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Preface

The currentedition of Chapter 99 is a revised and expandedsion of the previous edition
(Morrison, 2010, Forensic voice comparisoBgven years have passed since the publication of

the previousedition. Much has changed in the intervening years, including advances in research

and technology, and evolution in our knowledge and understaatithg field

The current edition maintains forensic voice comparison as its primary Thgipreviousedition

had a leavy focus on acoustjghonetic statistical approachesforensic voice comparisoince

the publicationof the previous editionve have conducted a number of studiemparingthe
performance of acoustjghonetic system@&nd automatic systemsgnder inceasimgly more
forensically realistic conditionsAutomatic systems performed much better and required much
less investment of human time. As a result,dbeentedition has a heavier focus on automatic
approachesThe examples of forensic voice comparisérom the previous edition have been
replaced with examples of the use of the automatic approach in actual cases.

The current edition alsa pdates the previous editionds
laypeople (previousliitled nontechnical spaker identification).

Additions for thecurrentedition includea shortsectionon legal admissibilityof forensic voice
comparison substantialcoverageof disputed utterance analysiand briefcoverageof other
branches of forensic speech scientfith the expansion of coverage, we have changed the title
fomi Forensic voice comparisondo to fiForensic

Despite the changethe currenteditionis a revisecedition of the previousedition rather than a
completely new workThe revisededition still has a relatively long section druman voices,
which is abrief introduction to phonetic&Ve think that this is useful background information for
understanding forensic voice comparison, and esped@ilynderstandinglisputed utterance
analysisSome text from thpreviousedition has been deleted, but maas been revisetkplaced,
or augmentedTo maintain the same section numberasgin thepreviousedition the sections
have not been reorderéd/heresections have been deleted entirdhgitt section numbersave
beenretired. Wheresections have been addéigey have beegiven previously unused section
numbersThe exception is thatithin the sectioaon examples of forensic voice comparisibre
section numbers have been reused forme examplesThe text of thepreviousedition was
somewhat cluttered breferencesFor the revisededition somereferencedrom the previous
editionhave been culledindothershave been moved tarther reading sectionslew reference
have also beeadded.

Preparation of theurrenteditionof Chapter 99vasproximal in time to the writing of three other
works with partially overlapping content: Morrison & Thompson (201V¥prrison (20B), and
Morrison & Enzinger (2018)Although partially overlappim in content, we have tried to write

eachasa standalone work and write the overlapping content differently to address the different

intended audiences. Morrison & dimpson (2017) and Morrison (20L&view admissibility of
forensic voice comparison ing¢hUnited States and in England & Wales respectively, and are

primarily addressed to legal audiences. Morrison & Enzinger (2018) gives a more technical
introduction to forensic voice comparison than the present work, and is primarily addressed to

phoneticias. Of the four works, the present one is the only one to include sectiosiseaker
recognition by laypeopland on disputed utterance analysis.also gives greater coverage to
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misinterpretations of forensic likelihood ratios (logical fallacies) ttmenother worksWe hope
that readers will find the four works corepientary rather than redundant.

Finally, we would like to dedicate thmurrentrevisededition in memory of Dr Bryadiameg-ound,

who died suddenlyn 23 October 2016. Bryan was Chief $tigt at Victoria State Police, and
also held research positions at La Trobe University and at the University of New/&alathHe

was well known for his pioneering work on empirical validation, cognitive bias, and forensic
analysis of handwriting andgiatures. He wasxtremely knowledgeable and insightful, was
dedicated to improving forensic scice andwe count himas one of the giants in the fielde

was incredibly generous, amdll be deeply missed by all who knew and loved him.

Geoffrey Stewaitlorrison
Ewald Enzinger

Cuiling Zhang

2017
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INTRODUCTION

[99.10] What is forensic voice comparison?

A forensic voice comparisas an analysis conducted in order to help a court of law dedide w
is speakingn an audio recording.

In forensic voice compaon, a recording of a speaker of questioned identityjfastioned
speaker recordingis compared with one or more recordings of a speaker of known identity (a
knownspeaker recording Theknown speaker isften a suspect atefendant and the questioned
speakeris oftenan offenderOther scenarios are possible, e.g., if®iemay be whether the
questioned speaker is a particular victim or not.

Here are two representatif@ensic voice comparisastenariogthe details are fictional)

A 1 n a dwasp iovolving humdreds of millions of dollaas audio recording of a
telephone call made by the offender to the bank is available. An audio recording of a
telephone call made by a suspect, a former bank employee, is also available (the defence
does no contest the identity of the speaker on this recordingjor@nsic practitioner
conducts a forensic comparison of the two voice recordings. In courfotbrsic
practitionertestifies that one would be 2000 times more likely to observe the acoustic
properties of the voice on the fraud recording had it been made by the defendant than had
it been made by some other speakéis, along with other evidence, leads to a conviction.

A The pol i ce -inteamapewarsant ane Feeopl la suspected tistrplotting

with a previously unknown associate whom they designate Mr X. They eventually arrest
the suspected terrorist and question a number of his associates, making audio recordings
of the interviews. They think that one of the associates, Mr Y, X bcause to them the
voices on the two recordings sound the same. They recommend that Mr Y be prosecuted,
but the prosecutor is of the opinion that the other evidence ad&insbeing involved is

weak and will not likely lead to a conviction. The audézordingsare providedo a
forensic practitioneffor analysis. Theforensic practitionerconducts a forensic voice
comparison and reports that one would be 1000 times more likely to observe the acoustic
properties of th&oice on the Mr X recording hatlbeen produced by some other speaker
than had it been produced by Mr Yhe police and prosecutor decide focus their
resources onther suspest

Sectiong99.770) [99.890]provideexamples of two real forensic voice comparison cases.

[99.12] What is speaker recognition by laypeople?

Speaker recognition by laypeopiefers to the ability of people without any special training to
recogni se s pistendrenayg récogniseithe gogceadpeaker they know. Someone
hearing a crime being committed may think they recognise the voice of an offender, or someone
who knows a suspect may be played a questispedker recording and asked if they recognise
the speaker. Aearwitnesss someone who hears the voice of an offender in a situation where no
audio recording is available for analysis. The listener usually does not recognisec#hef the
offender as someone they know, but may be asked to listarvtice lineup and see if they
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recogniseany of the speakers in the lineup. Secti¢®8.910ff describe speaker recognition by
laypeople and contrast it with forensic voice comparison performed by forensic practitioners.

[99.14] What is disputed utterance analysis?

A disputed utterance analysis conducted in order to help a court of law decidat was said
on an audio recording.

The words spokenn an audio recordingnay be indistingtand hence there may be a dispute

about whatvas saidbecaus®ef the speaking style (e.g., the speaker heaye beeut of breath),

because of poor quality recording conditions (e.g., background noise), because the words are
acoustically similar and therefore intrinsically difficult to differergiat ( e . g . , nfiftee
Afiftyo), or because of Secdians{e®.15600f mdsdribeadisputedn o f  t
utterance analysis.

[99.20] Audience

As part of theExpert Evidenceseries this chapter simed first atawyers, judgesand police
investigatorshowever, it is hoped that this chapter will also be of interest to forensic scientists,
phoneticians, speegirocessing engineers, and students of all these disciplines. It introduces
forensic voicecomparison in a relativelyontechnical way, assuming a reader who has no prior
knowledge of the subjecFor sake of correctnessccasional morgéechnical asides will be
necessary, buhe focus will be on the understanding of concepts and the pravididasic
knowledge.

[99.30] Structure

Thischapter is structured imarder suitable for reading from beginning to end, but saaders
may wish to go straight to sections covering particular topicsid the reader rossreferences
point both backwards and forwards.

The first four major sections afttirisintroduction descrié thenew paradigm for forensgcience

[99.70ff, including thelikelihood ratio frameworkfor the evaluation of forensievidence
[99.140Ff and[99.370ff, andthe testing of the validity and reliabilitpf forensieccomparison
systemg99.290ff. These provide an introdtion to evaluation of forensic evidence applicable
across all branches of forensic science, not just forensic speech science. This should be considered
foundational material for readers not already familiar with these topicssanelater sections

will assume knowledge of these topics.

The neximajor sectiorf99.440ff provides arintroduction to phoneticsvhich will help the reader
understand human voices, which are the source of the data that are analysed in forensic voice
comparison and disputed utterance analysis. The next major sE9i600Ff describeshow

speech is recordednd how variougactors commonly affecting forensic casework recordings
degrade the quality of the speech informaifiothose recordings.

The next major sectiof99.650Ff describes differerdpproaches to forensic voice comparison
These can be thought of as different ways of extracting information from speech recordings.
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Sections[99.750] [99.760] briefly discuss theadmissibility of forensic voice comparisam
several commoihaw jurisdictions.

The next major sectiof®9.770ff presents twexamples bforensic voice compariscenalyses
conducted in actual cases. These assume knowledge of many of the preceding sections (with the
primary exception that knowledge of phonetj@9.440ff is not essential to understand these
examples).

The next major section[99.910ff discussespeakerrecognitionby laypeopleas opposed to
forensic voice comparison conductedfbsensic practitionersSpeaker recognition by laypeople
includesearwitnesses who hean offender speaking while @ime is being committedWhen
there is no audio recording availabéarwitnesses may be asked to listea gpeaker lineup
Speaker recognition by laypeogkso includes wheimdividualssuch as police officefgstento
questionedspeakerecordingsand then claim to recognise the speaker examplefrom a real
case is providedNote that in this scenario a questioned speaker recording exists, so the listener is
not a true earwitness, and a forensic voice comparison potddtially be conducted by a forensic
practitioner A reademwhose immediate interestipeaker recognition by laypeople should be able
to read section®9.910ff without having to read the preceding sections of the chateough
knowledge oimany of the preceding sectiowsuld probablyhelp.

The penultimatemajor section99.1500ff describedisputed utterance analysi$Vhereas in
forensic voice comparison the question the court wantssonae r i s fAWho was
di sputed utterance analysis the question i
[99.70ff, [99.140ff, [99.370fFf, validation[99.290Ff, phonetic§99.440ff, and factors affecting

the quality of speech recordin®9.600ff is assumed. Examples based on real cases are included.

SpE
s i

The final majorsection[99.1700ff briefly describes other branches of forensic speech science:
9 Lie detection
1 Intoxication detection
1 Voice disguise in forensic casework

9 Speaker profiling

1 Language analysis for determination of origin @®)

[99.40] Questions

There are a number of questions whiokiestigatos, prosecutas, defence attorney judges
considering admissibility, and triers of fatiould ask about forensgpeech sciencdhe exact
form of the questios and which questions are most important will differ depending on the
g u e st iroe mé¢he jastice system, but they are fundamentally the same queslressing

the same underlyingsues The questions belowre phrased assumitigat the task atdand is
forensic voice comparison

1. Has the voice evidencéeenevaluated using the logically correct framework for the
evaluation of forensic evidence?

2. Wasthe forensic voice comparis@nalysisbased orguantitativemeasurements of the
acoustic propertiesf thevoices on therecordings?
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3. Hasan adequate database of voice recordings of spedd@esentative afhe relevant
populationbeenused to assess the typicality of the questiesphker recordirty

4. Has the strength of evidence been assessed usimgpaopriate statistical model, and is
the output of that model directly reported as the strength of evidéatesmert

5. Have the validity and reliability (accuracy and precision) of the foreqmsoe comparison
system been empirically evaluated underditions reflectingthoseof the known and
guestioneespeaker recordinga thepresent case

6. Is the demonstrated degree of validity and reliabéitgeptable?

7.What is the strength of eviden&®m the comparison of theoices on the knownand
guestioneespeakerecording®

This chapter attempts to provide the reader with an understanding of what these questions mean,
why they must be askednd how to evaluate the answeAso, how to reword the questions to

apply to other branches of forensic speedbrse (and to other branches of forensic science in
general)
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A PARADIGM SHIFT IN FORENSIC SCIENCE

[99.70] A paradigm shift

We arecurrentlyin the midst of what Saks & Koehl&005) have called paradigm shifin the
evaluation and presentation of evidence in the forensic sciences which deal with the comparison
of the quantifiable properties of objects of known and questioned origin, e.g., deoxyribonucleic
acid (DNA), finger narks, hairs, fibres, glass fragments, tool marks, handwriting, and voice

recordings. Saks & Koehler point out that the
application of Thomas Kuhnoés concept ( Kuhn,
transformation involved in moving fromapseci ence t o an empirically
892). I n Kuhnian terms, Saks & Koehlerds parac

a preparadigm period towards a period where there is for tsitifiine a single unifying paradigm

for conducting normal science, i.e., a shift from a period during which a number of different
schools pursue solutions to different sets of problems (with only partial overlap between sets)
using different incompatiblerdmeworks, towards a period during which there is agreement
throughout the scientific community as to which problems are important (often a superset of the
problems addressed by two or more of thegamadigm schools), and agreement as to the general
procedures for solving these problems and the nature of suitable solutions.

Saks & Koehler (2005) propose that a paradigm shift has already occurred in DNA profile
comparison, and that other forensmmparison sciences are now shifting towards the new
paradign. Forensic voice comparison is one branch of forensic science in which this shift is now
well underway but in which it is still far from reaching universal acceptance among researchers
and practitioners.

[99.80] The new paradigm
S&ks& Koehler (2005) describe the new paradigm

exemplifi-easdg, Apradc@abi |l i stic assessmento (p.
DNA-profile comparison. They recommend that other forensic cosgarsciences emulate

DNAprofil e comparison, including that they HfAcc
use these databases to support a probabilisti

another important aspect of the new paradgythe quantification and reporting of the limitations

of forensic comparison via the measurement of error rates. The new paradigm trerked@e

the requirements for admissibility of scientific evidence set oktteral Rule of Evidence 702
(FRE 702as amended Apr. 17, 2000, eff. Dec. 1, 2000; Apr. 26, 2011, eff. Dec. ), &@ithe
1993US Supreme Court ruling iDaubert v Merrell Dow Pharmaceutica82-102) 509 US 579
[1993], which Saks & Koehler identify as a driving force for the paradignh dtiié Court ruled

that, when considering the admissibility of scientific evidence, the jstgald consider the

met hodol ogyds scientific validity, including
have an acceptable error ralie.2014 a sean on expert evidence was added to @éminal
Practice Directions(CPD) in England & Wales (current versiof2015] EWCA Crim 1567
Consolidated with Amendment No. 2 [2016] EWCA Crim 1714 at [J9&]PD 19A has
substantial parallels with FRE 70Daubeta n d s t alttiseessentiaht@recallithe principle
which is applicable, namely in determining the issue of admissibility, the court must be satisfied
that there is a sufficiently reliable scientific basis for the evidence to be ada(€&dD at DA.4).
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The <calll for other branches of for ewpmflec sci e
comparison, and conform to the Daubert requirements was reiterated 20Q@BeNational

Research Council (NRC) report &trengthening Forensic Science IretUnited StatefNRC,

2009) . |l mportant aspects of a scientific appr
precise characterization of the scientific procedure, so that otfiergplicate and validate it; .

the quantification of measurents ...; the reporting of a measurement with an interval that has a

high probability of containing the true value; ... [and] the conducting of validation studies of the
performance of a forensic procedur e dfiablep . 121
measures of the reliability and accuracy of f
recommends the use of more objective analytic methodologies over more subjective experience
based methodologies.

More recently, the 2016 report IBresigent Ob a m&duscil of Advisors on Science and
Technology(PCAST) onForensic Science in Criminal Courts: Ensuring Scientific Validity of
FeatureComparison Method$found that empirical demonstration of scientific validity under
casework conditions was lstiacking in a number of branches of forensic science. The report
opined that:

neither experience, nor judgment, nor good professional practices (such as certification
programs and accreditation programs, standardized protocols, proficiency testing, and
codes of ethics) can substitute for actual evidence of foundational validity and reliability.
The frequency with which a particular pattern or set of features will be observed in different
samples, which is an essential element in drawing conclusiongtis matter of
ijudgment . o It is an empirical matter for
Similarly, an ecanfidencdaded oreperponatpsofessional expérience

or expressions ofonsensugsmong practitioners about the accurafytheir field is no
substitute for error rates estimated from relevant studies. For forensic feamoparison
methods, establishing foundational validity based on empirical evidence issimescpa

non Nothing can substitute for ifPCAST, 2016p. 6, emphasis in original)

Empirical validation is also required blye ForensicScienceRegulator of England & Wales as
part of accreditation(Forensic Science Regulatoy 2014 2016, and recommended bthe
European Network of Forensic Science Institiites ( E NVletBaddlogical guidelines for best
practice in forensic semiautomatic and automatic speaker recogRiygajlo et al, 2015), the
latter specifically in the context of forensic voice comparison.

Although there does not appear to be any indinathat either set of authors were consciously

aware of this, there is one other component of the new paradigm wéisélieve is implicit in

Saks & Koehlerdés (2005) and the NRC reportés
comparison sciences emtdaorensic DNAprofile comparison: the adoption of thikelihood

ratio frameworkfor the evaluation of evidence.

The use of the likelihoadatio framework isecommended ithe Association of Forensic Science

P r o v iSthedargsdor the Formulation oi/Bluative Forensic Science Expert Opin{@d-SP,

2009);t he Royal St aFuridamerntats afl Prolsabilityi aredt Syatisical Evidence in
Criminal Proceedings: Guidance for Judges, Lawyers, Forensic Scientists and Expert Withesses
(Aitken et al., 200); E N F SGudaline for evaluative reporting in forensic sciefidéllis et al.,
2015) ; EdthBddlbgica guidelines for best practice in forensic semiautomatic and
automatic speaker recognitiofDrygajlo et al, 2015)the latter specifically in theontext of
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forensic voice compariso@ndimplicity by PCA ST 6 s  FargnacrStience im Criminal
Courts: Ensuring Scientific Validity of Featut@omparison MethodéPCAST, 2016; see also
Morrison Kaye,et al.,2017).

[99.90] Further reading

For a history of the adoption of the new paradigm in foremsice-comparison research and

practice up to 2009, see Morrisa2009. For a review of calls from the 1960s onward for the
validity and reliability of forensic voice comparis@éa be empirically tested under casework
conditions, see Morrison (2014).
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THE LIKELIHOOD-RATIO FRAMEWORK FOR THE
EVALUATION OF FORENSIC EVIDENCE

[99.140] Introduction

The likelihoodratio framework has already been describebhierpreting Scientific Evidence
[28] (Berger et a].2016), and its application to DNA iBtatistical Evaluation in Forensic DNA
Typing [80A] (Federle et al.2017). Other descriptions are listed in thether readingection
below[99.250] Here, we describehe likelihoodratio frameworkin the context of forensic voice
comparison

[99.150] The likelihood-ratio framework

In the likelihoodratio frameworkthe task of théorensic practitioneis to provide the court with
astrengthof-evidencestatement in answer to the question:

How likely are the observegroperties of the voice on the questiorspaaker recording
(theevidencg had it been produced by the known speakergéneespeaker hypothegis

versus had it been produced by some other speaker selected at random from the relevant
population (thalifferentspeaker hypothegia

The answer to this question isamuitatively expressed aslifielihood ratig calculated using
Formula 1.

Formula 1
n G0

0Y ———
n 0

whereLR is the likelihood ratiof is the evidence, i.e., the measupedperties of the voice on
the questionedpeaker recording(E|H) i s i p r Egivemtdoi ;| Hatisyte safmepeaker
hypothesis, andHq is the differentspeakerhypothesis(or more generallysameorigin and
differentorigin hypothesesor prosecutioranddefencehypotheses

The numerator of the likelihood ratio can be considersithdarity term, and the denominator a
typicalityterm.In calculating the strength of evidence, tbiensic practitionemust consider not

only the degree of similarity between the samples, but also their degree of typicality with respect
to the relevant populatiofwe discuss the relevant population in 88t{99.180] below). In
fictional television showsforensic practitioner are often portrayed comparing two objects,
finding no measurable differences between the
however, doesot lead to strong support for the saargyin hypothesis. For example, if two
samples are determined to be similar in terms of some physical properties, this is of little value if
these physical properties are also very typloatauseinder such circuntancesamples selected

at random from any two individuals in the relevant population are likely to be equally or more
similar. On the other hand, if two samples are found to be similar in terms of properties which are
atypical in the population, then salep selected at random from any two individuals in the
relevant population are unlikely to be equally or more similar. In general, more similarity and less
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typicality lead to relatively greater support for the samigin hypothesis, and less similaritydan
more typicality lead to relatively greater support for the diffecegigin hypothesis.

If the evidence is more likely to occur under the sapeakehypothesis than under the different
speakehypothesis then the value of the likelihood ratio wiljpeater thad, and if the evidence
is more likely to occur under the differespeakerhypothesis than under the saspeaker
hypothesis then the value of the likelihood ratio will be less than

Likelihood ratios should not, however, be thought ofiaarly indicators it matters how far the

likelihood ratio is from 1Thevalueof the likelihood ratio is a numeric expression of the strength

of the evidence with respect to the competing hypotheses.ftrdmesic practitionetestifies that

one wouldbe 100 times more likely to observe #hdgdenceunder the samspeakehypothesis

than under the differergpeakerhypothesis(R= 100) , then whatever the
about the relative probabilitied the sameand differentspeaker hypothesbeing trueprior to

hearing thisafterwards they should believe that the probability of the sspaaker hypothesis

being truerelative to the differenspeaker hypothesizeing trueis 100 greater thatmey believed

it to bebefore Likewise, if theforensic practitioneestifies that one would e thousantdmes

more likely to observe the evidence under the diffespeakehypothesis than under the same
speakerhypothesis (R = 1/1000), therwh at ever t he t addod the reldtivef act 0 ¢
probabilities of the same and differentspeaker hypothesdseing trueprior to hearing this,

afterwards they should believe that the probability of the diffespatker hypotheskseing true

relative to the samspeaker hypothesigeing trueés 1000 grater tharthey believed it to be befare

Figure 1showsa series oéxamplsin whicht he | i kel i hood ratio is 4,
as to the relative probabilities of the samued differenispeaker hypotheseging trueiffer from

example teexample The examples use the analogy of weights on a set of scales to represent the
belief in the relative probabilities of the hypotheses being true.

In the first example, before hearing the likelihood ratio, the trier of fact believes that the [iyobabil
that samespeaker hypothesis is true and the probability that diffeneeaker hypothesis is true

are equal. This is represented by having an equal weight on each #igeseff of scales. The
evidence is 4 times more likely if the sasmeaker hypdtesis were true than if the different
speaker hypothesis were true, therefore the trier of fact should multiply the weight on the same
speaker side of the scale by 4. After doing this, the sspaaker side of the scalesdisimes
heavier than the differt-speaker side, i.e., the probability that sespeaker hypothesis is triee

4 times greater thathe probability that differerépeaker hypothesis true.

In the second example, before hearing the likelihood ratio, the trier of fact believes that the
probability that the differerspeaker hypotheses is truiimes greater thaheprobability that

the samespeaker hypotheses is trughis is represented by havirfgweights on the different
speaker side of the scales and one weight on the Sja@ade side The evidence is 4 times more
likely if the samespeaker hypothesis were true than if the diffesptaker hypothesis were true,
therefore the trier of fact should multiply the weight on the sspeaker side of the scale by 4.
After doing this, tle samespeaker side of the scales is twice as heavy as the diffgreaker side,

i.e., the probability that sarrepeaker hypothesis is true is 2 times greater than the probability that
differentspeaker hypothesis is true.
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Figure 1. Weights on scales as an analogy for the effect a likelihood ratio on beliefs
about the relative probabilities of the same-speaker and different-speaker

hypotheses being true.

Before

different same

Before

different same
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Whatever the trier of factés prior beliefs an
procedure agjes to update those beliefs. The other two examples in Figure 1 show other prior
beliefs, and hence other posterior beliefs. The likelihood ratio could have a different value. If the
likelihood ratio were 10, this would require the weightgttte samespeaker side of the scales to

be multiplied by 10. If the likelihood ratio were 1/4, this would require the weights on the
differentspeaker side of the scales to be multiplied by 4. If the likelihood ratio were 1/10, this
would require the welts on the differerspeaker side of the scales to be multiplied by 10. The

further the likelihood ratio from 1, the greater the strength of the evidence, and the greater the
change in beliefs.

[99.160] Why the forensic practitioner must present the probability of evidence,
and must not present the probability of hypotheses

A forensic likelihood ratio is an expression of the probability of obtaining the evidence given
same versus differenspeakehypotheses. There are logical reaswhy thdorensic practitioner
must present a strengtifi-evidence statement in this form and must not present the probability of
the hypotheses given the evidence.

The trier of fact does not make their decision on the basis of a single piece of eviddrer their

task is to come to a decision after having weighed all the evidence presented in court. What the
trier of fact requires from #orensic practitionerhowever,is a statement of the strength of a
specific piece of evidenc#.is not the rad of aforensic practitioneto consider all the evidence.
Oneforensic practitionemay present the strength of evidence related to specific DNA samples,
another may present the strength of evidence related to specific fingétimgerprintsamples,

etc., and the trier of fact will weigh all of these together. Not all the evidence will be forensic
comparison evidence evaluated using likelihood ratios, and the trier of fact must also consider the
strength of other evidence such as-egwmess testimonyin addition, before any evidence has
been presented the trier of fact will have some belief as to the innocence/guilt of the defendant,
perhaps influenced by concepts such as fAinnoce
to their final deaion.

If a forensic practitionewanted to calculate the probability of saprigin versus differenbrigin

hypotheses they would have to apflyay e s 6 .ThTetbeg eandds f orm of Bay
provided in Formula 2This is in fact just a different exgssion of the concepts we described in
section[99.150]using the analogy of weights on a scale.

Formula 2

N 2 s nes

DOHTAR O EEAITCAEGEHDA OO A GQRIOO

no 7N&XxO n/ow
no N&®O n/'ow

In order to calculate thposterior oddg(the relative probability of the sarmgigin versus the
differentorigin hypothesis, given the evidence), fitnensic practitionewould need to knowoth
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thelikelihood ratioandtheprioroddsTh e pri or odds would represent
the relativeprobabilitiesof the two hypothesdseing trueprior to the evidence being presented.
When conducting their analysis, tf@ensic practitionedoes noknow the trierof f act 6s pr

belief.
What might be reasonable prior probabilities?

If a crime were committed on an island and there are known to have been 100 people on the island
at the time, theneasonabl@rior odds could bas follows:

1 Assume thaprior to heaing any evidence we assume ttiz¢ suspect is no more or less
likely to be guilty than any other individual on the island, and that in general no particular
individual is more or less likely to be guilty than any other individual.

9 There are 100 people d¢ime island, thereforéné prior probaitity for the suspect is 1/100.
1 Similarly, the prior probability for each other individual on the isl&t/10Q

9 There are99 other individualson the island hencethe total probabilityfor the other
individuals 5 99%1/100 = 99/100.

1 Dividing the former probability by the latter, the prior oddsthezefore(1/100) / (99/100)
=1/99

1 This can be representedsweighs on the differersipeaker side of the scale and 1 weight
on the samepeaker side

The reasoimg aboveincludesthe assumption thaprior to hearing any evidenceo individual

on the island ishelieved to bamore or lesdikely to have committed the crintean any other

individual. Although it may be appropriate for the trier of fact to makd sucassumption, it is

not appropriate for thirensic practitioneto do soThe trier of fact may take into consideration

that some people live in parts of the island remaim fivhere the crime was committed, or that

some portion of the population arkildren who could not have physically committed the crime,

and therefor¢he trier of fact mayave prior odds differerfitom 1/99.Also, if other evidence has
already been presented in the tri asémeorigit i s ur
versus differenbrigin hypothesesvould still be 1/99 immediately prior to the presentation of the
likelihood ratio from the forensic evidence in question.

It is inappropriate for théorensic practitioneto present the posterior odds becausetsterior

odds include information and assumptions from sources other than a scientific evaluation of the
known and questioned samples. If foeensic practitionewere to present posterior odds then

they would have to supply their own prior odtfsoneforensic practitioneused a high value for

the prioroddsand another practitioner used a low one, and otherwise acted the same, the difference
in the prioroddswould make the value of the firstc i e mpasterombddshigher and that of the
second laver, but this difference has nothing to do with the materials they were asked to compare.
The forensic practitiondrs ¢ hoi ¢ e could beinflueaced by thedr ®wn conscious or
unconscious opinion as to the guilt or innocence of the defen@agtitive bias was a major
concern in the NRC report (NRC, 2009, pp.1224).
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[99.170] Terminology

Although the likelihood ratio is a component of Bayesian analysishave used the term
likelihoodratio frameworkrather tharBayesianframeworksince the latter, unlike the former,
could imply that théorensic practitionemakes use of priors and calculates posteriors

The fact thaforensic practitioney present likelihood ratios in court does not imply that the trier
of fact must asign numericvaluesto evidence which is not forensic comparison evidence, nor
that they must arrive at theirThebewmi si on via t|

Another terminological point is that in the likelihcoatio framework thdorensic practioner

does not performecognition identification or individualisation because these teriesuldimply

making a categorical decision, which logically would require imposing a threshalgasterior

probability. A neutral term such a®mparisonis mae approprte. Wetherefore use the term
Aforensic Vvoice comparisono r at forensic spelakem ei tlt
identificationor forensic speaker recognitiod/e do not usspeaker comparisasince thatvould

be akin to calling fingerm&@ comparisontoucher comparisanA term such asforensic
comparison of voice recordingsould be more accurai@ is the properties of the recordings

which are actually compared, not the voices themsglkess nce t he Aof 0 constr
potental to interfere with the undeiending of sentence structure, u&e the somewhat less exact
termforensic voice comparison

[99.180] A database representative of the relevant population

The likelihoodratio framework is a conceptutamework which can be applied to subjective
experiencebased beliefs as to the likelihoods of the evidence given the competing hypotheses;
however, to implement the dalb@ased and quantitativeeasurement aspects of the new paradigm,
theforensic practionermust have access to a database of samples which are representative of the
relevant population. Such a databasen{etimes called background databa$és necessary in

order to calculate a quantitative estimate of the typicality ofitiee on thequestioneespeaker
recording A databaseepresentative of the relevant populatisralso needed to implement the
validity and reliability testing requirements of the new parad@@R290ff.

The relevant population is the pdation to which thejuestioneespeaketbelongs. In forensic

voice comparison, this can usually be at least restricted to speakers of the same sex and general
age speaking the same language and dialect as can be ififemddstening tothe questioned
speakerrecording. For example, if it were apparent that the speaker ajudstioneespeaker
recording were an adult male (not obviously a child and not obviously very aged) speaking
Australian English, and this would not be disputed by either the ptisecu the defence, then

an appropriate database would be a database of voice recordings of adult male A&stglisan
speakers.

Known and questionedpeaker recordings are often (but not always) sent for forensic
comparison after a police officersdilistened to them and decided that they are sufficiently similar
sounding that it is worth sending them for forensic comparison. If the voices on the two recordings
had sounded very different, they would not have been sent for forensic comparison. In this
scenario, a reasonable relevant population would be speakers who sound sufficiently similar to
the voice on the questionasgpeaker recording that a nerpert listener would think they were
worth sending for forensic comparison. In practice, this woukehat exclude speakers who sound
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very different from the voice on the questioned speaker recording. For example, if the speaker had
a very deep voice, speakers with high pitched voices would be excluded. This approach also
provides a solution for casescbuas when it is not clear whether the speaker is male or female.
An appropriate relevant population could be spesaidro sound similar to the voice on the
questioned speaker recording, irrespective of their sex. This could include females plus males with
high pitched voices, or males plus females with low pitched voices.

The defence coulgosit a more specific relevant population. An extreme case could be that the
rel evant popul atsisterrBecause the lprepertes 6f & s avoide @oxld

likely be more similar to those affemaledefendant than most of the speakers in a larger relevant
population,the denominator (the typicality part) of the likelihood ratio may be expected to be
larger and the likelihood ratio therefore smallert Bis will not necessarily help the defence. If
the size of the relevant population were in the thousands or millions, then the trier of fact might
start out with prior odds of one over thousands or m#libnt if the size of the relevant population
were one, the trier of fact would be more likely to choose prior odds closer to one (equal
probability for the defendant and for teiste). Also, the trier of fact considers all the evidence in
the case. There may be lots of other evidence pointing totrerdefendartiut no otheevidence
pointingtowardsthe sistet

Note thatwhenthey conduct the forensic voice comparison, theensic practitioneis unlikely

tobe aware of the exact nat wilwesualyhavet tdanticige f e nc e €
what it may be. Whatever hypothesis the forensic practitioner adopts, they should clearly
document what it is so that the judge at an admissibility hearing and/or the trier of fact at trial can
decide whether it is appropriate or not.

[99.190] Differences between DNA data and voice data

With respect to the calculation of forensic likelihood ratios, there are some important differences
between data extracted from DNA samples and data extracted fromreoareling. These
differences may lead to differences the way the results of forensiBNA comparison and
forensicvoicecomparison are presented, which may superficially give the impression that the two
are not evaluated using the same framework. In fact, both &hbkence and voe comparison
evidence can and should be evaluated using the likelihood ratio framework.

This section includes a simplified account of forenBiA comparison.Our purpose is to
highlight some basic differences between DNA and voice data, not to dissuss is the
interpretation of DNA evidence.

A DNA profile consiss$ of discrete values (e.g., counts of short tandem repeats) from a finite
number of measurements (e.g., pairs of alleles at specific loci). DNA properties are discrete at the
molecular level their values are continuous at the measurement level (logatmohheight of

peaks on an electropherogram), but thaye traditionally beeoonverted back to discrete values

to providediscreteDNA profiles for statistical analysisTo a first approxiration it is assumed

that DNA profiles have no measurement errors, that samples are not contaminated, that the
organisms from which DNA samples originate have not undergone transplants, etc. It is possible
to obtain a fimatcho b &teacheoresgondng ldzdsAnd pllele dachl e s
of the two profiles has the same discrete value. Under the assumptions laid out above, the DNA
profile of an individual organism does not change from occasion to occasion, hence the probability
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of obtaining mathing DNA profiles given the sar@igin hypothesis i4, and the probability of
obtaining noAamatching DNA profiles given the saraeigin hypothesis i®. The numerator of
the likelihood ratio is therefore either 1 or O.

If the two samples do not matahe numerator of the likelihood ratio is 0 and the denominator is
irrelevant, the value of the Ilikelihood ratio
also be (the prior odds are irrelevant since anything multiplied by 0 is sfith@) twosamples

do not have the same origin.

If the two samples match, the numerator of the likelihood ratio is 1 and the size of the likelihood
ratio is then dependant on the denominator, the probability of the DNA profile of the questioned
sample matching thBNA profile of the known sample if the questioned sangamefrom a
source other than the knowource

Often when the samplesatch the match probabilityrather than the likelihood ratio is reported

in court. The match probability is simply the denoator of the likelihood ratio, or equivalently
the inverse of the likelihood ratio, i.e., it is the probability of obtaining the matching DNA profile
under the differenorigin hypothesisrersusunderthe sameorigin hypothesis

An acoustiephonetic or autmatic forensicvoice comparison system would be based on
measurements of acoustic properties of voices [88&00] and [99.720). These acoustic
properties are continuous, not discréfmother ekample of a continuous measurements is height:
People do not have to be exactly 174 cm tall or 175 cm tall or 176 cm tall, they can be any value
including 174.5, 174.9, 174.999999, 175.0000001 dmere is also substantial withgpeaker
variation, evenfia speaker says exactly the same words twice in a row it would be extremely
unlikely for there not to be measurable differences in the acoustic properties of the two utterances.
Note that this is not just the precision of the measurement techniquedsdt iistrinsic variability

atthe source. In practice a speaker is unlikely to repeat long stretches of exactly the same words,
and there will likely also be variability due to speaking style eswbrding conditiongsee
[99.600Ff).

For continuously valued properties with this
being indistinguishable within the precision of measurement techniques, or in tertims of

di f f er en c statistically signiicariy gr in ierms ofthe difference between the two not
exceedingsome predetermined threshd| suffers from a cliffedge effect (Robertsaat al., 2016

pp. 148i 150). For example, if the threshold were set aH¥(hen a value of 9.99z would be

declared a match,ub an almost identical value of 10.Biz would be declared a nanatch.
Approaches wusi ammpt & h i maatbafd dHilyhetploit the information
available in the measurements made on the knawd questionedrigin samples, thus leading

to poorer performance than would be obtained using statistical models which work directly with
the continuously valukdata (MorrisonKaye, et al.2017).

AiMatcho is therefore not a usef ul focositwieept f or
comparisorresultsshouldbe reported in the form of a full likelihood ratithe same can be said
for many othe branches of forensic science.

In fact, even for DNA problems have emergedi t h  t h e Ffmaa tcchhoo /afprpam ac h,
to the use offull likelihood ratios rather than random match probabilities. With technological
advances and increabgensitivity of equipment for extracting DNA, smaller and smaller amount

of DNA can be analysed, but the probability of error in the measurement process&sciThus
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two measured profiles from the same individual may not have an exact match and it makes sense
to use models in the numerator of the likelihood ratio that can provide probabilities between 0 and
1. A greater proportion of casesw involvemixtures of DNA from different individuals. Again,

the solution requires models in the numerator of the likelihood ratio that can provide probabilities
between 0 and 1.

[99.200] Calculating a forensic likelihood ratio

This section descrés how to calculate a forensic likelihood oadit a general conceptual level

At a detailed mathematical level there are multiple different procedures for calculating forensic
likelihood ratios, many of which are much more complicated than those prekertedhe aim

of this section is to provide the reader with a basic understanding of how a forensic likelihood
ratio is calculated and also of some factors affecting the size of the likelihood ratio. All the data
presented in this section are simple @itd data designed for illustrative purposti®y are not
intended to be realistic.

[99.210] Calculating a forensic likelihood ratio from discrete data

Let us begin with a fanciful discretiata example. Imagine the competing hypothesds.are it h e

ani mal i sHa @&oWwaésnatandaivo, and our evidence co
number of legs on the animal. First we need some data, | go out touthigyside and look for

animals. Whenever | see an animal | record whethés dr is not a cow and the number of legs

that it has (assume that animals only have whole numbers of legs, no half legs etc., also assume
that there are no disputes about what is and what is not a cow). At the end of the day | calculate

the proportion ofhe total number of cows which had one leg, two legs, three legs, four legs, etc.

| do the same for neoows. | display this information graphically as ther graphsin Figure2.

It turns out that 2% of the cows | saw had three legs andttier 98%had four legs(or in

proportions 0.02 and 0.98). Note that, since each is a proportion of the whole, the heights of the

red bars in Figure 2 sum to lLalso saw some sheep and horses, most with four legs but some

with three, some ducks and chickens includingnelegged duck, and also some insects and
spiders (I didndt see any s nak eNotethat, sieca@gathh wo r m:
is a proportion of the whole, the heightsatifthe blue bars in Figure 2 sumto 1

Now | am told that the edence is that the animal in question has four legs. How do | calculate
the likelihood ratiqp (4 legs| cow) tp ( 4 legs| not cow? In Figure2 | go to number of legs = 4,
and take the relative proportions of cows with four legs anecoars with four legs: 0.98 / 0.49

= 2. Having four legsvould betwice as likely if the animalerea cow than if itwverenot acow.
Whatever one believed before hearing this evidence, one shouldetiewe that the probability
that the animal is a cow relative to the probability that it is not a cow #itnes greatethanone
believed it to be before.
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FIGURE 2. Bar graph of discrete data.
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[99.220] From discrete data to continuous data

As noted insection[99.190] voice data are normally continuous, not discrete. For calculations
based on continuous dabar graphsare repaced byhistogramsor probability density functions

In ahistogramof continuous data there are no gaps between the rectangles and each covers a range

of values. For example, if each rectangle is 10 units wide then one rectangle could cover the range
400x < 50 ( is greater than or equal to 40 and less than 50), and the next rectangle would cover

t he r ax<6e (se Pigu@a). Theareaof a rectangle represents the proportiothetata

that falls within the range it covers, e.g., if 2.5% oéth dat a f al | xk®0therhtte r ange
rectangle will be 0.0025 units tall to give it an area of 0.0025 x 10 = 0.025. The sum of the areas

of all the rectangles must equal 1.

Now, imagine that we have a very large amount of data so that we cae teduwvidths of the

rectangles and still have enough data to be able to calculate a meaningful value for the proportion

of data within each rectanglebds range. Say we
units, one rectangle could covertller g e x4 04 ® and txk B0, aice(see Figurd O

3b). We now see more detail in how the proportions change av#hge changes. As before, the

area of the rectangle represents the proportion of data points which falls within the rangs,it cove
e.g., i f 1% of the dad4athgnthe rectasglefwidl hel0.002 anitsttal e r ar
to give it an area of 0.002 x 5 = 0.01. The sum of the areas of all the rectangles must still equal 1.
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FIGURE 3. Transition from histogram to probability density function for continuous
data.
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As the widths of the rectangles are reduced (Figdaethrough3d), the size of the steps between
rectangles decrease, not just the widths of the stepdmutheir height difference&ventually

the pbps of the rectangles will look like a smooth curve rather than a series of steps (see Figure
3d). If we make some assumptions about the shape of this curve, such as th&aussan
distribution (also called anormal distribution), then even with ratively small amounts of data

we can skip straight to an estimate of the shape of the direeurve is the calculat@dobability

density functiortrained orthe dataTo traina Gaussiadistributionwe only need to estimate the
meanandstandard devitdon. Note that the total area under the curve is still equal to 1.

[99.230] Calculating a forensic likelihood ratio for continuous data

As mentioned abovf99.220] for calculations based on continuowdajbar graphsre replaced
by probability density functions, but otherwise the same procedures as in the dlataete
exampleg99.210]can be followed.

Let us imagine this time that each of our data points is a measurehtkatmean fundamental
frequency (fO) of a voice in a voice recording. This voice property is descrilj@@. 5#0] what

matters here is that fO can differ between speakers (some speakers have a higher mean f0O value
and othes a lower mean fO value), and also within speakers (on one occasion a speaker may
produce a higher mean f0 value and on another occasion a lower mean f0 value).

We collect a database of voice recordings of speakers from the relevant population and measure
the mean fO of each recording and calculate the probability density function for these values. This
is plotted in Figuré!. Likewise we collect multiple nenontemporaneous recordings of the voice

of the known speaker and calculate the probability defisitstion for the mean fO from each of

these recordings. This is also plotted in Fighir€éhe former probability density functiame will

call the populationmode] and the latter thiknownspeakemodel

Morrison, Enzinger, Zhang 29 2017-12-19a



EXPERT EVIDENCE FORENSIC SPEECH SCIENCE CHAPTER 99

FIGURE 4. Calculation of a likelihood ratio from a known-speaker model and a
population model.
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In this example th@opulationmodel is a Gaussian distribution with a mean of H@20and a
standard deviation of 38z, and th&known-speakemodel is a Gaussian distribution with a mean
of 150Hz and a stadard deviation of 15iz. To calculate a likelihood ratio, we find the mean fO
value of thevoice o the questionedpeakerecording, thenat that valudind the relative heights
of thecurves of the knowsspeakeand populatiomodek, seeFigure4. If thequestioneespeaker
value is 179z, the probabilitydensityfunction (aka likelihood)value of theknown-speaker
model at 1791z is 0.0066, the probabiligtensityfunction (likelihood) value of thepopulation
model at 1754z is 0.00058, and the likélbod ratio is therefore 0.0066 / 0.00058 = 11.35. One
would be approximately 11 times more likely to obtain the fO value oHE#H the voice orthe
questioneespeakerecordingif it had been produced by thaown speakethan if it had been
produced bya speakeselected at randomdm the relevant population

What if, instead of 1751z, the mean fO of the questionspleakerecording was 1561z, right at
the mean value for the knovapeakerecordings? In this case, as shown in Fidyrmstead of
11.35, the likelihood ratio would be 8.02.

What if thevoice on thequestioneespeakerecordingwere even more typical and had a mean fO
of 125Hz or 100Hz? In these cases, as shown in Fighyrthe likelihood ratios would be 0.71
(0.71 in favour of theamespeaker hypothesis, or 1/0.71 = 1.42 in favour of the diffesgedker
hypothesis) and 0.0077 (129 in favour of the diffeimeaker hypothesis) respectively.

If the voice on thequestioneespeakerrecordingis atypical in the opposite directiado the
atypicality of thevoice of theknownspeakerthen the support for the differesppeaker hypothesis
is even higher, e.g., if theice on thejuestioneespeakerecordinghas a mean fO of 73z then
the likelihood ratio is 9810 in favour of thelifferentspeaker hypothesis.
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FIGURE 5. Calculation of a likelihood ratio from a known-speaker model and a
population model.
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FIGURE 6. Calculation of likelihood ratios from a known-speaker model and a
population model.
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Note that at a value of approxately 128Hz, the likelihood ratio would be 1 one would be
equally likely to obtain this value irrespective of whether the voice on the questipeakier
recording had been produced by the knospeaker or byanotherspeakerfrom the relevant
population

In the previous examples thkaownspeakemodel was relatively atypical. What if tiveice of

the known speakawere more typical? In Figurétheknownspeakemodel has the same mean
as thepopulationmodel (100Hz), and is thus maximally typical. Ttetandard deviations are
unchanged from the previous examples. As was the case in Bigine mean fO value for the
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guestionedroice sample is at the mean value for khewn-speakemodel, but instead of being
8.02, because thenown-speakemodel is nav more typicalthe likelihood ratio is only 2.

Note that even though in this example khewn-speakemodel is maximally typical and has the

same mean as thimpulationmodel, the likelihood ratio is not 1, and one is still more likely to
obtain a mean(f at the maximally typical value if theice on thequestioneespeakerecording

had been produced by the known speaker than if it had been produced by some other speaker. This
is because not all speakers in the population are maximally typical anddeomesare atypical

they are less likely to produce the maximally typical mean fO value, which contributes to this being
less likelyfor the population as a whole.

FIGURE 7. Calculation of a likelihood ratio from a known-speaker model and a
population model.
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What if the withinspeaker variability were greater? Threown-speakemodel in Figure8 has a
standard deviation of 29z as opposed to 13z as was the case in the earlier examples. The mean
for the known-speakemodel is 15Hz as was the case Figures4 through6. The firstthree
questioneespeaker values of 145z, 150Hz, and 1294z, which previously resulted in likelihood
ratios of 11.35, 8.02, and 0.71, now result in likelihood ratios of 16.57, 4.83, and 1.03. Questioned
speakewalues tse to themean of the knowsspeakemodel now result in smaller likelihood
ratios than beforeand questionedpeakervalues relatively far from thenean of the known
speakemodel now result in larger likelihood ratitsean before

In general, the smalt the withinspeaker variability relative to betweepeaker variability, the
better the performance of the forensamparison systemagsessingystemperformanceis
discussed i199.290). Most speakers will be relativelygical (by definition) so mogtnown
speakemodels will have means close to timean of thgpopulationmodel, and as the within
speaker variance approaches the betvepeaker varianceéhe knownspeakermodel and
relevantpopulationmodel curves will getloser together, and therefore most likelihood ratios will
approach 1 and not provide stgosupport for either hypothesis.
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FIGURE 8. Calculation of likelihood ratios from a known-speaker model and a
population model.

— known-speaker model
0.025 | | — population model -
questioned-speaker value

0.020 | LR =16.57 4
LR=4.83
LR=1.03

0015 / \ -
0.010 |

1 /AN
0 TS

0 20 40 60 80 100 120 140 1 180 200
10 (Hz)

All the previous examples have usetdels consisting of a single Gaussian a®lavant
populationmodel and a singl&aussianas aknown-speakemodel; however, more complex
models are usually used in forensic voice comparison. For example, procedures Kemesbam
mixture modelgGMMs) are common. Multiple Gaussians are used to fit a more complex
distribution than can be achieved using a single Gaussian. Fganavides an example of a
relevantpopulationmodeland aknownspeakemodeleach based on four Gaussians. The GMMs,
shown & the thick lines, are the result of summing the individual Gaussians shown as thin lines
(in this case each individual Gaussiaasgiven equal weight).

FIGURE 9. One-dimensional Gaussian mixture models.
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All the previous examples have beemidimensimal, using measurements of a single acoustic
property of the voiceecordings In practice forensic voice comparison is usually based on
measurements of multiple acoustic properties of va@cerdingsThis has the potential to lead to

much larger likelhood ratios in favour of one hypothesis or the otheeaddrding of avoice may

be only moderately atypical on measurements of each of a number of acoustic properties, but the
particular combination of these measured values may be highly atypical. E@prevides an
example of aelevantpopulationmodel and &nown-speakemodel (each a Gaussiamxture

mode) in a twedimensional space.

FIGURE 10. Two-dimensional Gaussian mixture models.
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[99.240] Calibration and fusion

The nodels used in the description of the calculation of likelihood ratios aj@®230] are
theoretically correct, but there may be a number of practical difficuitiesing themThese could,

for example, be related to whethtbe model is appropriate for the trdistributionof the data,
whether there are sufficient data train models which are sufficiently accurate and precise
estimates of the true distributions, or whether aspects of the likelitatiodcalculation procade

violate statistical assumptions. There is also the problem of how to combine multiple estimates of
likelihood ratios on the same dalbg, different systems, e.@nautomatic system and an acoustic
phonetic system

The practical solutions to theseptems are calledalibration andfusion and a single procedure,
logistic regressioncan be used to do both (Brimmer & du Preez, 2006; GorRalddguezet

al., 2007; Rgeon et al., 2000 One way to view calibration is to consider the raw likelihotidsa
calculated using the sorts of procedures described above, not as likelihooperasebut rather
simply asscores Score quantify the degree of similarity of pairs of samples while also taking
account of their typicalitybut their valueare notdirectly interpretable as likelihood ratios
answering the question posed by the saand differentspeaker hypotheseSalibration converts
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scores into likelihood ratios, or fusion converts parallel detsaesrom different systemato
likelihood ratios.

[99.250] Further reading

Generalintroductions tothe likelihoodratio framewak can be found in numeroumoks and
articles including Robertson et al. (2016), Balding & Steele (201%)% 3 and 11, and Kaye et
al. (2011).Introductions in the contexif forensic voice comparison can be foundRse (2002,
2003), Morrison & Thompson (2017), and Morrison & Enzinger §01

Selection of the relevant population in the context of foremsice comparison is discussed in
Morrison et al. (2012) and Morrison, Enzinger & Zhang (20%6% also Gold & Hughes (2014)
and Hughes & Foulkes (2015)

A tutorial on logistic regression calibratiand fusions presented in Morrison (2013).

Theproblem of cognitive bias in forensic science is revieweliginger et al. (2002), Saks et al.
(2003), Found (2015), Stoel et al. (201&)d Edmond et al. (2017)
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ASSESSING THE VALIDITY AND RELIABILITY
(ACCURACY AND PRECISION) OF FORENSIC-
COMPARISON SYSTEMS

[99.290] Introduction

In judicial literaturethe wordreliability has often not beamsed without beingxplicitly defined.

The Daubertruling (at footnote 9) equatevidential reliability with scientific validity Daubert

advises thgudge at an admissibility hearing toonsider whethet he f orensi c prac
methodshave been empirically tested and found to have an acceptable error rate

In statistics and scientifititerature validity and reliability mean different thing$ validity is
synonymous witlaccuracyandreliability with precision

To illustrate the difference between accuracy and precision, imagine a device for measuring a
personds hei @lbdase whichtsitsomthesgiosnd, & vedi¢al pole with marks on it,
and a horizontal arm which slides up and down the pole. A person stands on the base, the arm is
placed on top of their head, athabir heightis read off as the value marked on the pole.

Now imagine that this device is broken and rather than being vertical (fixed at 90° to the base),
the pole is somewhat loose and sometimes the person is measured with the pole at 85°, other times
at 95°, and various other angles in between. For the sakguwent, let us also assume that a
personds height is fixed and that we have an
measure the same personds height multiple ti me
their height as 17@m, sometines as 178m, and other values in between. We take the mean of

all the measurements and we find it to be 1€l The oracle tells us that in fact the true height

of this person is 175.6m. Our measuring device is veagcurate averaging over multiple
measurements it has come up with an answer which is aniyp 10.057%) away from the true

value. In contrast, the measuring device is not y@gcise our measurements range from
approximately Zm below to Zm above the mean value.

Now imagine that theneasuring device has been repaired and the pole igixeshat 90° to the

base. We measure the same person again multiple times and we get values which range from
176.9cm to 177.1cm with a mean of 177€m. The device is now much mopeecise our
measuements only range fromriim below to Imm above the mean value, butaiscuracyis

now poor, the mean of our measurementsasm2oo high! Upon inspection, we discover that as

part of the fArepairo t hecmpranitrebottens made short el

Ideally, for any system, we would like to have both a high degree of accuracy and a high degree
of precision.

[99.300] Measuring the accuracy of a forensic-comparison system

The accuracy of the output of a forers@mparison syste can be assessed by testing it on a

large number of pairs of samples (a test set) where it is known for each pair whether its members
have the same origin or different origins, the
about the input.
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A commonmeasure of accuracy is corretassification rate, i.e., the proportion of true positives
(the proportion of samerigin pairs correctly classified as same origin) and the proportion of true
negatives (the proportion of differeatigin pairs correcyl classified as different origin); or
alternatively, classificatioerror rate i.e., the proportion of false positives (the proportion of
differentorigin pairs incorrectly classified as same origin) and the proportion of false negatives
(the proportion osameorigin pairs incorrectly classified as different origin). Classificatoror

rateis simply the inverse of correclassification rate.

Classificatiorerror rate (and correciassification rate) are the result of binary (same or different)
decisicns made on the basis of posterior probabilities. Because it is based on posterior probabilities,
this approach is inconsistent with the likeliheadio framework. The binary nature of the
decisions is also inconsistent with the likelihaatio framework.

Likelihood ratios greater than one favour the samgin hypothesis and likelihood ratios less
than one favour the differewtigin hypothesis; however, forensic comparison of known and
questioned samples is not a binary decision task but rather thef thetlermining the strength of
evidence with respect to the saongin versus differenbrigin hypotheses, i.e., the extent to
which likelihood ratios a greater than or less than psee sectiof99.150]

It is often conenient to convert likelihood ratios 1og likelihood ratiossince the latter are
symmetrical about zero, e.g., likelihood ratios of 1000 (one thousand in favour of therggime

hypothesis) and 1/1000 (one thousand in favour of the differggin hypdhesis) become lag

baset en | i kel i hood ratios of +3 an@0andl/1W@s pect i
are loghaset en | i kel i hood r at i oGounotlie number af zetlos ihthe r e s p «
likelihood ratio!A likelihood ratio of 1corresponds ta log likelihood ratio of 0.

Ideally, for a sam@rigin pair the forensicomparison system should produce a large positive log
likelihood ratio, and for a differerdrigin pair it should produce a large negative log likelihood
ratio. For a ameorigin comparison, a small positive log likelihood ratio is not as good as a large
positive log likelihood ratio, a small negative log likelihood ratio is worse than a small positive
log likelihood ratio, and a large negative log likelihood ratio iss@dhan a small negative log
likelihood ratio (nutatis mutandidor a differentorigin comparison). It is worse to report a
likelihood ratio of 1000 in favour of a contratyg-fact hypothesis than it is to report a likelihood
ratio of 10 in favour of a adrary-to-fact hypothesis, because the former provides greater support
for the contraryto-fact hypothesis and therefore has greater potential to contifiteuteer of fact
making an incorrect decision

A measure of accuracy which is consistent with likelihood-ratio framework is thdog-
likelihoodratio cost(Cy,; Brimmer & du Preez, 2006C;, was developed for use in automatic
speaker recognition and has subsequently been applied to forensic voice comf@gson
GonzalezRodriguezet al, 2007. In contrast to classificatieerror ratesCy: has the desired
propertes of being based on likelihoaatios, and of being continuous and more heavily
penalising worse results.

To calculateCyr, one must first calculata penaltyvalue for the likelilood ratio from each test
pair. Figurell provides a plot of the function for calculatiaghenaltyvaluewhen the input to the
system is a sarperigin pair (blue line). Large positive log likelihood values which correctly
support the samerigin hypothesisare assigned very lopenaltyvalues, log likelihood values
close to zero provide little support for either the samgin or differentorigin hypothesis and are
assigned moderatgenalty values, and negative log likelihood values which conttasfact

Morrison, Enzinger, Zhang 37 2017-12-19a



EXPERT EVIDENCE FORENSIC SPEECH SCIENCE CHAPTER 99

support the differendrigin hypothesis are assigned higgnaltyvalues The size of th@enalty

values ircrease rapidly as the log likelihood values become more negative and provide stronger
support for the contrario-fact differentorigin hypothesis. fie function for calculating penalty

value when the input to the system is a diffei@nigin pair (red line in Figurdl) is a mirrored
version of the samspeaker function.

FIGURE 11. Plot of the function for calculating a Cir penalty value for same-origin
test pairs (blue line) and different-origin test pairs (red line).
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To calculateCyr, one finds the mean of all tpenaltyvalues from samerigin test pairs, the mean
of all thepenaltyvalues from differenbrigin test pairs, and then takes thean ofthe latter two
means. Théunctionfor calculatingCy; is given in Formula 3vhereNs andNy are the number of
samespeaker and differerspeakettest pairs andLRs andLRy are the likelihood ratios derived
from samespeaker and differergspealertest pairsA sameorigin penaltyvalue islogy(1 + 1LRy),
and a differenbrigin penaltyvalue islogy(1 + LRy).

Formula 3

T @ T @ 0y

Oiio

al e

Py P
0 0

P
0y

Thelower theCy, the better the performance of the system. If several systems are tested using the
same set of test data, then the most accurate system is the system which results in tGg lowest
value.

It is important to note that (as with other measwkaccuracy such as classificatiemor rates)
Cir depends on the test data as well as the forensic comparison system. To be meaningful in
casework the test datashould therefore be samplagich are representative tiie relevant
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population[99.180] and theconditionsof eachmember of eactest pair shouldeflectas closely
as possible to theonditionsof the known and questionedpeaker recordings (e.gpeaking style
recording quality, andecordingduration seesection[99.600ff). In this way, theesults of the
tests will reflect the expected performance in the system under the conditions of the case.

[99.310] Measuring the precision of a forensic-comparison system

It is important to consider the precision of a foreft@mparison system as well as its accuracy.

All else being equal, a systahlmatoutputs anore precise value is better than a systeatoutputs

a less precise valu&here is, however, disagment among forensic statisticians as to the best
way to handle imprecision. Some provide a best estimatadealue of the likelihood ratio and

a range of values within which they believe the value is likely to lie, e.g., a best estimate of 1000
with a90% probability of being in the range 900 to 1100. An alternative to this is to only report
the bound closest to a likelihood ratio of 1, e.g5% Probability that the likelihood ratio is at

least 900. Others have philosophical objections to this apgpread instead calculate a single
value, but that single value would wusually be
best estimateThe first group could be calleftequentistsand the second grougubjective
Bayesiansbut in reality he situation is more complex and there are a variety of subgroups with
different nuanced thinking on the issue. Part of the debate on this issue appears in a virtual special
issue of the journabcience & Justiceand can be accessed<attp://www.sciencdirect.com/
sciencgburnal/l3550306/si>. Given the lack of agreement on the issue, we dtago into

details as to how to calculate the preaisid a forensic analysis system

Imagine that a forensic practitioner has calculated a likelihood ratio usamgpdesof 200 speakers
from the relevant population and presents the resulting value in court. Curran (2016, p. 380) points
out that:

An astute | awyer would also ask dAlf | took
change?0 The sirnegslpeo nnsces tt oe ftfheicst iquueest i on i s
assessing this probability has already take

witness who has used a statistically justifiable method for quantifying and adjusting for
sampling uncertaintyni his or her evaluation will be wetiquipped to respond to the
sample size question.

We recommend that lawyers engaging the services of a forensic practitioner ask the practitioner

how the practitionerds met hod tofaccountassessi ng pi

[99.330] Tippett plots

A graphical method for presenting the resultesfing dorensicanalysisystem is dippett plot

Tippett plots were introduced in Meuwly (2001) (inspired by the work of Tpett), and are

now a standard method for presenting rssinl forensio/oice comparison research. Tippett plots
provide more detailed information about the results than is available from a summary measure
such a<Cy,. This section provides a guidethe interpretation of Tippett plots.

Figures12 through14 provide a series of Tippett plots drawn on the basis of hypothetical sets of
output from forensicomparison systems. Tldue lines rising to the right represent the results
from samespeaketest pairs. The value on tlyaxis isthe cumulative proportion of log likelihood
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ratios less than or equal to the value indicated orakes. Theredlines rising to the left represent
the results from differergpeaketest pairsThe value on thg axs isthe cumulative proportion

of log likelihood ratios greater than or equal to the value indicated om thés. In these
hypothetical results the sarspeaker and differersipeaker lines are symmetrical and cross at a
log likelihood ratio of zero; tisineed not be the case for real test results.

FIGURE 12. Tippett plot of hypothetical test results.
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FIGURE 13. Tippett plot of hypothetical test results.
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FIGURE 14. Tippett plot of hypothetical test results.
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As discussed in sectid89.300] a forensiecomparison systemwith good performance euld
produce a large positive log likelihood ratio for a sasrigin test pair and a large negative log
likelihood ratio for a differenbrigin test pair Largemagnitude log liketiood ratios which
support the consistemtith-fact hypothesis are better than samafignitude log likelihood ratios
which support the consistenith-fact hypothesis. Log likelihood ratios which support the
contraryto-fact hypothesis are bad, and the &rtheir magnitude the worse they are. Therefore,
in Tippettplots the further apart the sarspeaker and differersipeaker lines (the further to the
right the samespeaker line and the further to the left the differsgreaker line) the better the
performance The results presented in the Tippett plot in FiglBehereforeindicate a system
with betterperformancehanthe system whose results aresented in the Tippett plot in Figure
12

Note, however, thabéwith theCy, metric)log likelihoodratio results which support contratg-
fact hypotheses are of greater concern than whether the consiikefact loglikelihood ratio
results are relatively small or large a system whichreducessupport for contraryo-fact
hypotheses is preferable evénthis leads tosomereduction in its strength of support for
consisterwith-fact hypotheses. The results presented in the Tippett plot in Bigare therefore
better than those presented in the Tippett plot in Figigrbut worse than those in Figed 3.

[99.340] Further reading

For more detailed descriptions of procedures for empirically testing the validity and reliability of
forensic analysis systems (including forensic voice comparison systems), and metrics and graphics
for communicating the results, see Morrison (2011), Meuwly et al. (2016), and Morrison &
Enzinger (2016).
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MISINTERPRETATIONS OF FORENSIC
LIKELIHOOD RATIOS

[99.370] Introduction

A problem for thgresentation of a likelihoagtio asa strengthof evidence statemei# potential
misinterpretation othe meaning of the likelihood ratiMisinterpretations can occur in the mind

of a lawyer, judge, or jury membeand can be inadvertently caused byoaensicpractitioner

misphrasing their strengtf evidence statemerfEorensic practitionsrshould be careful not to
inadvertently cause a misinterpretation via misphrasing, amduakl aspossible try to prevent

others from misinterpreting correcthhgased statements. Lawyers and judges should also be
careful not to induce misinterpretations in the minds of jury memBeramonmisinterpretations
includethepr osecut ptheGef ent baaytandtheeyder fafl hagt 6s f

[99.380] The prosecutords fallacy
ForensicPractitioner:

One would be one thousand times more likely to obtaimbasuredicousticproperties
of the voice on theuestioneespeaker recordini it had been produced by the accused
than f it had been produced by some other spefiken the relevant population

Prosecutor:

So, to simplify for the benefit of the jury, what you are saying istti@probability that
the defendant is thguestionedspeaker is one thousand times greater thamprobability
that someone else from the relevant population is the questioned speaker.

The forensic practitioner 6s Ilikdlitmoderatie (elativea b o v e
probabilities of evidence given hypothesds)Xoes not include considgion of prior odds. In
contrast, the prosecutor 6s st at(relaeeprababditeo ve i s
of hypotheses given evidenc@hichlogically mustdepend orboth a likelihood ratio and prior

odds, se99.160] The posterior odds and the likelihood ratiould only have the same valife

the prior odds were 1 (@ priorithe sameand differentspeaker hygothesis were equally probable),

which is seldom the case. If the prior odds are not eXplititthen equating the value of the

posterior odds with the value of the likelihood ratio is fallaciduss called thepr o s ecut or 0 s
fallacy, or more generally thigansposition of the conditionals

To understand why h e pr o s e cis suohradesousmmiatdkéled asyreturn to the cow

example fromrsection[99.210] Imagine thatve tell youwe have a cow somewhere out of sight
andweask ydhwt AW the probability that it has
p(E =4 legs|Heow). In the imaginary data whicke reported in[99.210]we said that 98% of

cows had four legs, which corresponds to a probability of 0.98. In reality the prahaplye

much closer to 1.

Now letusask the trasposeec ondi t i onal question: iwhat i s th
cow gi ven t ha tp(Hiu|EHh4Aeys).fit should bé imrgedi&eadly obvious that the

answer to this question is certainly not a probability closeitéois of animés including sheep,

pigs, horses, dogs, cats, giraffes, and elephesotallyhave four legs, and the proportion of four
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legged animals in the world which are cows is probably quite small, maybe less than 0.01 (1%),
i.e., close to O, not close to 1.

The po s e c ut oyisictaké thel statament:

The probability ofthe animal having four lecgiven that it is aowis very high
And misphrase or misinterpreiis

Given thatthe animal has four legthe probabilityof it being acowis very high
Or similarly take thestatement

The probability othe occurrence dgfie acoustic properties of the voice on the questioned
speaker recordinig much highehadit been produced by the knovepeakethanhadit
been produced by some other speaker

And interpet it as

Given the acoustic properties of the voice on the questispedker recordingthe
probability thatit was produced by the knovapeakeis much highethanthe probability
thatit wasproduced by some other speaker

What is missing is the @i probabilityor the prior odds

For sake of argumerdssumehe likelihoodratias9 9 and t he tri er of facts
ft he prosecutorés fallacy were committed, the
of 99 as posteriondds of 99. This is equivalent &99%posteriorprobability that the defendant

is the questioned speaker.

In fact, using Formula 2 froff®9.160](prior odds x likelihood ratio = posterior oddgje correct
posterior odds wad not be 99, but instead/1000 x99 = 99/100G-= 0.099 This is equivalent to
a P posterioprobability that the defendant is the questioned speaker

9% is very different from 99%

For the mathematically inclinetheequationfor converting fom coheentodds o(Hs) = p(Hs) U
p(Hq), to probability p(Hs), is given in Formula 4the odds, and the probabilities, agherentf
and only ifp(Hs) + p(Hq) = 1).

Formula 4
€0

10 Eo

[99.385] Avoi ding the prosecutorés fallacy

The term fiprosecutordéds fallacyo was coined fo
since, assumig the prior odds are less tharitlis more advantageous to the prosecution than
the defenceAl t hough the term fiprosecutorés fallacy

transpose the conditionals, it is in fact a mistake which can easily be uioinédigtmade by
prosecutors, defence council, judges, jury membpausnalists,and forensipractitioners A way
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to help avoid making this mistake is to alwaysk: What is the evidece and what are the
hypotheses® u b s t riuthetoélegd f or dé hee eowdd ndermsaow @ or t he
hypothesest hen deci de whet her t he stlegtgeemmnversuss of t
notcoo, or of 't he ftowvensusiiopcovogivemlegl iotry fopfr oowvabi | it
given lego . Is fone ioft the ilatter two and it is what the forensic practitioner said or an
interpretation of whathe forensic practitionesaid, then it is probably an example of the
prosecutoro6s fallacy.

[99.390] The defence attorneyédés fallacy
Forenst Practitioner:

One would be one thousand times more likely to obtaimibasuredicousticproperties
of the voice on thguestionegspeaker recordinigad been produced by the accused than if
it had been produced by some other adult male AustrBimgtish speaker.

Defence attorney:

So, given that there are approximately a million adult male AustrBlgtish speakers in

the region and assuming initially that any one of them could have made the intercepted
telephone call, we begin with prior odds ofeoaver one millionwe multiply by one
thousand and arrive absterior odds of one over one hundred thougafd000,000 x

1000 = 1/100,000)0ne over one hundred thousand is a very small number. Since it is one
hundred thousand times more likely that thoice on the telephone intercept was that of

an adult male Australiaknglish speaker other than my client than that it is the voice of
my client, | submit that this evidence fails to prove that my client was the speaker on the
intercepted telephone calhd as such it should not be taken into consideration by the jury.

The |l ogic of the defence attorneyods fallacy i
attorneyédés fallacy does is 1ignor ehadphrticalarher e
piece of evidenceisofnovallen f act, the | ikelihood ratio sh

beliefs by a factor of 1000, which is not insubstantial. By itselifay not be enough to convince
the trier of factthat the samerigin hypothesis is tryebut when the trier of fact weigtall the
evidence, it may make a substantial contribution.

Different types of evidend@.g., DNA, fingerprints, voice recordingsin reasonably be assumed

to be statistically independeiaind if hey all address the same saonggin versus differerorigin

hypotheses, the likelihood ratios can be multiplied together. The prior odds plus the likelihood

ratios can be multiplied in any order, it makes no difference mathematitalystarted out vih

prior odds of 1/1,000,000 and then heard four pieces of evidence, each with a likelihood ratio of
1000, the defence attorneyods fallacy would ar
but the posterior odds would be 1/1,000,000 x 1000 x «QO@0 x 1000 = 1,000,000 (in lpg

16 +3+3+ 3+ 3=+6). Posterior odds of one million may well lead the trier of fact to conclude

that the samerigin hypothesis is true (aridatthe differentorigin hypothesis false).

The term Adeffandacgdt osneaiyséesd since the outco
usually advantageous to the defence, but the mistake canifitentionally made by defence
council, prosecutors, judges, jury membg@arnalists,and forensigractitioners.
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[99.394] Thetriero f f &allacyd s
ForensicPractitioner:

One would be onbillion times more likely to obtain thBNA profile of the blood found
at the crime scene had it come frime accusedatherthanfrom another individual in the
country unrelatedotthe accused

Trier of Fact(thinking):

One billion is a very big number. The blood must have come from the accused. He must
be guilty. | can ignore the other evidence.

There are several counts on whidh this examplet h e t r i selagic is fallzibua. cThed
defendant could be innocent and the true offender coldddiative of the defendant (a likelihood

ratio given a relevant population of close relatives would be much smaller), or there could have
been a mistake leading to contaminatioriscatulation, or misreporting. The likelihood ratio
quotedaddresseé source level propdtsons: sameorigin versus differenorigin. It did not address
activity level (how the blood got to be at the crime scanaffencelevel (whether the accused

is guilty or a crime or not)The blood could be that of the defendant without the defendant having
committed the crime. For example, the defendant may have been present at the crime scene,
attempted to prevent the crifiem being committed and ended up diiag blood in the process.
These may be issueonsidered by theourt, but they were not addressed by the forensic
sci ent i devebcenclgsiorur c e

Even if none of thebove werd r u e, there is stildl a fTad | acy i
likelihoodratio presented by the forensic practitioner is probabilistic, not definiien though

the value of the likelihood ratio is very large, it is not infinite. This means that other evidence

could potentially outweigh even this very large likelihood ratithat if eye witnesses stated that

the defendant did not resemble the person slaev committing the crime, and the defendant had

a very strong alibi? This is not forensic science evidence and it does not come with a numeric
likelihood ratio attached, btte trier of fact should consider whether the other evidence outweighs

even the very strong DNA evidence. The trier of fact may still decide that the defendant is the
source of the blood, but they should do so after considering the weight of all tlemteleidence

presented to them, and not prematujeigp to a conclusion.

We have coined the term fAtrier of factds fall e
number fallacyo, and be consi de rywhichtcbulel bei nver s
calledt he fAsmall Memiwert hf alhltapy®@secutords and def

potentially be made by various actors, not just triers of fact. Indeed, there is a version of this fallacy
where the forensic practitionebtains a very large number and rounds it up to a probability of 1
(100%) and decl aroeadbtairssma vefyisndaé munberf andcreunds ibdovan,to a
probability of ) 0 %) and d e c | alnsushciecumstaneeswoluld Ebettercadled

the fiforensic practitionerés fallacyo.

[99.398] Further Reading

Thetermspr os e c ut oanddse f feanlclea cayt t warenceined byThénpdoh & c y
Schumanr(1987. They are also described in Robertson et al. (2016, emdBalding& Steele
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(2015, ch.11). Hicks et al. (206) includesadvice on how to avoid the prosecudofallacy.
Koehler (20%) discusses instances of fallacies found in some actual legal rulings.
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HUMAN VOICES
(A BRIEF INTRODUCTION TO PHONETICS)

[99.440] Introduction

Phoneticss the study of the physical aspects of the production, transmission, and perception of
human speech. This section provides a brief introduction to latticy and acoustic phonetics,

which cover the production and transmission of speech. The intent is to provide the reader with a
basic understanding of some of the phonetic terms and concepts which may be used in reports on
forensic voice comparisoar digputed utterance analysi#t is recordings ofacoustic speech
signabwhicharemeasured and analysed in forensic voice comparison.

This introduction is not meant to be exhaustiBeggestions for further reading are given in
section[99.560]

[99.450] Vocal tract

Humans make speech sounds using thiegal tracts The vocal tract is essentially a tube
consisting of the mouttofal cavity) and throatgharyngeal cavity, with thelips at one end and
thelarynxat the other (thgocal foldsare in the larynx), see Figui® (this is an Xray of Philip

Rose with the vocal tract highlighted). The length of the tube can be slightly increased by rounding
and protruding the lips and by lowering the larynx (rgsihe larynx will slightly shorten the
tube). The nose forms another tubadgal cavitiefrom thenostrilsto thevelopharyngeal pojt

which can be connected to tleeopharyngealtube (pharyngeal cavity plus oral cavity) by
lowering the soft palatesélum) to open the velopharyngeal port, see FidieThe jaw can be
lowered or raised and the tongue can be moved to change the shape of the oropharyngeal tube.

FIGURE 15. X-ray and tracing of a vocal tract.
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[99.460] Vowels
[99.461] Description

The vocal tract is similar to a musical instrument, a wind instrument such as a clarinet or a
trombone. To play these instruments, one must blow air into thems Alpwn into the vocal

tract by compressing thengsso as to push air between the vocal folds. However, simply blowing
into a trombone wil/l not make a musical sound,
ones lips so that they vibrate, opanand closing many times per second. Similarly, a reed needs

to be fitted to the mouthpiece of a clarinet so that when one blows into the mouthpiece the reed

vibrates. In the same way, to makeoiceds ound (i ncluding a vowel), o
folds together and under tension so that when air is forced between them they vibrate, opening
and closing many times per second (seetion[99.540) . Note that, as one ¢

and not fibl ow aopeams pbreadsy ov,o wanle fcamlnds and not
the latter is the normal state when one is breathing.

To verify that the difference betweerva@icedand avoicelessound is the vibration of the vocal

folds, put your fingers on your throat,front of your larynx, and ay f z z This s a wized 0

sound you should be able to feel the vibration with your fingélexts ay A s.dhissssas s s 0
voiceless soundgou shouldchotbe able to feel vibration with your fingers Now t r wz0sayi ng
andsifibn both cases the vowel is voicwidedbut th
and the vibrations should stop sooner in fAbus:

To get different notes out of a trombone you have to move the slider, which changes theflengt

the tube. To get different notes from a clarinet you have to open and closé Hadsngth of

the tube is the distance from the mouthpiece to the nearest open hole. When the tube is longer the
note sounds lower, and when the tube is shorter tteesomnds higher also think about long

tubes and short tubes in a pipe organ. The difference in the notes of a wind instrument are usually
not caused by differences in the rate of vibration at the mouthpiece, rather they are caused by
differences in théength of the tube which cause the tube to have diffeesohance frequencies
(frequencies at which the sound is amplifiedpnger tubes have lower resonance frequencies

and shorter tubes have higher resonance frequencies.

The resonance frequenciesakimple tube can be easily calculated mathematically, one only
needs to know the length of the tube and the speed of sound (thsertiesal area of the tube

also has a small effect). Tubes have multiple resonances, not just one, and a simplertubve 16
length (about the average length of adultnan vocal tracts) will have resonances at abouHz0Q0
1500Hz, 2500Hz, etc. The amplitude (loudness) of the resonances gets less as the frequency gets
higher.

The resonance frequencies of vocal traces wsually calledormants Although a human can
increase the length of their vocal tract by rounding and protruding the lips and by lowering their
larynx, this increase in length is limited and the primary way in which a human changes the
resonance frequeres of their vocal tract is by lowering or raising their jaw and moving their
tongue. Part of the tongue is moved towards part of the roof of the mouth or the back of the throat
causing aonstrictionin the oropharyngeal tube. The vocal tract is thenraptexshaped tube

rather than a simple tube. In a simple description of the complex tube, the location, length, and
crosssectional area of the constriction, and the concomitant lengths anesentiemal areas of

the parts of the tube behind andfiont of the constriction, determine the resonance frequencies

of the vocal tract.
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Try saying the vowel sound fieed from the word
probably quite high and the freta-middle part of your tongue is probably quitese to the roof

of your mouth. Now slowly open your mouth and lower your torigyeo u s houl d hear t
sound change to sound | i ke the vowel sounds i
sounds correspond with teewords may depend on yourcan). The different mouth shapes

result in different resonance frequencies which make the sound of different vowels. The primary
acoustic differences between the vowels in fh
formant (F1) increases as thenetriction widens and second formant (F2) decreases.

Now say the fieed sound from fiheedd again, but
saying the voweilyouhavaprodably alsogonefrapheaddipglike smiling)
torounded Ips (in Figurel5t he speaker is saying the vowel S

moving your tongue back in your mouth lowers F2 and that rounding your lips also lowers F2, so
doing both together has a larger effect. The most important acoustic différetween the vowel
sounds in fiheedd and Awhodo is the change in F:

Thephonetic symbolsf the Internattnal Phonetic Association (IPAh#ps://www.international
phoneticassociation.orgntentipa-chart> can be used to rement many speech sounds, and

diacritics (extra smaller symbols put above, below, or after a main symbol) can be used to
represent small fferences between speech souddb.e sy mbol s for t he vowel
Ahi do, fAheado, /i keld@el/ and wespeftively.dcStasheédiare put around

phonetic symbols ibroad transcription indicating the sounds which contrast in a given language

or dialect phonemes and square brackdtsare used to indicate finer phonetic detail imaarow

transcription e . g ./bAz/ malp he zealised 4bAE sthe vowel is longZE is the diacritic for

long duration) and theocal folds do not actually vibrate duritigefinal consonant A Bigss 0 [/ b

would be [l#s], without a long vowel, henteh e act ual di fference in pr.
Aibusodo may be vowel l engt h, not presence of a
consonant.

Figure 16 shows thespectra(singular: spectruny of the vowels/i/, /&Y, and /u/(spoken by
Morrison). Frequency is on theaxis and amplitude on theaxis. These spectra were measured

at a point in time 25% of the way between the beginning and the end of the vowel. The jagged red
lines are raw measurements and the blue lines are smoothed measuréheeptsaks in the
smooth lines are thmeasuredormans, the first two peaks from the left are F1 and F2. Note that

for /U/ F1 is higher and F2 lower than ft, and for/u/ F1 is about the same but F2 is much lower
than for. hNote that there are also other differences in the shape of the spectra.

In many languages F1 and F2 peaks are the primary acoustic indicatovgebtategory (vowel
phoneme) identity (the peak formant values rather than the exact shape of the spectra are
perceptually relevant), and vowels are often graphically represented viedanewsional plot of

F1 and F2 as in Figurg7 (vowels spoken byorrison). This plot has arrows pointing from
measurements taken at 25% of the duration of the vowel to measurements taken at 75% of the
duration of the vowel. Some vowels have very little formant movement, and others have
substantial formant movement, tliermer are known asnonophthongsand the latter as
diphthongs for example, the voweladba s i n t h e starts offl withi ligh &% and
intermediate F2, somewhere betwdaxl andd (the vowelinihado versus the fi
Af at her oyp,witheaatod Fleanddashigh F2, somewhere betwesnd /i/(the vowel in

Alido ver sus fithdékeinabroadAustralianglish accentadbmaybe realised ag0]®

Morrison, Enzinger, Zhang 49 2017-12-19a



EXPERT EVIDENCE FORENSIC SPEECH SCIENCE CHAPTER 99

rather tharfady and in a CanadiaBn gl i sh accent fhha@{-}ismte
voiceless diacritich ut A h ¢hiAthht 6 as

FIGURE 16. Spectra of vowels /i/, /0/, and /u/.
F1 .
\/ 1l

F2

60

40/

Amplitude (dB)

201

~

/el
8 F2

404

Amplitude (dB)

201

F1 fu/

601 F2

401

Amplitude (dB)

204

N /\/
3 4

2
Frequency (kHz)

Morrison, Enzinger, Zhang 50 2017-12-19a



EXPERT EVIDENCE FORENSIC SPEECH SCIENCE CHAPTER 99

FIGURE 17. Plot of F1 and F2 measurements of a set of English vowels.
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Another graphical method for representing the acoustic spegohl 95 aspectrogram A
spectrogram is made by measuring the spectrum of the speech signal every few milliseconds, then
lining those spectra up in order so that time is orxtaeis and frequency is on tlyeaxis. On a
threedimensional plot amplitude née represented on thexis (this is called waterfall plo),

but it is more common to produce a tdimensional plot with darkness of a monochrome scale

or colours on a muHtoloured scale used to represent amplitude. Spectrograms can represent fine
details of the acoustic signal across time, frequency, and amplitude. F8guorides an example

of a colour spectrogram of a token of the diphthémyspoken by an adult male speaker of
Australian English The highest amplitudes are in dark red, d@hd lowest in dark blue
Measurements of the first two formant peak frequencies haveohedaid

In addition to F1, F2, and diphthongisation, vowel duration can be an important cue to vowel
phoneme identity in Englisliror example, in addition to speatdifferences, all else being equal,

/il is longer tharicbin most dialects of English. In some languages, such as French, other acoustic
properties such as third formant (F3) and nasalisationsése®n[99.480) can be important for
vowel phoneme identity.

In English, vowels an bestressedin which case they are relatively long and have well defined
formant values, or they can hen-stressedn which case they are relatively short and the vocal
tract approximates a rest position or the position needed to make the precéaliogvimg speech

sounds, which results in some degree of neutraes
nonstressed vowel is schvjg] for which the original identity of the vowel phoneme is lost, for
example, the second vowel in Aphotographo is

in Aiphotographero.
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FIGURE 18. Spectrogram of /adb.

[99.470] Potential forensic value

The acoustic properties of speech will be useful forensically to the extent that they have relatively
largebetweenspeaker variation and relatively small wittipeaker variation.

From the discussion above, it should be cleantbealttract length has a major effect on formant
frequencies; men generally have longer vocal tracts than women but there is also variation within
each sex. Additional anatomical differences in the shape of the vocal tract and idiosyncrasies in
control d the muscles of the tongue, lips, etc. may also be reflected in vowel spectra. Speakers
may also exhibiidiolectal differences which are more subtle versions of the sort of dialectal
differences mentioned above. Acoustic properties which are not impé&otavowel phoneme
identity, such as the higher formants (F3 and above) and the shape of the whole spectrum, may
also contain information which can help differentiate speakers.

Although there may be a great deal of anatomical and idiosyncratic vabatiween speakers,

the ability of a forensiwoice comparison system to exploit this may be limited. Much of the
information may not be available or may not be extractable from the acoustic signal. Transmission
of the acoustic signal through a telephonetesyswill alter the shape of the spectrum and,
depending on the vowel phoneme, may make both F1 and higher formants unusageticee

0. Also, unlike DNA profiles or fingermark#trinsic within-spealer variability of many of the
acoustic properties of speech may be very high.

[99.480] Nasals
[99.481] Description

Nasalssuchag m/ , / f{/t,headds/tE/sound in fisumoegmadesuno,
by producing voicing, opening the velopharyngeal port so that air can flow through the nasal
cavities (see Figurg5), and making a closure in the oral cavitje velopharyngeal port is also

held open when one i s ,burwthaut makingga sgedéch sounthe o ne 6 s
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tracing of the nasal cavities in Figut® is greatly simplified, and in reality the shape of nasal
cavities is very complex, including several slifanches (sinuses).

For /m/ the lips are held together and the oral gawt a relatively long sidéube on the
nasopharyngedlube (nasal cavities plus pharyngeal cavity)..Fothetip andbladeof thetongue

(see Figurel) are held against theveolar ridgeto make a closure and the oral cavity tube is
shorter than fofm/. If you put the tip of your tongue on your upper lip, then gradually move it
backwards past your upper incisors and gums and keep going, you get to a ridge near the front of
the roof of your mouth, this is the alveolar rid@ee Figurel5). For/ Atle closure is made
between thelorsumof the tongue and the velum (see FiglBe and the oral cavity tube is very

short.

The acoustic differences in the spectra of nasals, which makes them sound different, is due to the
different anti-resonance®f the dfferent lengths of the oralavity tube. Rather than adding a
resonance, a closed sitife to a maisiube subtracts an antesonance. FigurEd shows the raw
spectra ofm/ and /nkcompared td@ The latteiis a nasal where the closure is a little further back
than for English Aich that the length of the oral cavity stdee is zerd Figure19 therefore
compares the spectrum of the nasopharyngeal tube with the spectra of the nasephargag
plus the differentength oralcavity sidetubes. The first antiesonance faim/ can be seen as the
lower amplitude of thém/ spectrum compared to tH& spectrum at around 7534, for /n/ the
antiresonance is more pronounced and occursdijumt above kHz. For bothim/ and /n/ the
spectra above the first amésonance are also shifted down in frequency relative td’@ne
spectrum.

FIGURE 19. Spectra of nasals /m/ and /n/ compared to /Q.
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