of the evidence under new revised hypothdsasinstance, the validity of the lapse of time af-
ter the victim’s death may be questioned, and #ferdse may ask to evaluate the measurements on
the questioned cartridge under another prosecytoojsosition. Secondly, many environmental fac-
tors may influence the GSR aging kinetics in remdes (e.g., the temperature and the rate of air
flow) and the actual state of these factors mayrieertain. Both of these issues would need further
comparison shots and analyses to be conductedier tw estimate the distribution parameters for
different intervals after discharge and/or diffdrenvironmental conditions. However, one must al-
so take into account the actual limitations ofa case:
- the case-related comparison material is never uteldh(i.e., comparison cartridges seized
from the suspect may be insufficient to perforntladl required analyses);
- the available time and money to produce expertiopirs also limited (i.e., manipulations
shall be selected as a function of their relevance)
A statistical tool to manage these difficultiegherefore necessary. For this purpose, a parametric

regression model is proposed in the following i
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Figure 2 — Example of density distributions for the naphtingl peak area at different intervals after disahaffese
distributions were inferred from the data summatizeTable 1. From a geometric point of view, tistirated likeli-
hood ratio §) associated to a particular measurenagist the ratio between the heights of the two cumtethis value

(7 = num./den.).

7. A regression model for the estimation of parameters

Parametric non-linear regression model

In general, a parametric regression model is asstat tool which describes the relationship be-
tween two or more variables through parametric gops [47]. In its simple univariate form, the
model is composed of a stochastic response var(ablbis case, the selected aging param@er
and a non-stochastic predictor variable (the timterval, say, after the discharge of the cartridge).
Assuming a true regression relationship betweesethariables, it is presumed that the resp&hse
is the sum of a systematic part (described by teamresponspg;) and a random part (the meas-

urement’s random err@f on the mean response), whose magnitudes depernd&m9]; formally:

Q=W te, (5)

Assuming moreover that the errgiis normally distributed, that is ~ N(0z%), it is deductible that

Q ~ N(i;0¢%) for any time interval after the discharge. Thus, using such a modislyirtually pos-

10



sible to estimate the mean and the variand@ af anyt if the relationship between these variables
is known.

The mean responge and the variance of the measurement esfoare two unspecified functions
of t. Yet, the mean responge can be approximated by a regression funct{pf) which depends

on a series of regression parameters{ 0, 6, .. 6.}, so thaty; = f(t,#). Regarding the variance of

the measurement’s erret, it is generally assumed to be homogeneous thamuighe considered
domain of the predictor variable (a situation ahll®moscedasticity) [50]. Nevertheless, a prelimi-
nary observation of Table 1 (which reports reahd#itained from the SPME/GC analysis of spent
cartridges) already offers contrary observationthi® assumption. Thus, it is more rigorous to ap-
proximates,” by a variance functiog(t,0,z) that depends on the generic paramedeas well as on

the specific regression parameters{z; 7, .. wm} (@ situation called heteroscedasticity), so that

=g(t,0,7) [50]. Regression parametétsandr involved in the definition of the model are stithde-
termined but they can be estimated on the basisrak analyses carried out on a set of comparison
cartridges. The main difficulty lies in the facttithe functiond(t,#) andg(t,#,r) must be specified

a priori.

The definition of an effective set of functions m@gpend on the chosen aging parameter. For the
sake of demonstration, Figure 1 shows the evolutiotihe naphthalene peak area as a function of
time for a 9mm Parabellum ammunition. It is obvidligt the relationship betwe€nhandt is non-
linear: in fact, the decrease of the peak areaisaolarly rapid in the first period after discher

and then it becomes stable. On the basis of thispel literature, this seems to be the case for al
organic GSR compounds in a spent cartridge orrfineaegardless of the caliber [2, 10-13, 17, 19].
The disappearance of these compounds is a comperss, which involves different phenomena.
The diffusion is however the largest contributargd @ reliable equation to approximate naphthalene
decrease may be derived from the diffusion thelmgpired by several works studying the diffusion

of volatile molecules [23, 51-54], the followinguedion was used as a regression function:
F(t,8)=6,+6, %" (6)

wheref; and#, are two size constants (for> o, 0; represents the minimal value of the considered

aging parameter; far= 0, the suny; + 6, represents its maximal value), afidis a characteristic

curve constant which is proportional to the ratel@frease of the aging parameter. It should be not-

ed that this function is intrinsically non-linea].
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Furthermore, it could be observed from Figure 1 the measurement error fundamentally de-
creases over time, and this indicates the hetedasteity of the data. The literature reported simi
lar trends for several organic GSR compounds inllsgua cartridges [17]. For other situations
however, the behaviors are unknown because ofahergl lack of error bars on the published ag-
ing profiles. For modeling variance inhomogenedtygower-of-the-mean function is generally used
[49, 50]:

g(t} Hrrj - Tf h [J’_’[r]t: (7)
= T{ . f(t’ Ejr"._
61, 02, 03, 1 andr, are parameters whose real values are unknowrsbatable. Starting from a se-
ries of comparison shots carried out at differanes after discharge (such as those represented in
Figure 1), the parameter estimation can easily @@pned by the maximum likelihood method

and a computerized iterative resolution algoritdm, [49, 50f.

Case scenario example

To illustrate the utility of this statistical modeluppose that the investigators of the previoasnex

ple were interested in the evaluation of the olesbgwvith regard to several pairs of hypotheses. In
fact, the hypotheses that the discharge occurreduds and 20 hours before the discovery of the
body were additionally forwarded by the partie®iafhe presentation of new circumstantial infor-
mation. Additional analyses were conducted withatailable reference material at adequate times
after the discharges, and the naphthalene peak @& measured (Table 1 and Figure 1). The es-
timation of the regression parameters was perforosialg ‘R” statistical software and the above
definitions. The following equations were obtairfedthe regression modé = u; + &, whereg; ~
N(0:6{):

fi, = 17.945 + 198.641 - ¢ 805V1 .
0 3212 }ZI“ 2.037 ( )
) t

o~

gy °F

wheret is expressed in hours. Although no analysis wa®peed at 4 hours and 20 hours after the

discharge of the reference cartridges, using (& [tossible to interpolate distribution parameters

* For this purpose, the librarywtREG” developed by Brazzale & Bellio [55-57] for the thamatical softwarer” is an
interesting solution because it implements higheorsymptotic methods for estimating regressioamaters of non-
linear, heteroscedastic models for small samples.
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for Q at those times. Table 2 shows the interpolatedhasts corresponding to all the hypotheses
forwarded by the partieS (zan, Tp=on, Ta=20n, Td=32n), as well as the corresponding densities for the
previous measuremenqt= 28 a.u. carried out on the questioned cartriéfge.the sake of illustra-
tion, other hypothetical measurements are alsortegdg = 17.00 a.u., 39.00 a.u. and 50.00 a.u.).
Table 3 summarizes th& obtained through the analysis of different pafrpropositions (scenarios

| to IV). We observe that, for a given measurenggrthe magnitude o clearly depends on the
considered pair of hypotheses. Generally, greaserichination is obtained for the propositions in
scenario | Tp=sn VS. Tg=32n). This is normal considering that the estimatestriiutions forq given
Tp=an and Ty=32n are only slightly overlapping in comparison witther scenarios (Figure 3) and
thus less “similar”. In fact, for the scenario wlehe distributions are the most overlapping (i.e.,

scenario 1V, Tp=0n VS. Tg=20n), the discrimination between hypotheses is glghattaker.

Time after . Estimates[a.u.] Densities
, Hypothesis —
discharge [h] fi & q=17.00a.u.| q=28.00au q=39.00au. q=@Da.u.
4 To=an 5769 | 398.76 | 2.50x 10 6.61 x 10° 1.29 x 1¢° 1.85x 1C°
9 Tp=on 3573 | 150.24 1.01 x 167 2.67 x 107 3.14x 10 1.65 x 1¢°
20 Ta=20n 23.39 63.38 3.63x 107 4.24 x 10 7.32x 10 1.88 x 1¢*
32 Ta=a2h 20.04 46.30 5.31 x 107 2.96 x 10 1.21x 10° 3.62 x 1C¢°

Table 2 — Interpolated estimates for the mean and variah€g(i.e., the distribution of the naphthalene peaangiv-
en different intervals after discharge. These extis were obtained by applying the non-linear iEsjom model (8).
The right side of the table shows the probabiliépsities associated with some selected measuremantke different
intervals after discharge.

. I I Il v
Scenarios
To=an VS.Ty=30n Tp=0n VS.Tg=30n To=an VS.Ty=00n To=on VS.Ty=00n
Measurements V log,, V V log,,V v logy,V v log,nV
g=17.00 a.u. 0.05 -1.33 0.19 -0.72 0.07 -1.16 0.28 -0.55
g = 28.00 a.u. 0.22 -0.65 0.90 -0.04 0.16 -0.81 0.63 -0.20
g = 39.00 a.u. 10.66 1.03 25.98 1.41 1.76 0.25 4.29 0.63
g =50.00 a.u. 5124.79 3.71 4564.41 3.66 98.89 2.00 88.07 1.94

Table 3 — Estimated likelihood ratiog”] and related logarithmic values associated withesselected measuremeqts

under different scenario¥. was obtained by applying the definition (3) and ¢hata in Table 2.
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Figure 3 — Examples of density distributions fQx(i.e., the chromatographic peak area of naphtedlestimated with
the regression model (8) at four intervals aftscharge. It is evident that the distributions Tes, and Ty-3,, are less

overlapped with respect to the distributions T and Ty-oon.

8. Discussion

The proposed approach allows the analysis of aeyas® forwarded by the parties on the basis of
the same set of reference data. This is possildause distribution parameters for the naphthalene
peak area are estimated by the regression modes, Tths no longer necessary to perform specific
analyses for any new hypothesis. However, it shbeldoted that distribution parameters at a spe-
cific time after discharge estimated with the regren model may not perfectly match the same pa-
rameters directly estimated from a group of meanards at the same time. For example, we can
observe that the parameters estimated from thbeidmal measurements carried out 9 hours after
the discharge ar@ = 40.00 andi* = 111.70 (Table 1), while the same estimates tatled with the
corresponding regression model are slightly difierg = 35.72 ands? = 150.49 (Table 2). Any-
way, assuming that the regression functions anectby specified, the latter values shall be consid
ered more valid as a consequence of the fact tleatiodel is estimated on the basis of a larger

number of contributing measurements.
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Figure 4 — Estimated likelihood ratioif, Ty=sn VS. Ta=20r) @s a function of different observed measuremarita this
case, the chromatographic peak area of naphthadeseming respectively a low (a), an average (t)aahigh (c) ex-
pected variability of the observatiorizis reported as its logarithmic value. These sitiuta were performed by mod-

ifying the estimated regression parameiem the model (8).

By plotting " as a function of}, as in the different cases depicted in Figuretdeminteresting ob-
servations could be drawn. Firstly, it should béedahat? always reaches a minimum value for
which the evidence maximally support the defengeothesisTy. However, it never has a well-
defined maximum, and very large values supportegprosecutor’s hypothesis are theoretically
possible. Secondly, the probative force associtded largeq value in favor ofT, is generally
greater than the contribution of a smalalue in favor ofTy. In fact, the increase d over the
neutral value of 1 (Id§ = 0) is more rapid than its decrease below thisstfold (see also Table 3).
These observations are coherent since they rdfiectntrinsic uncertainty about the weaker ex-
tracted quantities of organic GSR compounds. Ih faoallq values have two reasonable explana-
tions: a sufficiently long time has passed betwdisnharge and analysis (the small extracted quan-
tity is thus due to a true decrease of naphthalen#)e shot is recent but only a small quantity of
compounds was produced (the small extracted qyastdue to a large deviation from the mean,
which is still probable considering the large digitions ofq for the shorter discharge times). On
the contrary, largeg values are fundamentally explained only by a shudrval since discharge.
This shows that an LR-based approach easily allmvesto proportionally weigh all the possible
explanations in the final result. Anyway, it shoblel pointed out that very high residual amounts of
compounds are always very improbable under any thgses, and the probability of obtaining a

large value foi¥ is thus greatly limited.
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A further investigation of the current model rewetiat, for a given pair of propositions, the final
magnitude of’ mainly depends on the measuremgoarried out on the questioned material (evi-
dence characteristics), the expected aging profithe selected indicator (mean tendency) and the
expected variability of the observations (deviatfomm the mean). This last factor merits further
discussion. In fact, it is demonstrable that advatiscrimination between the given hypotheses is
obtained for a smaller expected variability of tieservations. Figure 4 simulates an increasing var-
iability of the observations, and the evidence gakiobviously higher when the standard deviation
is minimized. This factor thus has a large influsoo the evaluation of the evidence. However, up
to now, few works have shown error bars on thegagmofiles, and even fewer performed system-
atic studies to establish what its real range 8s Ts because the variability of the observatiens
often assimilated to the measurement variance te precision of the analytical method), which is
merely perceived as a validation parameter uniletehe interpretation of the evidence. In addi-
tion to the measurement variance, the variabilitthe GSR’s initial composition also contributes
to the total variability of the observations, andtlier studies are thus essential. Several reptitas
the same reference analyses are generally needsutraxtly assess the evidence in a particular
case. It is also interesting to note that, whike élpected variability of the observations is matker
(i.e., the analytical method is not very repeatanld/or the GSR’s initial composition is highly var
iable), the given hypotheses could always be disnated to a certain degree. A low variability is
thus not necessarily needed to assist the coutd ohecision, even if they would allow maximizing
the contribution of the physical evidence.

Finally, note that the considered case is a venpla scenario, merely elaborated to introduce the
possibility of applying a LR-based perspectivehe tnterpretation of dating-related data. There is
no claim of generalization of the proposed modelfakct, real cases are generally more complex.
Particularly, serious problems affect the evaluatborganic GSR compound analyses found in re-
al casework, such as uncertainties about storaggitcans and/ the circumstances surrounding the
discharge, as well as the inaccessibility to reievaference material. All of these factors actuall
constitute additional sources of uncertainty andewmt addressed in this contribution. However, a
further benefit of applying a probabilistic evalwatperspective is that all of these factors cdadd
treated as additional stochastic variables andeamphted in the model. Future works should con-
sider this objective. Moreover, completely Bayesiaierential methodologies can be adopted in-
stead of frequentist parametric estimation methjd@s58] and this would be particularly useful to
statistically learn parameters from previous experits and cases [36, 59, 60]. Applications to oth-

er dating-related forensic fields should also Epsing.
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9. Conclusion

Estimating the time since the last discharge afesfm or of a spent cartridge can be useful in spe
cific situations. A novel, logical approach to ingeet the data obtained by SPME/GC using likeli-
hood ratios was thus proposed in this contribut®rprobabilistic model was developed and ap-
plied to a hypothetical scenario where the disohdnge of a questioned cartridge found on the
crime scene was questioned.

The parameters needed for the implementation ofrtbeéel can easily be estimated from compari-
son shots carried out with seized reference matéieegression model was proposed for interpo-
lating such estimates on the basis of a limited memof comparison data. This solution is adapted
to the constraints of real casework (i.e., thetkehiavailability of comparison cartridges).

The proposed approach proved to be a valuable mhdthonterpreting aging-related data, and fur-

ther developments are promising.

Acknowledgements

This work has been kindly supported by the Swisstiadal Foundation (Fund no.
PPOOP1_123358/1). The authors would also likeaokiDr. A. Biedermann and S. Gittelson from
the Institut de Police Scientifique (Lausanne, 3eriand) for their precious advices and the revi-

sion of early drafts of this paper.

17



[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

References

C. Andersson, J. Andrasko, A novel applicatioihtime since the latest discharge of a
shotgun in a suspect murder, Journal of forensenses, 44 (1999) 211.

B. Persin, P. Touron, F. Mille, G. Bernier, Subercazes, Evaluation de la date d'un tir,
Canadian society of forensic science journal, 4072 65.

J. Meier, Détermination du temps écoulé depeigir, Revue internationale de police
criminelle, 234 (1970) 22.

J. Sokol, Die Bestimmung des Zeitpunktes, wame Waffe das letztemal beschossen und
eine Patrone verfeuert wurde, Buchdruckerei Fri&dllo, Bern, CH, 1931.

A. Lucas, Forensic chemistry and scientificnmnal investigation, 3th ed., Edward Arnold
& Co., London, 1935.

G. Price, Recent advances in ballistics labmsatmethods, Journal of forensic science
society, 8 (1968) 83.

J.K. Sinha, Time of firing of shot shells, Joal of forensic sciences, 21 (1976) 171.

G.P. Voskertchian, G.V. Pavilova, Spectrophottmc determination of time since
discharge of firearms, AFTE journal, 26 (1994) 216.

G.P. Voskertchian, G.V. Pavilova, Spectrophottme determination of time since
discharge of firearms, Crime laboratory digest(2295) 4.

J. Andrasko, T. Norberg, S. Stahling, Timecsirdischarge of shotguns, Journal of forensic
sciences, 43 (1998) 1005.

J. Andrasko, S. Stahling, Time since dischaofespent cartridges, Journal of forensic
sciences, 44 (1999) 487.

J. Andrasko, S. Stahling, Time since dischaofeifles, Journal of forensic sciences, 45
(2000) 1250.

J. Andrasko, S. Stahling, Time since discharfypistols and revolvers, Journal of forensic
sciences, 48 (2003) 307.

J.S. Wallace, Chemical analysis of firearnmjraunition, and gunshot residue, CRC Press,
Boca Raton, FL, 2008.

W.F. Rowe, Residues, in: J.A. Siegel, P.J.kBauG.C. Knupfer (Eds.) Encyclopedia of
forensic sciences, Academic Press, San Diego, G@Q.2

O. Rigal, Analyse des résidus de tir par aanfeu en SPME GC/MS: caractérisation d’'un
tir, University of Paris-Sud, 2007.

18



[17]

[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

C. Weyermann, V. Belaud, F. Riva, F.S. Romdaoalysis of organic volatile residues in
9mm spent cartridges, Forensic science interndti@88 (2009) 29.

V. Belaud, Identification par SPME-GC-MS dessidus de tirs volatils retrouvés dans les
douilles: étude du vieillissement de composés sjdlmiversity of Lausanne, 2008.

J.D. Wilson, J.D. Tebow, K.W. Moline, Time smdischarge of shotgun shells, Journal of
forensic sciences, 48 (2003) 1298.

P. Margot, A guestion of time, Science & jasti 40 (2000) 64.

C. Weyermann, Dating: document, in: A. Jamies®A. Moenssens (Eds.) Wiley
encyclopedia of forensic science, John Wiley & S&tschester, UK, 2009.

C. Weyermann, B. Schiffer, P. Margot, A lodidaamework to ballpoint ink dating
interpretation, Science & justice, 48 (2008) 118.

C. Weyermann, J. Almog, J. Bugler, A.A. Cantinimum requirements for application of
ink dating methods based on solvent analysis iewask, Forensic science international,
(2011) In press.

D.M. Cropek, P.A. Kemme, J.M. Day, J. Cochrlsge of pyrolysis GC/MS for predicting
emission byproducts from the incineration of dotitdese propellant, Environmental science
& technology, 36 (2002) 4346.

D.M. Cropek, P.A. Kemme, J.M. Day, Pyrolytie@bmposition studies of AA2, a double-
base propellant, US Army Corps of Engineers, 2001.

D.M. Cropek, P.A. Kemme, J.M. Day, Incineratiby-products of AA2, NC fines, and NG
slums, US Army Corps of Engineers, 2001.

I.W. Evett, Expert evidence and forensic mismeption of the nature of exact science,
Science & justice, 36 (1996) 118.

D.A. Stoney, What made us ever think we cauldividualize using statistics?, Journal of
forensic science society, 31 (1991) 197.

G. Jackson, S. Jones, G. Booth, C. Champdd, Evett, The nature of forensic science
opinion - a possible framework to guide thinkingl gractice in investigations and in court
proceedings, Science & justice, 46 (2006) 33.

I.W. Evett, G. Jackson, J.A. Lambert, Moretbe hierarchy of propositions: exploring the
distinction between explanations and propositi@tsence & justice, 40 (2000) 3.

G. Jackson, The scientist and the scalesstic, Science & justice, 40 (2000) 81.

C.G.G. Aitken, F. Taroni, Statistics and thealeation of evidence for forensic scientists,
2nd ed., John Wiley & Sons, Hoboken, NJ, 2004.

19



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

B. Robertson, G.A. Vignaux, Interpreting evide: evaluating forensic science in the
courtroom, John Wiley & Sons, Chichester, UK, 1995.

F. Taroni, C.G.G. Aitken, P. Garbolino, A. Bermann, Bayesian networks and
probabilistic inference in forensic science, JohieW& Sons, Hoboken, NJ, 2006.

A. Biedermann, S. Bozza, F. Taroni, Probabdigvidential assessment of gunshot residue
particle evidence, part 1: likelihood ratio caldida and case pre-assessment using
Bayesian networks, Forensic science internatidrédl,(2009) 24.

A. Biedermann, S. Bozza, F. Taroni, Probabdigvidential assessment of gunshot residue
particle evidence, part 2: Bayesian parameter asitim for experimental count data,
Forensic science international, 206 (2010) 103.

A. Biedermann, F. Taroni, A probabilistic appch to the joint evaluation of firearm
evidence and gunshot residues, Forensic scieremational, 163 (2006) 18.

J.S. Buckleton, R.G. Nichols, C.M. Triggs, Wevers, An exploratory Bayesian model for
firearm and tool mark interpretation, AFTE journ@l, (2005) 352.

C. Champod, D. Baldwin, F. Taroni, J.S. Butite Firearm and tool marks identification:
the Bayesian approach, AFTE journal, 35 (2003) 307.

B. Cardinetti, C. Ciampini, S. Abate, C. Maett, F. Ferrari, D. Di Tullio, C. D'Onofrio, G.
Orlando, L. Gravina, L. Torresi, G. Saporita, A posal for statistical evaluation of the
detection of gunshot residues on a suspect, Saan2n(2006) 142.

S.G. Bunch, Consecutive matching striationtecid: a general critique, Journal of forensic
sciences, 45 (2000) 955.

F.S. Romolo, P. Margot, Identification of gtmas residue: a critical review, Forensic
science international, 119 (2001) 195.

R. Royall, On the probability of observing heiading statistical evidence, Journal of the
american statistical association, 95 (2000) 760.

I.W. Evett, A Bayesian approach to the problefrinterpreting glass evidence in forensic
science casework, Journal of forensic science §o&6 (1986) 3.

A. Nordgaard, T. Hoglund, Assessment of apprate likelihood ratios from continuous
distributions: a case study of digital camera idigaition, Journal of forensic sciences, 56
(2011) 390.

F. Taroni, S. Bozza, A. Biedermann, P. Gamm|iC.G.G. Aitken, Data analysis in forensic

science: a Bayesian decision perspective, John\&ilBons, Chichester, UK, 2010.

20



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

N.R. Draper, H. Smith, Applied regression as&, 3rd ed., John Wiley & Sons, New York,
1998.

R.A. Johnson, D.W. Wichern, Applied multivagastastistical analysis, 5th ed., Prentice-
Hall, Upper Saddle River, NJ, 2002.

S. Huet, A. Bouvier, M.-A. Poursat, E. Joliv&tatistical tools for nonlinear regression: a
practical guide with S-Plus and R examples, 2nd®gringer, New York, 2004.

C. Ritz, J.C. Streibig, Nonlinear regressiothwr, Springer, New York, 2008.

S. Lociciro, L. Dujourdy, W.D. Mazzella, P. Mgot, E. Lock, Dynamic of the ageing of
ballpoint pen inks, quauntification of phenoxyetbby GC-MS, Science & justice, 44
(2004) 165.

C. Weyermann, Mass spectrometric investigatbthe aging processes of ballpoint ink for
the examination of questioned documents, Univerdigiessen, 2005.

C. Weyermann, D. Kirsch, C. Costa Vera, B. i18per, A GC/MS study of the drying of
ballpoint pen ink on paper, Forensic science irggomal, 168 (2007) 119.

B. Guerrier, C. Bouchard, C. Allain, C. Bénafdrying kinetics of polymer films, AIChE
journal, 44 (1998) 791.

R. Bellio, A.R. Brazzale, Higher order asynipte unleashed: software design for nonlinear
heteroscedastic regression, Journal of computatesmhgraphical statistics, 12 (2003) 682.
A.R. Brazzale, Pratical small-sample paransatrierence, University of Lausanne, 2000.
A.R. Brazzale, "hoa": an R package bundlehfiggher order likelihood inference, Rnews, 5
(2005) 20.

A. Gelman, J.B. Carlin, H.S. Stern, D.B. RubBayesian data analysis, 2nd ed., Chapman
& Hall / CRC, Boca Raton, FL, 2004.

A. Biedermann, F. Taroni, S. Bozza, Implemegtistatistical learning methods through
Bayesian networks, part 1. a guide to Bayesianrmpaier estimation using forensic science
data, Forensic science international, 193 (2009) 63

A. Biedermann, F. Taroni, S. Bozza, W. Mazagellmplementing statistical learning
methods through Bayesian networks, part 2: Bayesiatuations for results of black toner

analyses in forensic document examination, Foresgence international, 204 (2010) 58.

21



