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As a communication system, human language is iffdsedobust. In this paper, we
identify some of the mechanisms that make speerimumication robust in the face of
noise and variation. We argue that many phenomeataare usually studied for their
own sake (speech adaptation, accommodation, digddbredundancy) work together in
order to increase the robustness of speech. Rassstan thus be used as a unifying
concept for a seemingly disparate collection of eexpental data. We outline the
implications of robustness for the study of languagolution, and we discuss how both
biological and cultural evolution may have playedote in making language robust.
Taking the robustness of language into account milaear that not only do linguistic
systems evolve with respect to functional consiifena, but also with respect to how
those functions can be maintained in the light ofudtitude of perturbations.

1. Introduction

Robustness is the property of a system that endtbtescope with noise and
interferencejt is what allows a system to maintain its functiespite internal
and external perturbations. The concept has regteavdot of attention in
complexity science and biology (for a review, seiaio, 2004), but it has
received considerably less attention in languageareh — despite the fact that
language obviously seems to have some degree oftrass, otherwise we
wouldn’t be able to talk in a variety of acoustitveonments and with varying
degrees of environmental noise. Moreover, lingeisimmunication even works
despite a large amount of variation: each and euttgrance is different along
some dimension. Speakers differ with respect to @gg, dialect, personality and



many other characteristics that affect speech qpatténter-speaker variation),
and utterances differ from one another because abmvariability (intra-
speaker variation). The presence of robustnesssraisy questions for language
evolution research: what are the specific propgittiat make it possible for us to
communicate in the face of noise and variation, lzowd did these evolve?
Looking at speech communication in particular,sitpossible to uncover
how many different parts of language work togethier safeguard the
communication process against perturbations. Howeather than there being a
hotchpotch of different unconnected properties timatease robustness, we
argue that the different properties can be charnaett as a small set of
robustness-enhancing features over which generalizations can be made:

1. Speech adaptation and motor equivalence
2. Speech accommodation
3. Distributed redundancy

This list is not meant to be exhaustive. For now,facus on the robustness of
the speech signal, but note that there are addltimbustness enhancers at other
levels of linguistic description, e.g., there isnsilerable redundancy in
morphosyntax (bipartite morphemes, participant golhat are encoded
simultaneously through word order and case, ewtgreover, we focus on the
perspective of speech production, as others hagady explored the robustness
of speech perception (e.g., Diehl, 2011). In th8ofgang, we discuss the
theoretical and empirical support for each of thee¢ robustness-enhancing
features in turn.

2. Speech adaptation

In this paper, we use the term “adaptation” noitsrevolutionary sense, but to
describe the observation that language users &ea@tapidly adapt to the onset
of environmental noise (e.g., Grynpas et al., 2081hilarly, speakers are able
to react appropriately to temporary or long-ternchamical speech impediments
(e.g., Tremblay et al., 2003; Bressman, 2006). &peaelaptation is a feedback
mechanism that detects changes in the acousticotmne’s own speech and
quickly alters speech production in order to arave@ more intelligible output.
Experimental evidence for speech adaptation conoas &uditory feedback
studies, where speakers that produce speech ayedplzack a synthetically
altered version of their own speech (e.g., shifpitich). With this paradigm, it
was shown that people are able to adapt to changesidness (e.g., Lane &



Tranel, 1971), fundamental frequency (Jones & MiintZH00) and formant
frequencies (Tremblay et al., 2003). Speech adaptatts both short-term in a
rapid and automatic fashion, as well as on a lengrtbasis, and it also works
with feedback from the sensorimotor system (Trembda al., 2003). The
potential power of speech adaptation as a robusteeisancer is shown by the
fact that intelligibility is assured even despitecls extreme impediments as
tongue splits (Bressman, 2006).

Speech adaptation is closely linked to the notibmotor equivalence, the
idea that there are multiple ways in which to praacoustic outputs that have
identical linguistic effects on the listener. Thidea comes from early
experiments where participants were still able todpce intelligible speech
despite mechanical interference due to speech atitapi{e.g., Folkins & Abbs,
1975). One perspective on this data is that spseahds tend to be within so-
called “quantal” regions (Stevens, 1979)—that égjions within the articulatory
apparatus that allow a high degree of motor vamatvhile keeping the amount
of acoustic variation at a minimum. Having speeattggns within these quantal
regions not only assures robustness against ektperéurbations, but also
against the inherent degree of variability in speawvements (gestures will
almost always miss a given articulatory targetardo a certain degree).

The evolutionary significance of speech adaptaisotwo-fold. First, given
that adaptation only works if there is some degméemotor equivalence, it
becomes important to explain how speech sounds tamehibit this property.
We hypothesize that there may be evolutionary pressin cultural language
evolution towards higher degrees of motor equivederSpeech sounds which
are in articulatory regions that do not afford & &b variation will tend to be
more acoustically variable — and this inevitablade to higher degrees of
misperception. Sounds that are often misperceiveduastable in diachronic
terms, and will either disappear or develop towargsttern that is less prone to
misperception (Blevins, 2004). Preliminary suppiort such a process can be
gleaned from simulations which show that sound esyst develop towards
perceptually more distinct regions (e.g., de Bd&p1), however, we are
currently unaware of computational simulations sacifically address the role
of motor equivalence.

Second, the fact that people are able to performptation rapidly,
automatically and non-consciously suggests thaethgay also be a biological
component to this ability, thus opening the podisjbfor biological evolution
having played a role (e.g., speakers who were thattgpeech adaption may have
had a selective advantage). Alternatively, the cipeadaptation mechanism
might be a spandrel, e.g., the ability to perfordatation might be a simple



outgrowth from our general capacity to imitate, efhimay be a prerequisite for
language (e.g., Donald, 2005). Intriguingly, speeckaptation seems to have
corollaries in other species. House finches, fangxe, perform rapid real-time

frequency shifts of their songs in response to mim@ise (Bermudez-Cuamatzin
et al., 2011). The presence of behavioral adaptatiechanisms in other species
may allow us to address its possible connectiamtiation, as well as whether it

is a spandrel or a biological adaptation.

3. Speech accommodation

Whereas speech adaptation is a response to chamgase’'s own speech
patterns, accommodation refers to changes witrec@ap the speech patterns of
others. People can either increase or decreaskasiynof their speech patterns
(convergence and divergence, respectively), howeperech convergence seems
to be much more common than divergence (e.g., Gil€supland, 1991: 66).

The major theory that seeks to explain accommodati®havior,
Communication Accommodation Theory (CAT, e.g., &i& Coupland, 1991),
grounds speech convergence in the common desidedeease social distance
with our interlocutors. While this is very muahme likely source of speech
convergence behavior, other evidence indicatessirch convergence cannot
be a solely social phenomenon; e.g., speakerslyamdverge to recordings of
nonwords (e.g., Goldinger, 1998), individual sylebpresented out of context
(Nielsen, 2005), and to computerized agents evéreif do not feel sympathetic
to those agents (Staum Casasanto et al., 2010), M suggest, from an
evolutionary perspective, that speech convergerlse aerves to increase
robustness. By having a mechanism through whichameincrease the similarity
of the communicative code over repeated interastiove can deal with the
diversity of different speakers.

Just like speech adaptation, accommodation is id,raptomatic and often
non-conscious process. Hence, the question ariséwther speech
accommodation simply follows from having the (bmilkmal) ability to imitate, or
whether there is a specific biological adaptatimwards being better at
accommodating. Again, there are important and éstérg corollaries in other
species, which possibly allow testing these vidwegh birds (e.g., Mammen &
Nowicki, 1981) and non-human primates (Lemasson &ustberger, 2004)
exhibit evidence for the convergence of communieatiodes.



4. Distributed redundancy

Many researchers have argued that language has degnee of redundancy
(e.g., Pinker & Jackendoff, 2005). In speech, redumey is ubiquitous. For
example, stress is simultaneously cued by pitaidiess, duration and spectral
slope. Utterance endings are cued by a loss ofygnarreduction in pitch, final
lengthening and sometimes a following pause. Wardnbaries are cued by
(depending on the language) transition probalslitghonotactics, stress, word-
final lengthening, word-final phonological processad sometimes a following
pause. Evidence that thise layering actually increases robustness comes from
cut-off studies (e.g., Cho, 1996), where listerteage fewer cues available and
then use the other cues, or from noise overlayiesu@.g., Xu et al., 2005).

Many of these cues arise epiphenomenally becausienpfe biomechanical
or physical reasons. For example, the fact thabgg increased after aspirated
as opposed to non-aspirated stops has to do wétthitther amount of glottal
airflow which then leads to a faster glottal viliwat Due to the increased flow,
the glottis cannot help but to vibrate faster afispirated stops and thus, this
additional cue comes “for free”. Whether a cormelatspeech production is then
actually used as a cue depends on the perceiveasbdoreton (2004: 13) says,
“correlates of a contrast are typically cues td twantrast.”

However, redundancy in and by itself is not enotmliacilitate language
use; the redundancy also needs talistributed in the temporal domain. Very
loud broadband noise would be able to selectivelgriere with all phonetic
cues at a given point in time, but if the inforroatis spread out over the signal,
misperception at a particular point in time candaalt with by retrieving the
information later. This kind of temporal distribmti is ubiquitous in phonetic
systems, e.g., Cho (1996) showed that Korean #sterre able to decide
whether Korean stops are tensed, lax or aspirateglypbased on voice quality
differences in the following vowel. Xu and colleagu2005) showed that people
are able to locate the position of sentential foeusn well after the focused
constituent because of cues that follow the carestit (called “post-focus
compression”).

The sound systems of the world’s languages seemxlMibit distributed
redundancies to a great extent. We take this @&sdégation that there potentially
are selective pressures towards languages being madundant. These pressures
could manifest themselves through cultural languaggution. This view is in
line with recent trends in phonology, where diffareesearchers have started to
focus on the evolution of sound patterns througtceqgual and articulatory
constraints. Accordingly, Blevins (2004) arguest tt@ sound patterns that are



most frequently observed in the languages of thédnare those that are easy to
produce and easy to perceive. Part of what mal@®aeme or a contrast easy
to perceive is determined by the amount of reduaglamd by the spread of this
redundancy. The idea that language as a systeneiges/on higher degrees of
redundancy leads to the testable predictions fayulstic typology: the most
frequent sound patterns of the world should alsthbenost redundant ones.

5. Conclusions

Our list of robustness enhancers is meant to Iistastep towards thinking about
robustness as a general property of speech comatiomie-a property that
likely extends to other areas of language as \Beltause the enhancing features
that we identified are present (to some degre@)litanguages, we hypothesize
that robustness may be design feature of language and thus of similar
importance to the evolution of language as arhitess and duality of patterning
(cf. Hockett, 1960). Moreover, the concept of rdhass provides a unifying
perspective on a seemingly diverse set of deseeipgind experimental data,
ranging from the speech production studies that cmhestnate redundancy to
experiments on adaptation and accommodation.

If robustness is an important feature of langudbe, question naturally
arises as to what its origin may be. As outlinedthia sections above, both
cultural evolution and biological evolution may kaplayed a role. Speech
adaptation and speech convergence via accommodsgem to derive from the
biology of the speakers of a language. Howeves, lfFaves unresolved whether
there were specific adaptations towards thesesskitlwhether these capabilities
simply follow from our more general capability titate and therefore may be a
reflection of prior biological abilities. One avenunto investigating the
biological nature of these capabilities is by lowkiat other species (which
sometimes show signs of adaptation and accommadat@nother is by
conducting individual differences studies (see,,aMjsyak & Christiansen, in
press). For example, the view that speech accomimodes a spandrel that
follows from our imitation capacity makes the pcgitin that people who are
better at implicitly imitating (also with respecd thon-linguistic behaviors)
should more readily perform speech convergence wdikimg to others.

With respect to motor equivalence, functional rethncy and its temporal
distribution, we suggest that cultural evolutionyntse the predominant factor
that produces these robustness-enhancing feaftn@s the simple assumption
that speakers tend to stick with those patterrnisateamost easily perceived, and
best received in face of perturbations, it follothsit speech systems should



evolve in the direction of more “quantal” regionstbe speech apparatus and
towards more distributed redundancy.

We conclude by noting that the evolutionary hypsifieve have forwarded
in this paper has primarily relied on reinterprietas of existing results in the
speech literature. However, our notion of robustredso allows us to derive new
testable hypotheses. For example, convergence edchppatterns between
interlocutors should be stronger in noisy environteeOr, if participants are
asked to interact with one another using an adifilanguage, then we would
expect that across multiple experimental generafidhey would show a
tendency towards using forms with higher degreesediundancy and more
temporally distributed cues. Hence, thinking abdanhguage from the
perspective of robustness and making robustnegsi@for further investigation
may prove very fruitful for future research int@tévolution of language.
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