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ABSTRACT

Speech comprehension involves recovering the speaker’s intended meaning from the speech sounds
that they produce. While the sensory-driven components of this process have been widely investi-
gated, the impact of speech content (i.e. linguistic information) on sensory processing is much less
understood. Here we summarise the growing body of research demonstrating that neural processing
of speech sounds is influenced by morpheme- and word-level statistical properties of the information
conveyed. We introduce and review evidence that information theoretic measures such as entropy and
surprisal are apparent in neural responses. These findings help uncover fundamental organisational
principles of the language system: what units are stored and how they are accessed. Modelling
sensitivity to the information content of the speech signal helps explain the interface between (i)
auditory processes operating on speech sounds and (ii) the words and meanings that those sounds
convey.

Keywords surprisal - entropy - prediction - brain - language processing - information content - lexical access -
predictive coding

1 Introduction

Speech is a means of exchanging information. Through verbal communication, humans have the unique ability to
convey a potentially limitless number of thoughts and ideas through their utterances [1]], and infer the thoughts of others
from what they say.

Speaker-listener interactions can be formally described as a communication system [2] (Figure [I). The role of the
speaker is to conceive of a message and encode it in the auditory signals she produces. These signals are decomposed
into elemental time-frequency representations by the cochlea [3| 4], before being passed to auditory cortex. The role of
the listener’s brain is to decode the intended message from the signals that reach cortex, whereby communication can
be considered successful to the extent that the intended conceptual message of the speaker matches the reconstructed
conceptual message of the listener.

Although listening to someone talk feels like an effortless passive process, speech comprehension involves overcoming
some major computational challenges. Not least because the mapping from acoustics to meaning is largely arbitrary [5],
different speakers have vastly different ways of pronouncing words depending on biological, regional and incidental
factors [6] and external noise, such as the voices of surrounding talkers or non-linguistic noise sources, mask the signal
[7]], see also van Hedger & Johnsrude (this volume). The extent of this challenge is exemplified by the fact that, despite
the vast amounts of money and time invested, current state-of-the-art automatic speech recognition systems do not rival
the accuracy, speed and robustness to speaker variability demonstrated by human listeners [8}9].
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Figure 1: Schematic diagram of the human communication system. Verbal exchanges involve a speaker conceiving
of a message and encoding that message into complex temporal-spectral patterns through their vocal articulators. As
the signal travels through the air, it is contaminated with external sources of sound, such as other people speaking or
noises from the environment. This contaminated acoustic signal is received by the auditory system of the listener and
passed to auditory cortex for processing. The brain of the listener then needs to decode the original message from the
auditory signals that were given as input. Here we see that the intended message that was encoded - a red space rocket -
closely resembles but is not identical to the decoded message - a red alien spaceship.

The purpose of speech, in sum, is not to exchange auditory signals but to exchange information content. And within the
structure of language, content takes the form of linguistic units such as morphemes, words and phrases (Figure 2). We
refer to these information-bearing chunks as ‘higher order representations’.

Current models posit that the brain transforms the auditory signal of speech into these higher order representations,
which can then interface with stored representations in memory. This is achieved by generating increasingly complex
and abstract representations of the acoustic input as neural activity propagates through the auditory pathways [10, |11}
12, {13, [14]]. This representational hierarchy is naturally supported by the hierarchical organisation of auditory cortex:
Regions of the auditory core (e.g. Heschl’s gyrus) are driven by acoustically simple input features (e.g. frequency,
amplitude), and surrounding cortical areas (e.g. superior temporal gyrus, left temporal lobe) are sensitive to more
complex spectro-temporal features of the input [15} 16} 17, [11}[18.[19]. Regions further along the anterior and posterior
inferior temporal lobe in turn contribute to lexical and semantic processing of speech [20, 21} [11,22]. Generating a
hierarchy of progressively more abstract acoustic and linguistic representations serves to convert the sensory input (i.e.
the speech that the listener hears) into meaning (i.e. a reconstruction of the message intended by the speaker). A major
goal of the brain during speech comprehension is therefore to access the correct chunks from memory, based on the
hierarchy of representations that it generates from the auditory signal.

In this chapter we review evidence that neural processing of speech, even at early auditory processing stages, is
fundamentally shaped by the goal to correctly and rapidly access higher order information (e.g. words). Before
reviewing this evidence we will first consider the processes by which the sounds of speech are unitised into discrete
representations (phonemes or similar). We will then introduce quantitative measures of the information content of
speech signals; these measures - based on information theory [2] - presuppose that the brain, at some stage during
processing, needs to access discrete higher order representations from memory. These units can be straightforwardly
assigned probabilities and therefore information value, which can then be used as a proxy measure of processing higher
order representations. As we will discuss, the use of information theoretic measures does not require commitment to a
single and specific representation. Indeed, one of the strengths of this approach is that it can be equally applied to all
levels in the linguistic hierarchy, covering all units between sounds and meanings. The main empirical data reviewed in
the sections that follow concentrate on neural responses measured in peri-auditory regions of the superior temporal
gyrus and linked to specific information-carrying elements (speech segments, morphemes, words, etc) in single words
and in connected speech. We conclude by summarising the computational and neural mechanisms by which the higher
level content of speech combines with acoustic signals during comprehension.

2 Discrete and binary representations of speech sounds connect to linguistic units

Articulatory gestures of the speaker, and therefore the acoustic signal she produces, are continuous. Both over time -
any given sound can have variable duration - and in terms of content - spectral power can assume any continuous value.
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The continuous nature of the speech signal is somewhat at odds with the discrete and binary nature of the higher order
representations that need to be ultimately recognised. For example, the speaker is either saying ‘pair’ or ‘bare’ — she
cannot be saying both at the same time.

A key challenge in the perception of speech sounds is therefore to convert the continuously varying acoustic input
into discrete units that can be used to interface with higher order representations. While there is some debate as to the
specific low-level speech units the brain uses, they seem to resemble phonemes or phonetic features [23]. In order to
correctly distinguish between different words, the discrete identity of constituent speech sounds is critical. A spoken
consonant such as [p] is defined relative to its manner of articulation (plosive), place of articulation (bilabial) and
phonation (voiceless). Each of these distinctive features must be correctly recognised during speech identification - a
different speech sound, and hence different words or meanings will be understood if these features are misidentified
(‘pair’ becomes ‘fair’, ‘care’ or ‘bare’ with changes to the manner, place or voicing of the initial consonant). Any
measurement of the information conveyed by speech sounds must ultimately operate on, and be calculated relative to,
discrete representations that are the product of categorising speech segments. Otherwise, the likelihoods of different
words and meanings will be conflated.

Yet, identifying the cortical signature of discrete processing of speech sounds has been a challenge for research
on speech perception (see the chapter by Fox, Oganian and Chang for a review). Neural populations in superior
temporal gyrus (STG) around 100 ms after speech onset are sensitive both to the veridical acoustic content of a sound
as well as the discrete phonetic categories to which the sound corresponds [24} 25) 26, 27, 28, 29, (12} 130, 31} 132].
Further, representations of speaker-specific details, and other acoustic properties of speech co-exist with categorical
representations of linguistic content in auditory areas [33| [19]. Other cortical regions - including motor cortex and
frontal regions - are also shown to contribute to coding of the categorical identity of speech sounds [19, 34, 35, [36].
Further evidence suggests that higher-level, non-auditory representations act top-down to constrain and guide lower-level
auditory processing of speech signals [37, 138 |39, 40]], (see Ullas, Bonte, Formisano, & Vroomen in this volume for a
review). Therefore, the categorical responses to speech shown in the STG likely reflect the outcome of a transformation
from the continuous auditory signal into discrete phonemic units, as influenced and constrained by higher-level language
processing.

In contrast to the established work on speech sound representations, there is less consensus on the representational units
that contribute to higher-level processing of speech (e.g. morphemes, words and other meaning-carrying units above
the level of the phonetic feature or phoneme). This discrepancy can be partly attributed to the fact that it is simpler to
investigate features of the representational hierarchy that are closer to the sensory input than more abstract features that
are closer to the meaning content, for at least two reasons.

First, whereas the acoustic sensory signal is easily measured and analysed, higher order representations only exist
within the mind of the listener. One significant unresolved issue shared between cognitive neuroscience and engineering,
therefore, is feature discovery: determining the units under which to represent information that is abstracted from the
auditory signal. Modelling these higher order processes can only be as successful as the accuracy of the features being
used to define those processes. While engineering approaches to deriving, for example, word meaning representations
have been used to predict neural activity during speech comprehension [41} 42| 43]] there is currently little evidence
to favour specific computational approaches to meaning representation over another. Indeed, it has been argued that
current engineering approaches to this problem are missing the key ingredients required for a sufficient representation
of meaning required for true comprehension [44].

Second, studying higher order speech structure comes with analytical challenges. Assuming that the correct features
have been identified, it is not always straightforward to relate relevant language features to a particular ‘moment’ in the
speech input. For example, if we assume that part of speech (e.g. noun, verb, adjective) is a feature that the brain uses
to process words, at what moment in hearing the noun ‘hippopotamus’ can we say that the brain is processing a noun?
Does processing begin at the moment that the part of speech can be identified with 100% certainty, for example, when
this word is uniquely specified after ‘hippop-’, or at word offset? Or are multiple part of speech hypotheses entertained
simultaneously until syntactic class can be established beyond some threshold level of certainty? (See [45} 46,47 for
discussions related to this issue). The situation is further complicated by the fact that the timing of relevant neural
processes - for different listeners, and for different utterances - will become increasingly variable at higher levels of the
processing hierarchy [48]]. Thus, even if the correct features have been identified, and even if the optimal latency relative
to speech input could indeed be established, the time at which corresponding neural representations are activated will
also vary. This significantly reduces the average signal strength associated with higher order processes, making them
much more difficult to investigate.

Here we review a set of recent studies which have investigated the effect of higher order linguistic structure on processing
of phoneme-by-phoneme information content in speech. The approach is to (i) model responses to phonemic units,
which produce clear and well characterised responses in terms of timing and spatial location [24} 26} 29]]; (ii) contrast
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segments that differ in the higher order speech structures they communicate e.g. whether or not specific speech sounds
are predictable given the lexical or semantic context they occur within. The rationale is that by testing responses as
a function of the information that a discrete speech sound provides about higher level representations (e.g. syllables,
morphemes, words; Figure [2)) it is possible to reverse engineer which higher order representations are relevant to
processing, how they are recognised or accessed, and how they interact with other representational units. This approach
allows speech research to progress from studying auditory signal processing to information processing in speech. Before
we begin to review these studies, we will first provide a brief tutorial on the key quantitative measures of information
content that have been employed in the study of speech comprehension.

3 Quantifying information content in speech

Recent studies investigating information processing have capitalised on two properties of language. First, while speakers
can convey a range of information constrained by the vocabulary and grammar of the language, not all expressions are
equally likely: Some phoneme sequences, words and meanings are much more probable than others. For example, it is
more likely that I describe myself as ‘happy’ than ‘exultant’ or ‘jocose’; it is more likely that after hearing /ma/ you
will hear the phoneme sequence /t/ (to create the word ‘mat’) than /lis/ (to create the word ‘malice’). This difference
in likelihood is not directly reflected in the sensory signal - these likelihoods are reversed after hearing /pa/ given
that ‘palace’ is more frequent than ‘pat’. This knowledge comes from having an internal model of the language,
including the statistical structure (what sound sequences, words or sentences are more or less likely) as well as linguistic
regularity (what sound sequences, words, etc are permitted). Our view is that listeners employ both these forms of
knowledge during comprehension. We will hence use the term ‘statistical regularity’ to describe these knowledge
sources collectively.

In this chapter we will focus on probabilistic definitions of language knowledge since - based on a second established
property of language - a wide range of data shows that listeners are exquisitely sensitive to the statistical structure of
speech. Variability in the probability of specific linguistic units leads to differences in behavioural measures of speech
comprehension such as response time or accuracy and in the magnitude of neural responses as measured both invasively
(ECoG, s-EEG) and non-invasively (EEG, MEG, fMRI) during comprehension. This kind of sensitivity has been
demonstrated across many levels of the linguistic hierarchy: at the level of phonemes, morphemes, words, syntactic
structures and semantic content. It has also been demonstrated cross-linguistically, in languages with fundamentally
different morphological and syntactic structures. These observations therefore suggest that sensitivity to statistical
regularity is not only robust, but is common across languages and pervasive across linguistic structures. These
observations, however, presuppose that statistical regularities can be directly quantified, which is the focus of this
section.

word while his longish tails swished to the rhythm of his thoughts
morpheme while he [pos] long ish tail s swish ed to the rhythm of he [pos] thought s
phoneme 1z 1 oppi1 Jt eelz s wi [ ttadar 1 oamd vhi z0 2:
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Figure 2: Speech hierarchy. Language is a hierarchically structured stimulus. The acoustic signal can be discretised
into a series of phonetic elements, which can be further grouped into morphemes, words, phrases, etc. Here we show an
example speech segment, with the raw waveform, the derived spectrogram, and corresponding linguistic annotation.
Note that while the acoustic representations are continuous, stepping into linguistic features entails discretisation of
the signal. Also note that the linguistic units are hierarchically structured: that words are comprised of morphemes,
which are comprised of phonemes. This hierarchical structure is at the core of what allows us to investigate processes at
‘higher levels’ as a function of neural responses to ‘lower levels’ - because all of the levels are mutually structurally
dependent.
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3.1 Introduction to information theory

We begin by detailing key measures of statistical regularity that can be quantified under information theory, focusing on
the most prevalent in cognitive neuro-scientific literature. For more complete introductions to information theory and
derived metrics see [49,150].

These computations can equally be applied to units of different types, and to contexts of different sizes. Here we
demonstrate how these variables would be computed for the word ‘mat’ in the sentence ‘the cat sat on the mat’, and the
final phoneme ‘t’ in the word ‘mat’.

In the examples below, x refers to a particular outcome; X refers to all possible outcomes of the given unit; C refers to
the events preceding x.

Conditional probability The probability of event x is conditional upon the preceding events. We compute this
probability by dividing the frequency of event x occurring in context C' by the frequency of context C' alone. Below, we
use the wildcard ‘*’ to denote that all continuations contribute to the frequency count.

P(z) = P(a|C) = LedlCa)

P(t) = P(tjma) = Lredtmats) (1)

—  freq(max)

P(mat) = P(mat|thecatsatonthe) = [ZAee ot o)

The conditional probability is highest when the two frequencies are similar in magnitude, i.e. when = almost always
follows C'. The probability is lowest when the frequency of C' is much higher than the probability of C followed by =z,
i.e. when z very rarely follows C'. Note that by definition the frequency of C'is always equal to or greater than the
frequency of C' followed by .

Surprisal The predictability of a particular outcome z is quantified using a measure termed Surprisal or Shannon
information content [2]; strictly speaking this is the opposite of ‘predictability’, (i.e. surprisal is low for highly
predictable sequences). This measure is given as the negative log of the conditional probability of x:

h(2) = loga piss = —logs P(2)
h(t) = loggm = —logz P(t|ma) 2

h(mat)

_ 1 _
= logs Plmatihccatsatonthe) = —logs P(mat|thecatsatonthe)

Surprisal is thus lowest (approaching zero) when the underlying conditional probability is highest, and highest
(approaching infinity) when conditional probabilities are near zero. While such extreme values are rare in natural
language, everyday examples are possible. For example, if I hear the syllable /trom/ surprisal at hearing the following
syllable /boun/ is near zero given that ‘trombone’ (and derived words like ‘trombonist’) are among the only English
words that contain this syllable (see Figure [3B). If, another different syllable is heard - for instance, when one first
learns of a type of mushroom called a ‘trompette’ the conditional probability for the second syllable given the first
(i.e. /pet/ following /trom/) will be near zero, and surprisal will approach infinity. Surprisal is thus a measure of both
the degree to which a particular event is predicted, and the information gained by experiencing that particular event;
both are measured in bits. If an outcome is more probable, it is more predictable, and information gain is lower than
if the outcome was less likely. If an event outcome has a probability of 1, predictions are entirely confident and no
information is gained.

Entropy Uncertainty about the outcome of event x is referred to as Entropy. Mathematically, this is equivalent to the
expected surprisal of an outcome: i.e. the average surprisal (information gain) of each predicted outcome weighted
by the probability of that outcome. In the examples below, Wo refers to the entire cohort of possible upcoming words
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starting with /mae/ and w to one instance of the cohort (e.g. ‘mat’). Ph refers to the entire cohort of possible upcoming
phonemes (/t/, /p/, /k/ for ‘mat’, ‘map’, or ‘mac’) and p to one specific phoneme instance.

H(X) == ) P(x)log2P(x) = 3, P(x)h(z)

zeX reX
H(Ph) == 2 P)leg:P(p) = 2, Pp)h(p) 3)
H(Wo) = — ezr;v P(w)log2 P(w) = g:/v P(w)h(w)

Entropy is also measured in bits. It will assume the highest value when there are a large number of possible outcomes
X each of which have equal probability, and the lowest value when one outcome is much more probable than its
competitors. For the example word ‘trombone’ in the previous section, and shown in Figure A, entropy reaches zero at
the final /m/.

As show in Figure 3B, both phoneme surprisal and entropy tend to reduce for phonemes later on in spoken words.
Although, these measures are quite strongly correlated, they are not unavoidably so - it is thus possible to distinguish
between neural responses that correlate with one or other of these measures as we will observe in our review of relevant
empirical data.

3.2 Linking information theory to language processing

As we saw in the examples, these information theoretic measures can be readily computed for linguistic units of different
types (e.g. phonemes, words) in order to investigate processing at different levels of the linguistic hierarchy. Tailoring
the measures for different purposes involves selecting the appropriate levels of representation, in selecting what units be
used in place of z, C' and X for probabilistic computations. Each selection embeds important theoretical assumptions
for the quantification of the processing of that particular representation can therefore be used to make adjudications
between different theoretical alternatives. For example, it is possible to measure whether modelling information gain
using morphological units better explains neural data as compared to lexical units [51].

Such theoretical choices concerning the following:

z The linguistic event being modelled. This decision determines the units specified as the input. Above we show
examples where = assumed a phonological unit p or a lexical unit w, but this could also be defined as any unit of interest
- e.g. phonetic feature, syllable, morpheme. In the work outlined below, we will focus on research where the event of
interest is a phonological unit.

C' The relevant preceding events that influence the probability of linguistic event x. The above examples assume that
the relevant context is the set of preceding phonemes in the current word in the case of P(¢|ma) and all preceding
words of the sentence in the case of P(mat|thecatsatonthe). Note, however, that z and C need not be in the same
representational format; for example, it is possible to measure the probability of phoneme p given all preceding words
w - indeed, converting between representational formats is necessary if prior words are to constrain processing of
word-initial speech sounds. This assumes that the context C'is relevant to the processing of event x.

X The alternative outcomes for which event z is informative. Note that x and X are necessarily in the same format
because one is a single instance of the full set of the other. For example, phoneme p (e.g /t/) is one instance of the cohort
of possible phonemes in cohort P (e.g /t/, /p/, /k/); word w (e.g. ‘mat’) is one instance of the cohort of possible words
in cohort W (e.g. ‘mat’, ‘map’, ‘mac’).

4 Review of studies linking information theoretic measures to neural responses

Here we will review recent studies that have employed information theoretic measures in order to assess the influence
of linguistic computations at the level of morphemes, words and phrases on neural activity during speech perception.

Early studies in this area contrasted fMRI responses to different types of spoken words, e.g. words compared with
nonwords, or words with more vs fewer competitors, e.g. [52,153} 154, 155]] and provide evidence for additional activation
of superior temporal and frontal regions for more difficult to identify words. There is some evidence of a dissociation of
frontal and temporal regions: more unexpected speech (e.g. high surprisal segments in nonwords compared to real
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Figure 3: Information theory metrics for phonemes in spoken words. A: Waveform of the spoken word ‘trombone’
superimposed with all the possible phonological alternatives at each phoneme position. Each alternative phoneme is
shown with a blue trajectory, for which the thickness of the arrow corresponds to the likelihood of that continuation.
Each phoneme continuation is shown in orange, whereby the size of the phoneme also indicates surprisal. As shown
in the legend, when there are a number of possible, equally likely, continuations, entropy is higher as compared to
when there are fewer, more asymmetrically likely continuations. Note that at the phoneme /m/, the word becomes
lexically unique and all of the subsequent phonemes in the sequence are 100% determined, such that entropy and
surprisal are zero at /b/, /ou/ and /n/. B: Surprisal and entropy values were computed for around 20,000 phonemes of
the audio-book stories used in [29]. Violin plots show quartiles and distributions of surprisal and entropy for different
phoneme positions in the word. Correlation strength between the two metrics is r=0.57.

words) activate superior temporal regions [56) whereas words with more competitors (e.g. words like claim with an
onset-embedded word clay) lead to additional activity of inferior frontal regions [54. [53]); yet exceptions to this pattern
are also reported [53]]. However, these studies did not directly compare neural activity linked to specific statistical
properties (such as surprisal or entropy that co-vary). Furthermore, fMRI lacks the time-resolution required to link
activation to statistical properties or neural processes that respond to specific speech segments. More consistent evidence
that the auditory system is sensitive to the statistical structure of speech input has therefore come from neural measures
with higher-temporal resolution (e.g. MEG or EEG). Furthermore, as techniques for estimating language-based statistics
from corpora and natural language have improved, so has the application of these computational measures to model
neural responses. Here we summarise the main findings demonstrating that phoneme-level metrics of higher order
linguistic structure can influence information processing during speech comprehension.
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Gagnepain et al. [58]] conducted one of the first studies that used neural data to differentiate information theoretic
measures of lexical processing of speech. Neural responses in superior temporal gyrus (STG) were recorded using
magneto-encephalography (MEG) in response to triples of familiar words (e.g. formula), learnt novel words (e.g.
formubo) and untrained novel words (e.g. formuty). Neural responses were time-locked to speech before the divergence-
point (i.e. formu-) and after the divergence-point (i.e. -la vs -bo vs. -ty). By comparing responses to item triples
containing novel words that were learned and consolidated (and, hence, added to lexical knowledge, cf. [56]), or learned
but not consolidated (and hence not lexicalised) the authors could assess the impact of changes to lexical knowledge on
neural activity and adjudicate between two information theoretic measures that are ordinarily correlated (see Figure [3B).
First, adding a new word to the lexicon (i.e. once the novel word formubo has been consolidated) would lead to an
increase in lexical entropy, particularly before the divergence point. Yet, phoneme surprisal would decrease during the
same pre-DP period due to stronger predictions for shared segments. Conversely, phoneme surprisal will increase in the
post-DP window upon hearing phonemes that were not expected (i.e. a phoneme surprisal response will increase for the
less expected continuation ‘-1a’ once ‘formubo’ had been consolidated). MEG responses in the pre-DP and post-DP
periods changed in line with phoneme surprisal rather than lexical entropy; hence changes in lexical knowledge can
modify phoneme-level responses in a way that is consistent with computation of lexically-generated prediction error
(this is equivalent to ‘phoneme surprisal’, though the authors do not use this term). Specifically, responses in STG
from 280-350 ms post-DP were increased for word neighbours of the consolidated novel word compared to neighbours
of learnt but not consolidated items. Furthermore, consolidated novel words (but not learnt, not consolidated items)
showed a reduced response in the same time period. There were no detectable effects of lexical entropy in the pre-DP
window as predicted by the lexical inhibition account, indeed response reductions were observed in line with stronger
segment predictions. These findings suggest that lexical knowledge (one element of the internal language model)
generates predictions for upcoming speech segments that are compared with heard speech leading to STG responses
that resemble prediction error. Gagnepain and colleagues further suggest that prediction error signals can be used to
update lexical probabilities though they do not provide evidence to show these update mechanisms in operation (see
[59] for discussion).

Building from these results, a collection of studies by Marantz and colleagues capitalised on sensitivity to segmental
probability to understand the representation and processing of higher-order linguistic units in single spoken words.
Specifically, they tested whether internal (morphological) word structure (e.g. a word like ‘disappears’ is composed of
morphemes ‘dis’, ‘appear’, ’s’) influences segment prediction error or surprisal. Using MEG, a study conducted by
Ettinger, Linzen and Marantz [60] revealed a main effect of phoneme surprisal in STG responses measured 200 ms after
segment onset, which was significantly greater for bi-morphemic words (‘bruis-er’) as compared to phonologically
matched mono-morphemic words (‘bourbon’). There were also later effects of phoneme surprisal towards the end of
the word (700+ ms after word onset). Furthermore, they found main effects of lexical cohort entropy from 335-377
ms after word onset. The authors conclude that the internal (morphological) structure of words serves to enhance
segmental predictions at the phoneme level, and that predictions are delayed under conditions of high lexical entropy.
This may suggest that segmental predictions are generated not just at the phoneme-unit level but also at the level of
entire morphological units.

To further investigate the influence of morphological units on speech processing, languages with a non-concatenative
morphological structure like Arabic and Hebrew are an ideal test case. Whereas in English morphemes are combined
one after the other (e.g. dis-appear-s), in Arabic, they are interleaved within one another (e.g. the morphemes [k-t-b] and
[a-a-a] are combined to form kataba). Thus, the linear order with which the auditory signal unfolds is at odds with the
non-linear order that the relevant speech sounds of morphemes are received, allowing the two to be disassociated. Under
this rationale, Gwilliams and Marantz [51]] assessed neural effects of segmental prediction in order to determine whether
spoken Arabic words are processed via their constituent morphemes (k-t-b, a-a-a) or as whole units (e.g. kataba) by
opposing two measures of phoneme surprisal. They constructed stimuli that orthogonalised root-based ‘morpheme’
surprisal (probability of a consonant conditioned on the previous consonants in the root morpheme) and word-based
‘linear’ surprisal (probability of a consonant conditioned on all previous phonemes in the word). MEG was recorded
while Arabic speakers performed a lexical decision task on spoken isolated words. They analysed responses to the
final consonant of the words (e.g. kataba) as a function of preceding morphological content and preceding whole-word
content. Activity in STG was significantly modulated by morpheme surprisal from 100-250 ms. Word-based linear
surprisal modulated later responses, from 250-300 ms in an overlapping set of sources. Thus, the results suggest that
words are processed via morphological units before they are processed as wholes. This research showcases the use
of phoneme-level responses to understand the representation and processing of higher-order linguistic units in single
spoken words, by using language materials for which predictions might come from different linguistic units (e.g. words
vs morphemes). By understanding what information is used to constrain predictions of upcoming information, it allows
for inferences about what higher level information being accessed, and therefore what information is likely stored in
lexical memory and deployed in speech perception.



A PREPRINT - NOVEMBER 16, 2020

Similar methods have been used in assessing the relationship between lexical and semantic processing of spoken
words that refer to specific categories of concrete objects. For example, Kocagoncu and colleagues [[61]] show lexical
uncertainty (quantified as lexical entropy based on participants’ responses in a word-gating task) is represented in
MEG patterns recorded from superior temporal and inferior frontal regions. These responses precede in time, and
partially overlap with frontal and parietal responses that represent the degree of semantic competition (i.e. lexical
uncertainty modulated by semantic dissimilarity) among the set of candidate words that are active at specific time-points
during word identification. These findings suggest ongoing computations of semantic interpretations of spoken words
throughout identification. Access to meaning is not delayed until lexical identification is complete.

Along similar lines, Gwilliams et al. (2017) [40] tested whether activation of lexical candidates is weighted by acoustic
evidence in favour of one phoneme or another. They recorded MEG responses of subjects listening to words, where the
onset phoneme was manipulated along a 5-step continuum from /b/-/p/, /t/-/d/ and /k/-/g/. The authors quantified two
measures of surprisal and entropy: First ‘acoustic weighted’ metrics consider both the ‘b-" and ‘p-’ cohort of words into
the computation of surprisal and entropy, where each cohort is weighted both by word frequency and onset acoustic
evidence. The second ‘switch-based’ metrics assume that the brain categorises phonemes before activating lexical
candidates, and so in these surprisal and entropy metrics, either the ‘b-" or ‘p-’ onset words will be included in the
information theoretic measures. The authors found that when modelling surprisal and entropy from 200-250 ms after
phoneme onset in STG, responses to early phoneme locations were better modelled by the ‘acoustic weighted” account,
whereas later phoneme locations were better modelled by the ‘switch-based’ account. The interpretation of these results
is that earlier during processing, the brain uses both acoustic detail and lexical frequency equally to activate words,
whereas later in processing, the brain favours categorical representations of the input in order to focus more heavily on
lexical statistics. These results again showcase the ability to leverage information theoretic measures at the level of
phoneme responses to adjudicate specific processing hypothesises at it pertains to higher order structures such as lexical
items.

While these studies tested sensitivity to phoneme predictions within isolated words, in natural speech, expectations
can also be generated based on previously heard words: Natural speech provides a continuous stream of linguistic
information, in which preceding words can serve to constrain the probabilities of upcoming inputs. A study conducted
by Gaston and Marantz [62] asked the critical question of whether, in minimal phrases, the brain uses preceding
words to inform phoneme-level predictions. They tested whether phoneme surprisal and entropy responses could be
conditioned across word boundaries, based on syntactic constraints provided by the preceding context. In terms of
our tutorial above, this would mean contrasting the conditional probabilities that enter into the surprisal and entropy
calculations to either include just the prior context within the word, or also prior context across multiple words. MEG
was recorded while participants listened to minimal phrases, which were either grammatical (e.g. ‘the clash persisted’)
or non-grammatical (e.g. ‘*the frown darkly’) where the first word (the/to) made deterministic predictions about
the part of speech of the subsequent word (noun/verb). The results show that both constrained and unconstrained
surprisal metrics significantly accounted for neural responses in STG from around 200-400 ms after each phoneme in
the noun/verb target, though no significant effects of entropy were observed. Thus, even when prior context has the
potential to re-distribute probabilities on the level of ‘boundary blind” phoneme-sequences, the brain remains sensitive
to the context-free word-internal statistics in parallel to the context-sensitive statistics. This important observation
suggests that lexical and sub-lexical units are activated based on both sources of information, perhaps aggregating
over the predictions at a later stage. Similar findings arise from a study that explored the role of semantic constraints
in guiding word identification from Klimovich-Gray et al [63]]. For two-word phrases (e.g. ‘yellow banana’), MEG
response patterns in STG around 150ms after the start of the second word encode the change in entropy (i.e. surprisal)
while lexical interpretation is guided both by prior context and by heard speech sounds. Partial correlation analyses
confirm that these effects are independent of entropy and overall semantic similarity of word candidates.

A set of recent studies have also demonstrated the ability to use these same calculations of surprisal and entropy, which
assume that the word is presented in isolation (‘word-internal metric’), to investigate processing of words in natural,
continuous speech such as spoken narratives. Brodbeck et al. [64] analysed responses to continuous speech as a function
of word-internal information theoretic metrics. They found that phoneme surprisal modulated STG responses peaking
around 115 ms after the onset of the relevant speech segments; responses correlated with cohort entropy followed soon
after and peaked at around 125 ms. The relative timing of these effects are in line with Gwilliams and Marantz [51]], but
earlier than those seen in Gagnepain et al. [58] and Gaston and Marantz [62]. It might be that neural responses linked
to specific speech segments arise at shorter latencies for words in connected speech than for words heard in isolation.

Another aspect of language context that has been shown to influence phoneme-level predictions are linear transition
probabilities across (‘blind’ to) word boundaries. Donhauser and Baillet [65] modelled MEG responses to continuous
speech, as a function of phoneme surprisal and phoneme uncertainty. These measures were computed based on a neural
network (cf. [66}167]]) which was trained to predict upcoming segments in speech sequences, including predictions that
cross boundaries between higher order units. Put otherwise, unlike the ‘word-internal’ metrics discussed so far, this
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metric takes prior lexical context into account. Specifically, their neural network model used a context of the preceding
35 phonemes (around 10 words) sufficient to encode several preceding words and their meaning and syntactic structure.
They found that across-word phoneme surprisal modulated responses from around 80-160 ms and 230-420 ms after
phoneme onset, and contextual entropy modulated responses 60-120 ms and 230 ms in primary and association auditory
cortex. These results further support the notion that early auditory responses reflect sensitivity to higher order structure,
and that surprisal and entropy are metrics that tap into distinct neural computations.

These studies (e.g. [64} 165]) tested the contribution of other regressors that are correlated with phoneme surprisal and
entropy, and that may otherwise serve as potential confounds. Brodbeck et al [64] tested the contribution of cohort
size (how many lexical items are possible given the sequence input) and cohort reduction (how many lexical items are
being discarded given the new phoneme that was just heard). Donhauser and Baillet [65] also tested the role of cohort
reduction. While Brodbeck et al found no additional contribution of either regressor above the explained variance of
the existing analysis factors, Donhauser did find that cohort reduction explained additional variance above the level of
phoneme surprisal. This might suggest that previous studies using phoneme surprisal may have actually tapped into two
distinct processes. (i) Sensory-surprisal: comparing the predicted input to the received input, which is best modelled
using phoneme surprisal proper. (ii) Lexical-update-surprisal: updates in activated lexical items as a consequence of the
phoneme input, which is best modelled using a cohort reduction measure. When hearing spoken words in isolation,
these predictors are perfectly associated (for instance, in Gagnepain, et al, 2012 [58]]). Yet, these separable responses for
connected speech might suggest multiple processes using both context-specific and more locally computed phoneme
probabilities (cf. [62]).

Di Liberto et al., [[68] analysed electro-encephalography (EEG) signals while subjects listened to continuous speech,
and replicated the finding that phoneme surprisal modulates responses at around 110 ms. They linked these responses
specifically to the theta band (~9 Hz), in accordance with [65]. Interestingly, both the theta and delta ranges have
been previously linked to acoustic-phonetic processes in previous studies [25]], making it unclear whether the spectral
characteristics of the signal reflect sensory processing or information processing [69].

Another important insight of [68]], although not the focus of the paper, was that phoneme surprisal effects occurred
much earlier (~110 ms) than sensitivity to phonotactic transitions of English (~300-400 ms). Phonotactics also reflect
statistics over phoneme sequences [70]], but the source of the statistical regularity is not related to their connection to
the mental lexicon. Thus, this result suggests that while both surprisal and phonotactic probability relate to statistical
processing of phoneme sequences, those statistics that are informative for lexical access produce an earlier and distinct
neural response. Speech perception is optimised for, and prioritises processes that contribute to identification of spoken
words.

5 Discussion

The studies reviewed here show consistent evidence that auditory responses to speech sounds are modulated by the
higher level information content those sounds communicate, within the first 100-400 ms after speech sound onset. These
observations demonstrate how responses to low-level units of speech are shaped by the language system’s ultimate goal
of linking speech sounds to stored linguistic representations in order to reconstruct the higher level meaning that the
speaker intended to communicate.

Two information metrics are most commonly observed to modulate neural responses: phoneme surprisal and lexical
entropy. Both metrics modulate neural responses in STG with a similar time-range (see Figure @JA for a schematic
summary of this literature). Although these measures are highly correlated and show similar spatio-temporal response
profiles, these variables have been shown to make independent statistical contributions to neural data [64}165] suggesting
that these two metrics tap into two distinct neural computations.

How can we place the neural effects of these information theoretical metrics into a computational understanding of
speech perception? The goal of speech comprehension can be construed as identifying a sequence of morphemes or
words from the auditory signal based on multiple sources of (noisy) information which must be combined with prior
knowledge or expectations about the likely words that will occur and their meanings. One popular framework by which
to integrate these different sources of information uses Bayesian Inference, and other mathematically similar approaches
(72073, [74L (75, (76} 177, [78}, [79]], for a specific treatment of Bayesian inference in speech perception see [80, [81]] .

Under a Bayesian formalisation, it is possible to generate an estimate the probability of a specific interpretation (let’s
say, the identity of the current lexical item) as a function of each incrementally received input (for example, using the
identity of each input phoneme). We focus on the relationship between these lexical and phoneme level processes
as the input and output (the pink and purple nodes in Figure @B). However, the Bayesian inference process would
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Figure 4: Information exchange. (A) Summary timeline of when the studies in our review [65], (64, 58], [62], (68, 40}
[60, find significant effects of surprisal and entropy. Boxes with a dashed outline refer to studies using continuous
speech; boxes with a solid outline refer to the presentation of an isolated word or a minimal phrase. Pink shading
between 100-200 ms corresponds to approximately when phonetic features are processed, for reference. (B) A simple
network graph model showing how information is hypothesised to pass between the different of processing during
lexical access.

operate similarly for lower-level processes (e.g. recognising phonemes given acoustic signals), or higher-level processes
(accessing meaning or syntactic information given the words heard).

Identification of words from phoneme sequences would operate something like this: The listener has an internal
language model which is formed based on linguistic experience and includes knowledge of the likelihood of different
words, and the identity of the speech sounds that make up those words. This statistical knowledge specifies the prior
knowledge that the listener uses to make top-down predictions (P) for the sounds of upcoming words. These predictions
can incorporate multiple forms of hierarchically structured knowledge; that is predictions at the phoneme level might
be influenced not only by known words and their constituent sounds, but also by higher-level contextual knowledge
(semantic, or syntactic representations of the current utterance) that change the likelihood of different words. Thus
top-down predictions, or priors provide a probabilistic prediction about the current state of the network (i.e. what word
is being said), which is computed based on the frequency with which words have been experienced in the past combined
with a representation of the current utterance. The extent to which the system has converged on a single prediction of
the word is reflected in the entropy metric: Entropy is highest when the prior is uniformly distributed across multiple
possibilities, and lowest when all predictions are centred around a single outcome.

The phoneme predictions generated by the prior are then compared to the current input (I), which in our illustration
(Figure @B) would be based on a representation of discrete phonemes. The difference between the phoneme that was
predicted, based on the prior of the phoneme sequence of the word, and the phoneme that was heard (P-I) gives the
prediction error (E). The magnitude of this prediction error is correlated with phoneme surprisal: When hearing an
unexpected sound, prediction error and surprisal are higher than when hearing a more strongly predicted sound. When
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the prediction error is large, this provides additional information to update the probabilities of possible words (orange
arrow to the purple nodes in Figure dB), because the word that was predicted to be the outcome is no longer the best
lexical candidate. This iterative updating process happens at successive speech segments throughout the timecourse of
word processing, until the optimal candidate can be recognised (see Figure @B, and [82] for a simple implementation of
this model).

Under this framework, our interpretation of the surprisal response is a reflection of the extent to which the relative
activation of lexical candidates needs updating on receiving each new piece of phonological input. If heard phonemes
are strongly expected, there is little information gained, and therefore lexical activations, and subsequent predictions
will go unaltered. If the phoneme was unexpected, this requires a big shift in which lexical candidates are most likely,
which is reflected in the surprisal signal. This surprisal response may therefore reflect the extent to which the internal
state of the system needs to be updated (orange arrow, Figure B), leading to changes to the predictions generated for
subsequent inputs in the phonological sequence (blue arrow, Figure @B [58] 165 29]).

Given this iterative updating of predictions based on prediction error, entropy will reflect the current state of uncertainty
about which lexical candidate will ultimately *win’ the recognition process. The current entropy (as in domain-general
accounts [83]]) serves to boost or dampen the information that is likely to be gained from subsequent sensory signals
(blue arrow, Figure @B). Time points at which entropy is low (i.e. one candidate word is much more likely than the rest)
permits easy identification and subsequent sensory input is not so critical; the likely outcome of word recognition is
already known. However, in cases of high entropy (i.e. if multiple candidate words are activated to a similar degree)
then resolving which lexical candidate is correct will require processing of incoming sensory input to ensure that the
correct lexical item is selected. This interpretation is in line with Bayesian accounts of predictive coding [84} |59]:
when predictions for upcoming input are uncertain (high entropy), sensory processing plays a more important role in
disambiguating the input and prediction error will tend to be higher to compensate (see Figure dB).

As can be seen in the summary timeline in Figure JA and Table 1, the estimates for when these different metrics matter
for neural processing are highly varied. Responses have been reported as early at 60 ms and as late at 400 ms, for both
surprisal and entropy, with variability between studies in terms of both the onset latency and duration of neural effects.
While some of this variation might be due to differences in statistical power or thresholds in specific studies, other
variation may also be due to properties of the speech stimuli used. For example, one consistent effect that we do observe
is that latencies are shorter when words are presented in the context of continuous speech rather than in isolation.
Studies using naturalistic stimuli find effects of entropy and surprisal at around 120 ms after phoneme onset on average
(simultaneous with processing the phonetic features of the speech sound itself), whereas studies using isolated words
find sensitivity to the same features around 250 ms after phoneme onset on average. Nonetheless, even allowing for
this variation we also observe that in some studies surprisal onsets earlier than entropy [64, 60], and in other studies,
the reverse is observed [65]. Understanding whether any reliable temporal difference between surprisal and entropy
exists, or whether they are better described as simultaneous processes, promises to provide significant insight into the
computational operations being applied to the speech signal. In addition, how those responses can be changed with the
provision of higher-level context which allows for predictions of upcoming lexical input, or with changes to the sensory
quality of the speech signal which might permit more rapid or slower speech processing (grey nodes, Figure @B) .

Even though both surprisal and entropy reflect higher order processes, it is noteworthy that their neural correlates are
not located in the cortical areas that are typically associated with lexical access, such as middle temporal gyrus or
inferior frontal gyrus [85} 21,20, [11]. Instead, all of the studies we have described broadly localise these responses
to auditory brain regions — including the transverse temporal gyrus and superior temporal gyrus — overlapping with
the processing of acoustic and phonetic features are known to be processed [24} [86, [14]. Overall this indicates that
local, perhaps recurrent, processing of speech sounds in auditory cortex is influenced by higher order structure, such
as sequence statistics, and higher order computations, such as lexical access. While we and others have assumed
functional and anatomical hierarchies in speech processing this does not imply that higher-level features of speech do not
influence lower-level auditory responses. Further investigation, perhaps by taking advantage of the joint spatio-temporal
resolution of intracranial recordings, will be required to fully specify the spatial location of sensitivity to phonetic
features, surprisal and entropy, and the extent to which the are supported by the same versus neighbouring neural
populations.

6 Conclusion

Overall, the evidence presented here suggests that the brain applies Bayesian-inference(-like) computations in order to
decode meaning from the speech signal. The acoustic input (the likelihood) is weighted by probabilities over what the
speaker could say (the prior) in order to derive what the speaker is saying (the posterior).

12



A PREPRINT - NOVEMBER 16, 2020

As we saw in this review, neural responses illustrate how multiple sources of information are potentially computed in
parallel, including context-free and context-sensitive measures of prior probability distributions. These context-sensitive
measures allow lexical items to be activated based on current syntactic and semantic context [87]], whereas context-free
measures rely on within-word phoneme-sequence statistics alone. Aggregating over both measures allows the brain to
jointly estimate the best interpretation of upcoming input for cases in which predictions across multiple information
sources converge, and to be more sceptical when multiple information sources do not converge. These situations can
cue revisions to perceptual interpretations, demand on semantic reinterpretation or the detection of lexical novelty or
speech errors [S9].

Any valid account of how the brain achieves speech comprehension needs to explain not just how the acoustic signal is
processed, but how this signal is used to identify the words being said. Information theoretic measures, such as surprisal
and entropy, provide excellent tools for examining such ‘higher order’ processes. For example, what priors are used
to form predictions of upcoming information, and what linguistic units these predictions may comprise, shed light
on what representations are accessed and composed online during comprehension. As techniques for estimating such
probability measures become increasingly precise, as does our ability to model how the brain uses them for language
understanding.
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