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Abstract

This article provides a primer on forensic voice comparison (aka forensic speaker
recognition), a branch of forensic science in which the forensic practitioner analyzes a voice
recording in order to provide an expert opinion that will help the trier-of-fact determine the
identity of the speaker. The article begins with an explanation of ways in which human speech
varies within and between speakers. It then discusses different technical approaches that
forensic practitioners have used to compare voice recordings, and frameworks of reasoning
that practitioners have used for evaluating the evidence and reporting its strength. It then
discusses procedures for empirical validation of the performance of forensic voice
comparison systems. It also discusses the potential influence of contextual bias and ways to
reduce this. Building on this scientific foundation, the article then offers analysis,
commentary, and recommendations on how courts evaluate the admissibility of forensic
voice comparison testimony under the Daubert and Frye standards. It reviews past rulings
such as U.S. v. Angleton, 269 F.Supp 2nd 892 (S.D. Tex. 2003) that found expert testimony
based on the spectrographic approach inadmissible under Daubert. The article also offers a
detailed analysis of the evidence presented in the recent Daubert hearing in U.S. v. Ahmed,
et al. 2015 EDNY 12-CR-661, which included testimony based on the newer automatic
approach. The scientific testimony proffered in Ahmed is used to illustrate the issues courts
are likely to face when considering the admissibility of forensic voice comparison testimony
in the future. The article concludes with a discussion of how proponents of forensic voice
comparison testimony might meet a reasonably rigorous application of the Daubert standard
and thereby ensure that such testimony is sufficiently trustworthy to be used in court.
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1 Introduction

In criminal and civil cases, disputes sometime arise about the identity of a speaker on an audio recording.
In such cases a forensic practitioner may be asked to perform a forensic voice comparison.! This involves
comparing recordings of one or more known speakers with a recording of a speaker of questioned identity.
The goal is to provide an expert opinion that will help the trier-of-fact determine the identity of that
speaker.

Forensic voice comparison testimony has a long and troubled history in the United States. In the 1970s,
80s, and 90s, courts frequently admitted forensic voice comparison testimony.? The testimony of that
era was typically based on the spectrographic approach or auditory-spectrographic approach.>* Almost

! Forensic voice comparison is our preferred term; see Geoffrey Stewart Morrison, Forensic voice comparison, in Expert
Evidence ch. 99 (lan Freckelton & Hugh Selby 2010) (hereinafter Morrison 2010) at §99.170 for reasons. Other terms which
have been used include: forensic speaker comparison, forensic speaker recognition, forensic speaker identification, forensic
voice identification, forensic talker identification, voiceprint identification, and voicegram identification. The differences
between the different terms may reflect subtle philosophical differences, but in general the courts can simply interpret all these
terms as equivalent (see, however, note 26 infra).

2 Based on published rulings, the rate of admission appears to have been somewhat greater than the rate of exclusion. In the
rulings listed in Table 1 of David L. Faigman, Jeremy A. Blumenthal, Edward K. Cheng, Jennifer L. Mnookin, Erin E. Murphy,
& Joseph Sanders (2015) Talker identification: I. Legal Issues, in Modern Scientific Evidence: The Law and Science of Expert
Testimony vol. 5 ch. 36 §37.1-37.3 (David L. Faigman, Michael J. Saks, Joseph Sanders, & C. Edward K. Cheng 2015)
(hereinafter Faigman et al. 2015), between 1967 and 1999 the counts were 22 versus 15 for admission versus exclusion.

3 When we use the term approach in the singular with the definite article, for example, the acoustic-phonetic approach, this
is a cover term for all methods which could be classed as acoustic-phonetic. For example, one method could be based on
format measurements and another method could be based on fundamental frequency measurements, but they would both be
classed as acoustic-phonetic approaches (see Section 2.3.3). When we use the term approach in the plural or in the singular
without the definite article, e.g., acoustic-phonetic approaches or an acoustic-phonetic approach, its meaning is
interchangeable with method. We use the term system to mean a concrete implementation of a method. Different approaches
to forensic voice comparison can be conceptualized as broadly different ways of extracting information from speech
recordings. We use the term framework to refer to different ways of making use of that information in order to derive a strength
of evidence statement (see Section 3). Although in practice there may be correlation between the use of particular approaches
and particular frameworks, approaches and frameworks are in principle orthogonal to one another. We use the term paradigm
to subsume a particular combination of approach and framework, and “the entire constellation of beliefs, values, techniques,
and so on shared by the members of a given community” Thomas S. Kuhn, The Structure of Scientific Revolutions (2nd ed.
1970) (hereinafter Kuhn 1970) at p. 175. The terms system, approach, framework and paradigm are used consistently with
these meanings in the writings of Morrison.

4 See descriptions of auditory and spectrographic approaches in Sections 2.3.1 and 2.3.2. Spectrograms are graphical
representations of the acoustic properties of short sections of recordings of speech. The auditory-spectrographic approach
(also called the aural-spectrographic approach) involves both listening to the audio recordings and looking at spectrograms.
In the early 1970s, there was debate about whether it was better to use a visual only or a visual plus auditory approach. The
latter won out. We are not concerned with this debate in the present paper, and since it is not always clear from published
rulings which of the two was actually used, we will often use either spectrographic or auditory-spectrographic as a cover for
both approaches. Based on published rulings, auditory-only approaches appear to have seldom been presented to U.S. courts,
and they do not appear to have ever been admitted under the standards set forth in William Daubert et al. v Merrell Dow
Pharmaceuticals Inc., 509 US 579 (1993) (hereinafter Daubert). Auditory-only approaches were proffered but excluded in:
U.S. v. Jones, 24 F.3d 1177 (9th Cir. 1994); and in U.S. v. Salimonu, 182 F.3d 63 (1st Cir. 1999). Harry Hollien, An approach
to speaker identification, 61 Journal of Forensic Sciences 334-344 (2016) http://dx.doi.org/10.1111/1556-4029.13034
(hereinafter Hollien 2016) includes a statement that auditory approaches “have satisfied Daubert ... in well over 150 cases and
40 trials”, but provides no references to substantiate this claim. We requested references from the author, but they were not
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from its inception, however, this testimony was soundly criticized by members of the scientific
community.® Following a 1979 National Research Council (hereinafter NRC) report,® the FBI stopped
using the spectrographic approach in court,” and the number of reported cases in which it was used by
others gradually fell to a trickle.®

After an extensive Daubert hearing® in U.S. v. Angleton (2003),° where the defense attempted to
introduce conclusions reached using the auditory-spectrographic approach, a federal judge ruled the
testimony inadmissible, finding specifically that:

The testimony and evidence show that voice identification techniques using the aural
spectrographic method are not widely accepted by the scientific community. ... there is great
dispute among researchers and the few practitioners in the field over the accuracy and
reliability of voice spectrographic analysis ... The evidence also shows that error rates for
voice spectrographic techniques are unknown and vary widely depending on the conditions
under which the analysis is made.!

Since Angleton, there are no reported cases in which testimony based on the spectrographic approach has
overcome a Daubert challenge.*?

provided.

% Richard A. Bolt, Franklin S. Cooper, Edward E. David Jr., Peter B. Denes, James M. Pickett, Kenneth N. Stevens, Speaker
identification by speech spectrograms: a scientists’ view of its reliability for legal purposes, 47 Journal of the Acoustical
Society of America 597-612 (1970) http://dx.doi.org/10.1121/1.1911935 (hereinafter Bolt et al. 1970); Richard A. Bolt,
Franklin S. Cooper, Edward E. David Jr., Peter B. Denes, James M. Pickett, Kenneth N. Stevens, Speaker identification by
speech spectrograms: some further observations, 54 Journal of the Acoustical Society of America 531-534 (1973)
http://dx.doi.org/10.1121/1.1913613 (hereinafter Bolt et al. 1973)

® National Research Council, On the Theory and Practice of Voice Identification (1979) (hereinafter NRC 1979)

" According to Dr Hirotaka Nakasone, Senior Scientist, Digital Evidence Section, FBI laboratory, the FBI continued using
the spectrographic approach for investigative purposes until 2011. The laboratory then abandoned this approach in favor
automatic approaches, but still only for investigative purposes (personal communication 30 November 2011).

8 See Jordan S. Gruber, Fausto T. Poza, Voicegram identification evidence, 54 American Jurisprudence Trials 1 (1995)
(hereinafter Gruber & Poza 1995), Geoffrey Stewart Morrison, Distinguishing between forensic science and forensic
pseudoscience: Testing of validity and reliability, and approaches to forensic voice comparison, 54 Science & Justice 245—
256 (2014) http://dx.doi.org/10.1016/j.scijus.2013.07.004 (hereinafter Morrison 2014), and references cited therein for the
history of the scientific debate. Gruber & Poza 1995 is the most comprehensive published review of the controversy over the
use of the spectrographic approach.

® When a litigant challenges the admissibility of expert evidence under the Daubert standard, supra note 3, the judge may
hold a hearing (called a Daubert hearing) at which the parties may present evidence and argument outside the presence of the
jury on whether the expert’s reasoning and methodology are sufficiently valid to meet the Daubert standard.

10 United States v Robert N. Angleton, 269 F.Supp. 2nd 892 (S.D. Tex. 2003) (hereinafter Angleton)
11 Ibid. at 905.

12 Prior to Angleton, there were at least three published rulings on the admissibility of the spectrographic approach under
Daubert. The spectrographic approach was ruled admissible in U.S. v. Salimonu, 182 F.3d 63 (1st Cir. 1999), and in State v.
Coon, 974 P.2d 386 (Alaska 1999), and inadmissible in U.S. v. Bahena et al., 223 F.3d 797 (8th Cir. 2000), but the latter two
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Judicial rejection of the spectrographic approach does not, however, mean the end of forensic voice
comparison testimony. Over the last 15-20 years there have been substantial advances in automatic
speaker recognition technology and in the application of this technology to forensic voice comparison.3
In April 2015, in a terrorism prosecution in federal district court in New York (Ahmed),** the prosecution
attempted to introduce testimony by a forensic practitioner who had, in part, used an approach based on
automatic speaker recognition (he also used auditory and acoustic-phonetic approaches). Because the
automatic approach is fundamentally different from the auditory-spectrographic approach considered in
cases like Angleton, this testimony could not be dismissed out of hand and required an extensive Daubert
hearing. No ruling was issued, however, because soon after the hearing the case was resolved through a
negotiated plea. Nevertheless, the evidence offered in the Daubert hearing is worth careful consideration
because testimony based on automatic approaches will surely be offered in other cases in the not too
distant future. Due to its complexity, deciding whether to admit such testimony and what weight it
deserves will be challenging for the courts.

The present article is designed to guide lawyers and judges in their evaluation of the new generation of
forensic voice comparison testimony. We begin with a primer on forensic voice comparison. We describe

rulings explicitly stated that they were specific to those particular cases and not generalizable to other cases in which the
circumstances could be different.

U.S. v. Drones, 218 F.3d 496 (5th Cir. 2000) denied a petition for federal habeas corpus relief for ineffective assistance of
counsel where defense counsel had failed to call a voice comparison expert; the court concluded that failure to call such an
expert was not unreasonable “given the uncertainty of the current state of the law regarding the reliability and admissibility
of expert voice identification evidence, and the vulnerability of such expert testimony at trial.” 218 F.3d at 504.

Post Angleton, use of the spectrographic approach was ruled inadmissible in: State of Louisiana v. Gary Morrison, 2003 KW
1554; People v. Hubbard, 738 N.W.2d 769 (Mich. 2007); and State of Vermont v. Gregory S Forty, 2009 VT 118.

Forensic voice comparison testimony was also ruled inadmissible in U.S. v. Ramos, 71 Fed. App’x. 334 (5th Cir. 2003) and
in U.S. v. Arce-Lopez, 979 F. Supp. 2d 228 (D. Puerto Rico, 2013), although neither appellate ruling stated what approach to
voice comparison the practitioner had used. In Arce-Lopez the court (citing Salimonu) found that “the jury is ‘perfectly well-
equipped’ to listen to the witnesses testify in court, compare their voices to the voice in the audio recordings, and draw
conclusions about whose voice is in the audio recordings. ... Accordingly, this is ‘not an area in which expert testimony would
be helpful to the jury.”” Since the court found that the expert testimony would not be of assistance to the trier of fact, it did
not rule on whether it satisfied the other Rule 702 criteria. We think the court’s confidence in the ability of jurors to draw
conclusions about the identity of speakers from audio recordings was misplaced. Speaker identification by laypeople is highly
problematic. It varies widely from listener to listener and depending on speaking, recording, and/or listening conditions. Also,
people think that they and other listeners are better at speaker identification than they really are, see reviews of legal and/or
research literature in: Lawrence M. Solan & Peter M. Tiersma, Hearing voices: speaker identification in court, 54 Hastings
Law Journal 373435 (2003) (hereinafter Solan & Tiersma 2003); Morrison 2010 note 1 supra; Gary Edmond, Kristy A.
Martire, Mehera San Roque, Unsound law. Issues with (‘expert’) voice comparison evidence, 35 Melbourne Law Review 52—
112 (2011) (hereinafter Edmond et al. 2011); Christopher Sherrin, Earwitness evidence: The reliability of voice identifications,
paper 101 Osgoode Legal Studies Research Paper Series (2015) http://digitalcommons.osgoode.yorku.ca/olsrps/101
(hereinafter Sherrin 2015). Hence, this is a topic on which expert testimony may well assist the trier-of-fact, assuming the
expert’s methods and their implementation are valid.

13 See Section 2.3.4 for a description of the automatic approach.

14 United States v. Ali Ahmed, Madhi Hashi, & Muhamed Yusuf, No. 12-661 (E.D.N.Y.) (hereinafter Ahmed). The first-named
author of the present paper is a forensic scientist who advised the Yusuf defense.
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different approaches to forensic voice comparison, and frameworks for reasoning in assessing the
strength of forensic evidence. We offer guidance on how to evaluate the scientific validity and reliability
of forensic analysis systems. We also discuss the dangers of contextual bias and ways of shielding
forensic practitioners from its potential effects. We then discuss the admissibility of forensic voice
comparison under Daubert and Frye.’® To provide concrete examples and argumentation regarding the
underlying issues, we take a close look at the forensic voice comparison testimony from the Daubert
hearing in Ahmed We examine this hearing in some depth because we believe that the same issues will
recur in future cases. Finally, we describe the showing that we believe proponents of voice comparison
testimony should be required to make in order to meet the standards for admissibility under Rule 70216
and Daubert.

Earlier legal commentaries on and guides to forensic voice comparison evidence have focused primarily
or exclusively on the auditory-spectrographic approach.!” As far as we know, the present article is the
first law review article to provide a detailed discussion of the newer automatic approach.®

Just as we were completing the final draft of the present article, on September 20, 2016, The President’s
Council of Advisors on Science and Technology (hereinafter PCAST) issued its report on Forensic
science in criminal courts: Ensuring scientific validity of feature-comparison methods.'® We believe that
the views we express in the present article are in broad agreement with the thrust of the PCAST report.?°

2 Primer on forensic voice comparison?

In a forensic voice comparison case there are at least two voice recordings, one a recording of a speaker
of known identity and the other a recording of a speaker of questioned identity (there could be multiple
known-speaker and multiple questioned-speaker recordings, but for simplicity the following description
assumes one of each). One party in the trial contends that the speaker of questioned identity is the same
as the speaker of known identity, and the other party contends that it is not the same speaker. The task of

15 Frye v. United States, 293 F. 1013 (D.C.Cir.1923)
16 Federal Rule of Evidence 702 as amended Apr. 17, 2000, eff. Dec. 1, 2000; Apr. 26, 2011, eff. Dec. 1, 2011.

17 For example: Michele Meyer McCarthy, Admissibility and weight of voice spectrographic analysis evidence, 95 American
Law Reports 5th 471 (2002); Solan & Tiersma 2003 note 12 supra; Faigman et al. 2015 note 2 supra.

18 We restrict the present paper to forensic voice comparison performed by experts; we do not here review speaker
identification by laypeople. Reviews of legal and/or research literature on the latter are included in: Solan & Tiersma 2003
note 12 supra, Morrison 2010 note 1 supra, Edmond et al. 2011 note 12 supra, Sherrin 2015 note 12 supra.

19 President’s Council of Advisors on Science and Technology, Forensic Science in Criminal Courts: Ensuring Scientific
Validity of Feature-Comparison Methods (2016) https://www.whitehouse.gov/administration/eop/ostp/pcast/docsreports
(hereinafter PCAST 2016)

20 Although we believe that the PCAST report has several shortcomings, and we will be critical of some of those shortcomings.

2L A more detailed introduction to the technical aspects of forensic voice comparison, still intended to be accessible to a legal
audience, appears in Morrison 2010 note 1 supra.
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the forensic scientist is to analyze the two voice recordings and to report a conclusion that will aid the
trier of fact in deciding whether the recorded voices are those of the same speaker or of different speakers.

Often the speaker of known identity will be a suspect or defendant, and the speaker of questioned identity
will be an offender. The recording of the speaker of known identity could be a recording of an interview
at a police station, and the recording of the speaker of questioned identity could be a recording of an
intercepted telephone call during which incriminating statements are made or during which the crime is
actually committed (e.g., a fraud is perpetrated). In such cases the prosecution will contend that the two
recordings are of the same speaker and the defense will contend that they are of different speakers. There
are other possible scenarios, for example, the speaker of questioned identity could be hypothesized to be
a kidnap victim.

To understand and evaluate forensic voice comparison evidence it is necessary to understand a number
of topics which we will introduce and discuss in the following sections. First, it is necessary to have a
basic understanding of the nature of human speech and how it may vary within individuals and between
individuals. Second, it is important to understand that additional variability between speech recordings
may be introduced by differences in recording conditions. Third, one needs to understand the different
approaches that practitioners use when analyzing speech recordings. We will explain four major
methodological approaches that voice comparison practitioners have used. Fourth, it is crucial to
understand the framework that the practitioner uses when evaluating and reporting the strength of the
evidence. We use the term framework to refer to the reasoning process by which the practitioner goes
from observations about the properties of the recorded speech to the conclusions that the expert states in
written reports and oral testimony. Fifth, it is important to understand how the validity and reliability of
practitioners’ analytical procedures can be empirically tested. And sixth, it is important to understand
what contextual bias is, and its potential to influence the conclusions reached by forensic practitioners.

2.1  The nature of speech

The nature of speech is quite different from that of DNA and from that of fingerprints. With some minor
exceptions a person’s DNA and the pattern of friction ridges on a person’s finger pads do not change
over time. In contrast, even if a speaker attempts to say the same thing exactly the same way twice, there
will almost inevitably be measurable differences in the acoustic properties of the speech they produce.
These are intrinsic differences in the speech produced, not just differences due to measurement error.

There are physical differences between speakers which cause differences in the properties of their speech.
Men generally have more massive vocal folds and longer vocal tracts than women so men generally have
deeper voices and lower resonance frequencies than women. Ceteris paribus, physical differences
between different men or between different women will also result in differences in the properties of
their speech.
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An audio recording of a person speaking is, however, not just a representation of physical attributes in
the same way as a DNA profile or a fingerprint would be. The properties of speech are also influenced
by the speaker’s behavior. An obvious behavioral difference is that some speakers speak one language
while others speak another. A person who is bilingual can speak one language on one occasion and
another language on another occasion - they have not changed the anatomy of their vocal tracts, they
have changed their behavior. Along the same lines, different people speaking the same language may
speak with different regional or social accents and dialects, and smaller groups of people such as family
or friendship groups may share behavioral speech patterns which differ from those of other groups. An
individual may even have some behavioral speech patterns which are peculiar to them. Note, however,
that a person’s behavior may change depending on context. For example, the way a person speaks when
giving a formal presentation will probably differ from the way they speak when socializing with friends.
When a speaker is calm they will speak differently from when they are excited. A speaker may whisper
on one occasion and shout on another. The way a person speaks could also vary due to changes in physical
conditions, for example, a person’s voice may be creaky when they have not spoken for a long time or
harsh if they have stressed their vocal folds by speaking loudly for a prolonged period. Medical
conditions such as laryngitis or nasal congestion will also affect the properties of a person’s speech. Also,
behaviorally, the words a speaker says on one occasion is unlikely to be exactly the same as the words
they say on another occasion, and they are even less likely to attempt to say the same words exactly the
same way twice.

Although in general there are differences between different speakers (between-speaker variability), there
are also differences in the properties of a person’s speech from occasion to occasion (within-speaker
variability). Just looking at how similar or different two voice recordings are is therefore not sufficient
to be able to tell whether they were produced by the same speaker or not. One has to ask whether the
properties of the speech in the questioned-speaker recording are more likely to occur if they were
produced by the known speaker (any difference being due to within-speaker variability) or by some other
speaker from the relevant population?? (any similarity between the known- and questioned-speaker
recording being due to chance). The same logic applies to DNA analysis, latent print analysis, and other
types of forensic comparison, but the degree of intrinsic within-person variability is much larger for
speech than for DNA or fingerprints.

2.2  The nature of speech recordings

As well as speech being intrinsically variable, there are also differences between recordings of speech
due to variability in the conditions under which the recordings are made. A common scenario in forensic
voice comparison is that the known-speaker recording is a recording of a police interview and the

22 The concept of relevant population will be discussed below in Section 3.1.
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questioned-speaker recording is a recording of a telephone call. A speaker may use different speaking
styles when talking on the telephone and when being interviewed by the police, but the acoustic
environment and technical aspects of the recording will also differ. The police interview may be made in
a small room with hard walls. Such a room would have a substantial amount of reverberation (echoes).
The room may also have an audible ventilation system. The questioned-speaker recording could be made
in the street on a mobile telephone. There could be traffic noise in the background. The known-speaker
recording may be made with a relatively good microphone directly in front of the speaker. The
questioned-speaker recording may have been transmitted through one or more communications systems
such as a landline telephone system, a mobile telephone system, or using a VVoice over Internet Protocol
(VolP) system such as Skype. Such communication systems distort and remove acoustic information.
Some file formats which make file sizes smaller, such as MP3, also do so by distorting and removing
acoustic information. Another potential source of difference between voice recordings is the distance
from the speaker to the microphone, for example, a covert recording device may be far from the speaker
but an interview microphone close. Even if the sound coming out of the speaker’s mouth were the same,
different distances to the microphone would affect the acoustics of the recorded signal. Not all
microphones have the same characteristics, and changing microphones can also affect the properties of
the recorded signal. Another factor which can affect the performance of forensic voice comparison
analysis is the duration of the recordings. Performance may be very poor for recordings which are only
a few seconds long.

In forensic casework, there is usually a mismatch in recording conditions between known-speaker and
questioned-speaker recordings. Recording-condition mismatch can make two recordings more different
than they would otherwise be. Poor recording conditions can also mask intrinsic between-speaker
differences. Genuine between-speaker differences could be absent, obscured, or distorted in the recorded
signals. On the other hand, the cause of genuine between-speaker differences which persist in the
recorded signal could be incorrectly attributed to differences due to recording conditions.

All of these variables must be taken into account when performing a forensic comparison of known- and
questioned-speaker recordings.

2.3 Approaches to forensic voice comparison

Historically, and still in current practice, there are four basic approaches to forensic voice comparison,
which we denominate auditory, spectrographic, acoustic-phonetic, and automatic. We will further divide
acoustic-phonetic into acoustic-phonetic non-statistical and acoustic-phonetic statistical. Practitioners
frequently use a mixture of different approaches (e.g., auditory-spectrographic, auditory-acoustic-
phonetic), but for clarity we will describe each one separately.
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2.3.1 Auditory approach?

In an auditory approach (aka aural approach) the practitioner listens to the known-speaker and
questioned-speaker recordings. They listen in search of similarities which they would expect to hear if
the two recordings consisted of speech from the same speaker, but which they would not expect to be
likely to hear if the recordings consisted of speech from different speakers. They also listen in search of
differences which they would expect to hear if the two recordings consisted of speech from different
speakers, but which they would not expect to be likely to hear if the recordings consisted of speech from
the same speaker. They may listen to the pronunciation of particular vowel sounds or of particular
consonant sounds, the pronunciation of particular words or phrases, and other more global properties
such as intonation patterns and the auditory effects of physical properties and configurations of vocal
folds. Practitioners will typically have training in auditory phonetics, including training in transcribing
the speech sounds they hear using a phonetic alphabet. Thus the practitioner will have a means of
documenting what they hear and highlighting the similarities and differences that they consider to be
pertinent. Practitioners may have tools which allow them to listen to short sections of speech from each
recording, one immediately after the other. They may also listen to sections of speech from other speakers
who act as foils, i.e., speakers who sound broadly similar to the questioned speaker. The practitioner may
be presented with multiple recordings of each of a number of speakers, without being told which are of
the known speaker, the questioned speaker, and the foils, and be asked to group the recordings by speaker.

The conclusion emerging from an auditory approach is the practitioner’s subjective?* judgment based
on listening to the speech recordings.

2.3.2 Spectrographic approach?

23 For other introductions to the auditory approach, see: Francis Nolan, Speaker recognition and forensic phonetics, in The
Handbook of Phonetic Sciences 744-767 (William J. Hardcastle & John Laver 1997) (hereinafter Nolan 1997); Philip J. Rose,
Forensic Speaker Identification (2002) (hereinafter Rose 2002); Philip J. Rose, Technical forensic speaker recognition, 20
Computer Speech and Language 159-191 (2006) http://dx.doi.org/10.1016/j.csl.2005.07.003 (hereinafter Rose 2006);
Michael Jessen, Forensic phonetics, 2 Language and Linguistics Compass 671-711 (2008) http://dx.doi.org/10.1111/j.1749-
818x.2008.00066.x (hereinafter Jessen 2008); Morrison 2010 note 1 supra; Hollien 2016 note 3 supra; Harry Hollien, Grace
Didla, James D. Harnsberger, Keith A. Hollien, The case for aural perceptual speaker identification, 269 Forensic Science
International 5-20 (2016) http://dx.doi.org/10.1016/j.forsciint.2016.08.007

24 Some consider the term subjective to be pejorative. In scientific writing, this is generally not the case. Throughout the
present paper we use the term subjective in accordance with the following definition from Merriam-Webster
(http://ww.merriam-webster.com/dictionary/subjective): “3a: characteristic of or belonging to reality as perceived rather
than as independent of mind ... b: relating to or being experience or knowledge as conditioned by personal mental
characteristics or states”.

% For other introductions to the spectrographic approach, see: Oscar Tosi, Voice Identification: Theory and Legal
Applications (1979); NRC 1979 note 6 supra; Gruber & Poza 1995 note 8 supra; Harry Hollien, Forensic Voice Identification
(2002) (hereinafter Hollien 2002); Rose 2002 note 23 supra; Didier Meuwly, Le mythe de [’empreinte vocale 1, 56 Revue
Internationale de Criminologie et Police Technique 219-236 (2003); Didier Meuwly, Le mythe de [’empreinte vocale 11, 56
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In a spectrographic approach the practitioner takes parts of the audio recordings (typically words or
phrases) and converts them into pictures. These pictures are called spectrograms. In the context of
forensic voice comparison, spectrograms have also been called voiceprints?® and voicegrams. An
example of a spectrogram is shown in Fig. 1.2” The practitioner looks at spectrograms derived from the
known-speaker recording and spectrograms derived from the questioned-speaker recording, and may also
look at spectrograms derived from recordings of foil speakers. Usually the practitioner will look at
multiple words or phrases that occur in both the known-speaker and questioned-speaker recordings. They
may look at particular details in the pictures in search of similarities which they would expect to see if
the two recordings were of the same speaker but not expect to be likely if they were of different speakers,
and also in search of differences they would expect to see if the two recordings were of different speakers
but not expect to be likely if they were of the same speaker. In contrast to other approaches, there has
been a tradition for practitioners of the spectrographic approach to make new recordings of the known
speaker in which the known speaker is required to say the same words as on the questioned-speaker
recording and in the same manner as they were said on the questioned-speaker recording. This practice
has been criticized by others, but has been enshrined as a requirement in published standards.?

The conclusion emerging from a spectrographic approach is the practitioner’s subjective judgment based
on looking at pictures of parts of the speech recordings.

Revue Internationale de Criminologie et Police Technique 361-374 (2003); Morrison 2010 note 1 supra

% The term voiceprint in a forensic context dates back to at least the 1960s; Lawrence G. Kersta, Voiceprint identification,
196 Nature 1253 (1962) http://dx.doi.org/10.1038/1961253a0. Voiceprinting referred to a particular approach, and voiceprint
was even a registered trademark. The term quickly fell into disrepute among forensic practitioners, even among practitioners
of the spectrographic approach. One objection was that the term implied a false analogy with fingerprint. Unfortunately, the
term is still widely used by the general public and in legal circles, where it is often incorrectly used to refer to forensic voice
comparison in general. Lawyers and judges should be aware that many forensic voice comparison practitioners will consider
it an insult if they are called a voiceprint expert. We recommend that the term not be used (except in relation to its proper
historical referent).

27 Spectrograms were initially produced using specialized hardware which was first developed in the 1940s. Measurements
of acoustic properties of speech could be made from the spectrogram, i.e., by lining up a ruler with graphical features and
reading off values on the time or frequency axis. Since at least the early 1990s, it has been possible to produce spectrograms
using ordinary computers running signal processing software. Such software calculates numbers which describe the acoustic
properties of the speech on the recording, then converts those numbers into pictures. Continued reliance on spectrograms as
a basis for subjective judgments could be criticized as anachronistic given that measurements of acoustic properties can be
directly extracted using software and those numbers can be immediately entered into statistical models.

8 American Board of Recorded Evidence, Voice comparison standards (1999)
http://www.tapeexpert.com/pdf/abrevoiceid.pdf (last visited Oct 22, 2016) (hereinafter ABRE 1999); International
Association for Identification 1991 voice comparison standard, as quoted in Gruber & Poza 1995 note 8 supra at §57-60
(hereinafter 1Al 1991); International Association of Voice Identification recommended procedures, as reproduced in
Appendix A of NRC 1979 note 6 supra (hereinafter IAVI 1979)
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Figure 1. Example of a spectrogram.?

2.3.3 Acoustic-phonetic approach®®

In an acoustic-phonetic approach the practitioner usually uses computer software to make quantitative
measurements of acoustic properties of parts of the voice recordings. Measurements may be made on
particular speech sounds that occur in both the known-speaker and questioned-speaker recordings. The
types of measurements made are generally the same as the types of measurements which are made in
acoustic phonetics, an area of research which studies the transmission of human speech between the
speaker’s vocal tract and the listener’s ear. An example of properties commonly measured are formants.
Formants are the resonances of the vocal tract. In the same way that longer tubes of wind instruments
have lower resonances than shorter tubes (e.g., bassoon versus oboe or tuba versus trumpet), longer
human vocal tracts have lower resonances than shorter human vocal tracts. The length of the vocal tract
can vary from person to person, but when speaking a person changes the length and shape of their vocal
tract to produce a range of different resonance frequencies. The differences between vowel sounds such
as “ee”, “00”, and “ah” are the result of different resonances resulting from the speaker moving their
tongue, jaw, lips, etc. to make different vocal tract shapes. Another commonly made measurement is
fundamental frequency, which is the acoustic correlate of what listeners perceive as the pitch of
someone’s VOICe, e.g., a deep voice or a high-pitched voice. Whereas formants are related to the length
and shape of the vocal tract, fundamental frequency is related to the size of the speaker’s vocal folds and
the configuration in which they hold and put tension on their vocal folds. To return to the analogy of a
wind instrument, the vocal folds are like the vibrating reed/reeds of a woodwind instrument or the
vibrating lips of a musician playing a brass instrument. In the same way that the musician can alter the
frequency of vibration of the reed/reeds or their lips, a speaker can alter the frequency of vibration of
their vocal folds. The same vowel sound can be sung using different musical notes, the different musical

2 This figure was first published in Geoffrey Stewart Morrison, Forensic voice comparison and the paradigm shift, 49
Science & Justice 298-308 (2009) http://dx.doi.org/10.1016/j.scijus.2009.09.002 (hereinafter Morrison 2009).

30 For other introductions to the acoustic-phonetic approach, see: Nolan 1997 note 23 supra; Hollien 2002 note 25 supra;
Rose 2002 note 23 supra; Rose 2006 note 23 supra; Jessen 2008 note 23 supra; Cuiling Zhang, ¥ JEiE &5 1 AW 5T
[Forensic Speech Technology Research] (2009); Morrison 2010 note 1 supra; Michael Jessen, Phonetische und Linguistische
Prinzipien des Forensischen Stimmenvergleichs (2012); Philip J. Rose, Where the science ends and the law begins- likelihood
ratio-based forensic voice comparison in a $150 million telephone fraud, 20 International Journal of Speech, Language and
the Law 227-324 (2013) http://dx.doi.org/10.1558/ijsll.v20i2.277
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notes are due to the singer changing the frequency of vibration of their vocal folds. Many types of acoustic
measurements are the quantitative acoustic parallels of the subjective auditory properties that
practitioners of the auditory approach listen for, and many are quantitative parallels of properties which
are represented graphically in spectrograms.

A practitioner will usually manually search for all occurrences of a particular speech sound, or word, or
phrase which occurs in both the known-speaker and questioned-speaker recordings. They will then make
measurements of the acoustic properties of those units. The numbers resulting from the measurements
can then be compared. The practitioner may also make the same types of measurements on the same units
in voice recordings from other speakers. The latter could be foil speakers, or could be intended to be a
sample of speakers representative of the relevant population in the case. The practitioner will usually
make measurements on several different speech sounds, words, and/or phrases, not just one.

There are both statistical and non-statistical versions of the acoustic-phonetic approach. In the non-
statistical version the conclusion is the practitioner’s subjective judgment based on considering the raw
numbers from the measurements or based on looking at graphical plots of the numbers. In the statistical
version the conclusion is based on a statistical model applied to the numbers. Statistical models can take
such numbers as input and calculate numeric expressions of strength of evidence in a more objective
manner.3! Some practitioners directly report the numeric output of the statistical model as their
conclusion, other practitioners report a subjective judgment based on consideration of the output of the
statistical model.

2.3.4 Automatic approach®

3L An example of a simple statistical model is a normal distribution. This has two parameters: a mean, and a standard deviation.
Data are used to calculate estimates of these parameter values (these estimates are called statistics). The process of using data
to estimate parameter values is called model training. If we asked you “What is the probability that an adult American male
would be between 5 feet 6 inches tall and 6 feet tall?” you could make a subjective estimate. A statistical model would give
you a more objective estimate. Imagine that we obtain data which consist of measurements of the heights of 5,232 adult male
Americans, we assume that our sample is representative of the population and that heights in the population are normally
distributed, and we calculate that the mean height is 69.2 inches and the standard deviation is 6.0 inches, values from Cheryl
D. Fryar, Qiuping Gu, Cynthia L. Ogden, & Katherine M. Flegal, Anthropometric reference data for children and adults:
United States, 2011-2014, 3(39) Vital Health Statistics (2016) http://www.cdc.gov/nchs/data/series/sr_03/sr03_039.pdf (last
accessed Oct 22, 2016); we can then use a normal distribution with this mean and standard deviation to calculate an estimate
of the probability that an adult American male is between 66 and 72 inches tall. The answer is 38%. Note that use of a
statistical model is not entirely objective since choices have to be made about what particular statistical model to use and what
data to use to train the model. Poor choices may lead to poor results, but once these choices have been made, the remainder
of the process is objective. In fact a normal distribution is a poor choice for modelling human height, and a more complex
model taking account of population substructure would give better results. In 83.1we will discuss how statistical models can
be used to evaluate strength of forensic evidence.

32 For other introductions to the automatic approach, see: Didier Meuwly, Reconnaissance de locuteurs en sciences
forensiques: L’apport d’une approche automatique (2001) http://www.unil.ch/webdav/site/esc/shared/These.Meuwly.pdf
(last accessed Oct 22, 2016); Anil Alexander, Forensic automatic speaker recognition using Bayesian interpretation and
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In an automatic approach the practitioner uses computer software to make measurements of the acoustic
properties of the known-speaker and questioned-speaker recordings, and of voice recordings from other
speakers who are intended to represent the relevant population for the case. Generally the acoustic
measurements are made on the whole of the speakers’ speech in the recordings, and there is no focus on
individual speech sounds, words, or phrases. The types of measurements made are usually the same as
those used in speech processing (a branch of signal processing, in turn a branch of electrical engineering).
These types of measurements are also applied to other tasks such as automatic speech recognition. An
example of a common type of measurement is mel frequency cepstral coefficients (MFCCs). MFCCs are
a set of numbers, e.g., 14 numbers, which describe the frequency components (the spectrum) of the
speech during a short interval of time, e.g., 20 milliseconds. MFCC measurements are usually made once
every 10 milliseconds, i.e., 100 times per second (with a 50% overlap of adjacent 20 millisecond long
intervals). A set of 14 MFCCs provides a more detailed measurement of the speech spectrum than do
traditional acoustic-phonetic measurements, such as fundamental frequency plus two or three formants,
but the value of an individual cepstral coefficient is not usually directly interpretable in terms of acoustic-
phonetic theory.>

In an automatic system, the numbers from the measurements are always used as input to statistical models.
The practitioner may be involved in selecting what they consider to be appropriate statistical models,
appropriate types of measurements, appropriate data for training the statistical models, and in selecting
which portions of the audio recordings correspond to the speaker of interest, but the measurements and
statistical models themselves run automatically without additional human intervention. In automatic
speaker recognition, a number of statistical techniques have been developed to deal with differences in
recording conditions between known-speaker and questioned-speaker recordings. Many of these
techniques can also be applied in automatic approaches to forensic voice comparison.

The conclusion emerging from an automatic approach will be based on the output of the statistical model.
Some practitioners directly report the numeric output of the statistical model as their conclusion, other
practitioners report a subjective judgment based on consideration of the output of the statistical model.

statistical compensation for mismatched conditions (2005); Daniel Ramos Castro, Forensic evaluation of the evidence using
automatic speaker recognition systems (2007)
http://atvs.ii.uam.es/files/2007_11 28 thesis_daniel_ramos_searchable_v1.pdf; Tomi Kinnunen & Haizhou Li, An overview
of text-independent speaker recognition: From features to supervectors, 52 Speech Communication 12-40 (2010