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Abstract

A set of speech corpora, spoken in both IDS and ADB&les containing similar
sentences in terms of complexity, was collecteBweden and Finland in 2007. Prompts
for each language were designed by selecting 1€cbljords and 10 carrier sentences
for each language to produce approximately 10@ulfft sentences. Each sentence was
spoken 10 times in adult-directed speech (ADS) maad 10 times in infant-directed
speech (IDS) mode, for a total of 2000 sentencessjpeaker. Four speakers, typically
two pairs of married couples from each languageewsed to produce a total of 8000
utterances per language. The corpora, that alsuded¢ Dutch and English, were
collected to aid in the exploration of new archiiees for speech recognition, as is
currently taking place in the ACORNSroject
This study describes the main prosodic differerfoesd in IDS/ADS speech from the
collected Swedish and Finnish material. Statisécellysis of the following main features
are reported:

- FO histograms: these may reveal speaking stffiereinces in the FO-contours.

- Spectral tilting and its fluctuation: this als® affected by the voice source and the

“softer” speaking style encountered with IDS.

- Segmental durations and their variations: averggEaking rate and indications of

monotonic/non-monotonic speaking style.

- Differences in spectral properties: the signa¢ésamalyzed in frames of 10 ms and the

MFCC-coefficient vectors clustered in a vector spathe cluster centres reveal

average spectral properties and differences inkepgatyle that can be detected as

differences in the number of clusters found as agllifferences of their mean vectors.

The analysis is performed for four Swedish and féianish speakers (two males and two
females for each language). Tests are carriedoodetect any common characteristics
between IDS and ADS speech for these two languages.

1 ACORNS (Acquisition of Communication and Recogmiti8kills), an EU-funded Sixth Framework
Programme, Priority [2], Future and Emerging Tedbges, project, 2007-2009.



1. Introduction

It is well confirmed that so-callgghrentesgor infant-directed speech (IDS), differs from
casual adult-to-adult conversational language ({atitécted speech, ADS). This
dissimilar use of language depending on the audieacmost often an unconscious
action, but infant-directed speech seems also t@ haiversal phenomenon. Infant-
directed speech is often described as more vigxicdlly limited, and more clearly
articulated speech with exaggerated intonation, wbhempared to normal speech.
Several suggestions for the role of these progertiave been proposed, and the
sustaining idea is that IDS may help an infantaotbtrap its language skills, especially
in creation of native language specific phonetitegaries and boundary detection in
word segmentation (Thiessen et al., 2005).

Kuhl et al. (1997) showed that IDS leads to a chieg of the formant space,
increasing the mean distance between /a/, /i/ aihbivels in terms of -, coordinates.

In other words, they found that phonetic units werere clearly separated from each
other in IDS, which may aid learning of the unEsilargement of the vowel triangle also
increases the phonetic variability (de Boer and IKR003), which has been shown to aid
in category acquisition (Lively et al., 1993; Kudtlal., 1997). It has also been suggested
that the increased separation of phone classessodtuing stressed (pitch-accented)
vowels that are common in IDS speech, while unsé@sr unaccented vowels show
more coarticulatory reduction, leading to shrinkmigthe phonetic space (Kirchhoff &
Bilmes, 1999; Sluijter & van Heuven, 1996). Van d&ijer (2001) also found that
expansion of the vowel space in IDS occurred ducmgent words, while in surrounding
function words the effect was reversed.

The use of IDS has also been investigated in autorspeech recognition (ASR) by
Kirchhoff and Schimmel (2005) in order to determivbether the use of IDS would
reduce the size of training material needed ta tt¥1M-models. However, they did not
observe any direct advantage for using IDS insteBdADS in training, although
recognizers trained with IDS had a relatively loka@ss of performance with ADS data
than ADS trained recognizer on IDS data. Closelyaisrevealed that IDS had larger
phone-class overlaps in feature space, which igt@nesting finding, since it partially
contradicts with other findings that promote theiomo of more clearly segregated phone
classes in infant-directed speech (e.g., Kuhl.etL807).

The purpose of this paper is to review the findifrgen experiments that compared
properties of infant-directed speech (IDS) and tadinected speech (ADS) spoken in
both Finnish and Swedish. The material was recordgda part of a multilingual
ADS/IDS corpus that was designed for ecologicaligl aognitively plausible training of
a language-learning agent. The first section f plaper describes the spectral properties
of ADS and IDS analyzed by a method that utilizegtdm-up clustering of phone-like
speech segments extracted from speech (see RasziEn, for an overview of the
algorithm). The second section presents findingsfpitch and tilt analyses of IDS and
ADS. Finally, the third section covers findings aeding segmental durations in these
different speech types.



2. Material

Speech material was recorded as a part of the ACORMNject, in which three corpora
of different linguistic complexity are in the pr@&seof being created for Finnish, Swedish,
Dutch, and English with gradually increasing grartioad, lexical, semantic and phonetic
complexity. The material used in these experimaas taken from the first year corpus
for Finnish and Swedish and contains simple utmanwith a limited amount of
different sentence structures and words. The nadhteras spoken by eight different
speakers, of which four speakers were native HAmniaisd four speakers were native
Swedish, two males and two females for each larggulgro thousand utterances were
recorded for each speaker, one thousand utteraricadult-directed and one thousand
utterances of infant-directed speech. The linguistintent of these IDS and ADS sets
was identical.

Sentences were constructed using simple rulesric@ a carrier sentence with a
keyword. In general, a total of 10 carrier sentensech as “Here is the X”, “Can you see
the X?”, etc. where X was one of the 10 possiblgwads, e.g., “car’, “ball”’
“telephone”, etc. These combinations led to 10Qqueisentences being formed. Each
sentence was then prompted 10 times in ADS andinidstin IDS, to capture naturally
occurring variations, yielding a total of 2000 pquiis1 During the recording procedure a
speaker was shown one prompt at a time in setsOoprampts for ADS, and then
followed by the same 10 prompts in IDS. This freguwitching between ADS and IDS
was used to retain speaking style contrast. Theined|speaking style for a prompt was
accomplished by visually indicating on the promptegn an image of their spouse (to
elicit ADS), or an image of their infant (to eli¢®DS).

3. Experiment 1: Classification by spectral proped

This experiment aimed to investigate spectral tiffiees between ADS and IDS in order
to find out if such differences exist and whetheyt can be utilized to differentiate the
two speech types. The analysis was carried oukagiming the behavior of incremental
spectral clustering of the segments.

3.1 The algorithm

The blind segmentation algorithm that is currentltyder development uses a Mel-
frequency cepstral coefficient representation afignal for the detection of segment
boundaries. The signal is first windowed into slrhs frames and the cross-correlation
of frames is utilized to enable detecting suddemnges in the signal. Segment
boundaries are hypothesized to exist at locatiohgrev the change in the spectral
properties exceeds a manually defined thresholél.levor feature extraction, mean
energy is removed from the MFCC frames and theoveare normalized to zero mean

unit vectors ( C.2 =1, N = 12 coefficients). Each segment is divided imooaset and
offset section (initial 40 % and final 60 % of tdaration) and the algorithm picks the

five most contrastive MFCC vectors for both seaiceand averages them into two
representations for each segment. Vector contoast frame is defined by the standard



deviation of time-domain amplitude in a window fromhich MFCC coefficients are
computed. Segments are classified into two categdrased on their mean energy level:
all segments with mean energy betwé&gm, to Enin + 7 dB, whereEn, is the minimum
energy of the signal, become assigned tobiekground/silenceategory. All segments
exceeding the background noise signal energy leyél dB or more are assigned to the
main category.

The onset and offset sections of the segmentslaséered into separate spaces by
using a simple incremental algorithm that comptitescross-correlation of the incoming
segment’s spectral vector to all existing clust@rsinput is merged to the best matching
cluster if the merging threshotth, is exceeded. If no suitably close matching cluister
found, a new cluster is created. Clusters retdwrimation only about their centroid, i.e.,
the mean spectrum of all merged segments. Therdtmrecombinations of spaces exist
in total: onset/offset (2) x energy (2).

The clustering algorithm described above is simtlarthe well-knownk-means
approach, but instead of requiring the entire di@ssmaterial at once, it works on a
segment-by-segment basis. The number of clusterstiknown beforehand. This leads
to a cognitively more plausible process, where dlgmal entering the system is first
converted into a feature description, and the featuepresenting the entire utterance are
stored for a maximum of only a few seconds. Segahdéeatures are used to activate and
update categorical “phone-centers” in a multi-disienal space but are not stored
separately. Ultimately, complex acoustic wavefomfoimation is compressed into
sequences of cluster labels without external kndgdeinterfering with the process, an
approach that combines many aspects of learninpivgoantization (LVQ); see, e.g., )
and self-organizing maps (Kohonen, 1984). Naturdhe classical k-means approach
would provide better classification accuracy inrterof cluster selectivity if the number
of clusters is chosen wisely, since access to tiieeegroup of classifiable items is
available at all times. A more comprehensive dpfion of the segmentation and
clustering algorithm, including performance evaiag, can be found in Rasanen (2007).

3.2 Results

The material was strictly divided into ADS and Ib&itent. Clustering was performed to
create four different models for each speaker:lf-trained model and an ADS-trained
model, both with two different merging (spectrahsarity) thresholdsdy,in = 0.5 anddmin

= 0.7. These sets of cluster spaces can be coedidsrIDS and ADS models with lower
and higher selectivity, denoted asoMIMlg 7, MA s and MAy 7 respectively.

The first finding was that the average number oftrs in IDS-spaces was larger
than in ADS-spaces with both thresholds (+6.5 % @i, = 0.5 and +10.7 % witbtyin =
0.7), although some speakers did not exhibit sicamit differences. This is an expected
result, as IDS is often considered as more vivelpressed than ADS and therefore
some prosodical aspects (e.g., clearer articulatioth more stress) may expand the
formant space, producing more variations (Kuhll.eti®97).

A more variable pitch may also cause changes iotispeepresentations as it affects
the density of the formant structure. One explawatactor may also be the MFCC
window size: a 10 ms window may or may not cappuoperties of FO depending on the
frequency of the pitch. If pitch becomes relativielgh (which is characteristic for IDS,



see experiment 2), it will reveal itself in the eel representation (which may not
happen in the ADS case). Since cluster representatontain integrated properties of
tens or hundreds of segments (both in terms oMileband integration of the frequency
domain and integration of several such represemstiogether), pitch periodicity itself
was not visible in the post-analysis of spectrapgrties to verify this assumption.

Also, an interesting notion is that the Swedishespe consisting of similar simple
structured utterances and with the same amountiftéreht carrier sentences and
keywords as in Finnish, yields on average of 52 &tentlusters for both ADS and IDS.
There may be several explanations for this diffeegerbut one might be that since
Swedish is a stress-timed language where mosedfttessed words are accentuated, and
this leads to variablegFmodulation contours (Fant et al, 2000; Gardnir8g9t Bruce &
Granstrom, 1993) and therefore to the possiblytsplaepresentation effects noted in the
previous paragraph. On the other hand, Finnishsidlable-timed language and may not
exhibit this type of behavior to such a degree.

Clustering ADS to an IDS-model and then comparhmgy results to IDS clustered to
the same model, tested the mutual compatibilihDE and IDS models. Similarly, IDS
was clustered to an ADS model and compared to AID8.mean of correlations between
each segment and the best matching cluster wasutechfor both cases. As expected,
IDS utterances were slightly better matched witl® IBlusters than with ADS clusters
(e.g., difference o = 0.012, withdyin, = 0.7) and ADS utterances better with ADS
clusters than IDS clusters = 0.0071). The overall differences were not vargé but
systematic, as all speakers had better correlati@ongruent conditions with the higher
threshold (there were two speakers with non-existiéferences for the congruent and
non-congruent situation with thé,, = 0.5 models). On average, ADS speech was
slightly more efficiently mapped to the IDS spabart IDS speech to the ADS space
( corr = 0.005) but the difference is not statisticallyngficant. Nevertheless, this finding
is in line with the work of Kirchoff & Schimmel (@5), who observed that an ASR
(HMM) system trained with IDS and tested with AD&dhrelatively lower performance
loss when compared to a system trained with ADStestgd with IDS.

The final experiment with the clustering algorittwias to find out whether cluster
space models for infant-directed speech (MIDS) ashalt-directed speech (MADS) were
actually able to detect whether the input speech duected to infants or adults despite
the relatively small differences in adult- and imtfalirected models. Each utterance was
clustered simultaneously to MIDS and MADS and thedel producing the better
average match for all segments in the utteranceceasidered to indicate who is being
addressed. Figure 1 shows the mean recognitios fatéDS and ADS utterances for all
eight speakers. As can be seen, the recognitierigaignificantly above chance with all
speakers but accuracy also varies greatly betwaeakers. Recognition rates for specific
speakers also correlate well with perceptual ingoes from listening to ADS and IDS
utterances: speakers with high recognition rates reamore lively and dynamic IDS
compared to their ADS, whereas it may be difficidtdetect perceptual differences
between ADS and IDS in cases of low recognitioe igieakers. Swedish recognition
rates are also on average 10 % higher than in shni8@peakers #1, #2, #5 and #7 in
figure 1 are female, and no gender specific trammécognition can was detected.
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Figure 1: Mean differentiation ability of IDS andD& for different speakers (50 % = chance
level)

Figure 2 demonstrates the distributions of theed#iice between the correlation to the
IDS trained space and ADS trained space for botls ADd IDS material for Speaker #5
(i.e., the criterion for deciding whether speeciDS or ADS). In this case the mean
recognition rate of the speaker is well above 9@#4l, therefore the distributions’ centers
of masses are well separated from each other.
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Figure 2:Distributions of correlation distance differenceviseen models MIDS and MADS for
ADS and IDS material, Swedish female speaker (Spe#kin figure 1).

All things considered, spectral variability of I®@mpared to ADS depends greatly on
the individual differences in speaking style. Fome speakers the spectral variability of
speech segments is larger between the two stylleeugh all speakers exhibit small
biases in the structure of the phone-space asetmgnition rates in ADS- or IDS-

decision task are above chance.
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4. Experiment 2: Pitch and tilt analysis

Pitch is a cue to several levels of linguistic mfiation (Fisher & Tokura, 1996) and it
has been determined that pitch contours are exatggemn infant directed speech (Stern
et al., 1983; Papousek & Hwang, 1991; Fernald &®inil984; Jacobson et al., 1983),
including tonal languages (Grieser & Kuhl, 1988)has been suggested that this may
help infants to detect unit boundaries in acoupttterns (Fisher & Tokura, 1996),
promote infant attention and signal positive affé@tieser & Kuhl, 1988). We tested
pitch behavior in ADS and IDS using ACORNS corpuetenial hoping to replicate these
findings.

4.1: Pitch analysis

Distributions of pitch () were analyzed for ADS/IDS differences. Signalsreve
windowed using a 40 ms Hamming-window with a 5 rtepsand standard cepstral
analysis performed. Frames without a sufficiegp€&ak between 50 and 600 Hz were
discarded leading effectively to only the analydisoiced segments of speech. FO values
from all frames for all ADS and IDS material fronaah speaker were stored and
histogram analysis performed. Figure 3 shows pgitstograms for four speakers.
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Figure 3: Histograms of FO-values for two femallest) and two males (right), one gender per
language.

As expected, the difference ig @istributions between ADS and IDS is noticeabledid

but one speaker: IDS contains a broader distributfoR-values, creating a tail area for
IDS distributions at higher frequencies. Also, siee of the difference between ADS and
IDS distributions correlates well with subjectiverpeptual judgments regarding the
liveliness of the speech. The one exception is adik male speaker whose ADS and
IDS have very similar distributions and nearly itles means despite the fact that the



speaker utters ADS sentences with a greater temgdig IDS is systematically much
more carefully articulated and stressed.

As a conclusion, the findings ob Bnalysis confirm the previously established view
found in the literature that ks more variable in infant-directed speech.

4.2 Tilt analysis

Spectral tilt of the speech material was studiedrider to determine whether infant-
directed speech differs from adult-directed speecthis manner. Since IDS and ADS
speech material was identical in terms of lingaistontent of spoken utterances, i.e.,
there was a corresponding pair for each IDS utteran ADS, the spectral tilt of the

utterances was examined pair-wise to elaboratstttestical salience of the differences
between the two.

Both signals in the pair were windowed using a 45Hlamming-window with a 10
ms step size. The abs-FFT spectrum was then cothputeeach framé. Tilt a; of the
spectrum was estimated by fitting a line to theadata least squares sense and the slope
for each frame was stored for analysis. The mdtartd variance of tilt were computed
in parallel for both utterances and their ratioandvar,; (eq. 1 and 2) determined. These
values were computed for all 1000 pairs per speakebtain speaker specific results.
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With this small amount of speakers no systematiferdince in tilt could be detected
(table 1). Although the two Finnish male speaketsl®t overall steeper tilts and greater
tilt variances over IDS compared to ADS utteranttes their female counterparts, this
effect cannot be seen in Swedish speakers. Alsoge she standard deviation of tilt and
variance ratios between utterance pairs is largetf@number of speakers in the material
is small, it is difficult to make any far-reachirognclusions in this case. It should also be
noted that the rate of speech affects the tilt megmen computed over entire utterances
and therefore might cause biasing in the IDS vefddS condition.



Table 1: Tilt ratios IDS/ADS and their standard id¢ion for all speakers

S S

In addition to examining entire signals, tilt aref/was repeated for only voiced frames
of speech (voicing detected with standard cepstnalysis). This did not significantly
affect the findings above.

The overall conclusion from tilt analysis is thhete seems to be speaker specific
properties in spectral tilting that differ systermally between adult- and infant-directed
speech, but this systematic behavior does not éxtengender or language specific
statistics.

5. Experiment 3: Segmental duration analysis

This section investigates some of the effects hBS and IDS exhibit on phone
segmental duration. The material used in this amalycludes all of the Swedish and
Finnish speech existing in the ACORNS Year 1 coifpoisi eight speakers. Since 2000
utterances were obtained from each speaker, a ¢b6t&8000 utterances existed per
language that included 98488 Swedish and 88579idhinphones. Phones that were
excluded from the duration analysis were silencela pauses at either the beginning or
end of utterances, or pauses that existed betweetdswHowever, silences and pauses
that occurred within words were included in thelgses.

Figure 1 shows an example of the Swedish sentdbee &r en bil” that was forced
aligned using an automatically generated phonemanstription and an HTK-based
aligner. In this case the utterance was pronouasef E: M # B I: L] using the STA
phonetic alphabet (Salvi, 2008). On the phone I¢vellong pause between /det &r en/
and /bil/, labeled with [#] and highlighted in grees an example of a phone unit that is
not included in the analysis. Furthermore, the Isingause before the start of the
utterance, as well as the two pauses after theantte are also not included. However,
the short pause within the word [B I: L] is includeince it can be seen to contribute to
the micro-rhythm of the sentence. Phones that wWeeened acceptable for use in further
analyses were called “acceptable units”.

It should be noted that the accuracy of the foreghment for Swedish is in certain
cases questionable since often high levels of temuoccurred, i.e., the canonical form
of the orthography and the actual spoken phonetio differed substantially. This effect
can also be seen in figure 4 since the phones fEER E N] are being forced to model
a section of speech that has been reduced to (DB I: L].
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Figure 4: Forced alignment for the utterance /Dedrabil/ spoken by a female Swedish spéaker.
Phone tier labeled using TSA.

Distributions of phone segment durations were ttedoulated using four different search
gueries to study the effects of ADS and IDS spagkiyles. The first query searched for
all acceptable phone units from the ADS speectaohespeaker and the resulting set was
called “All ADS phones”. Likewise, all existing IDShones for a speaker were queried
for and named “All IDS phones”. Since each utteeantcluded an object or “focus”
word, e.g., “car” in the sentence “This is a caw/p more queries and phone set results
were created to see if any change in duration exigiithin ADS or IDS phones existing
within a focus word. These sets were called “OnySAfocus word phones” and “Only
IDS focus word phones”, respectively. Figure 5 shidw graphical form the average
duration of each phone set (time (ms)) plottedreasga@ach of the four queries. As can be
seen, larger variations in average duration ocourtlfe four Swedish speakers (Anna,
Bjorn, Nancy, and Olov) when compared to the offperakers who spoke Finnish.

B AIlADS phones @ AllIDS phones B Only ADS focus word phones  ® Only 108 focus word phones
110 ms

100 ms

90 ms
80 ms
70 ms
60 ms
50 ms

40 ms

30 ms

Anna Bjorn Nancy Olov Johanna Katrina Miikka Seppo

Figure 5: Average phone segment duration vs. spe@kenuch larger range of variation in
duration can be seen for the first four Swedishakpes as compared to the last four Finnish
speakers.



Relative lengthening of all phones due to IDS beipgken instead of ADS varied from
speaker to speaker, and is shown in figure 6. @ties for mean IDS vs. mean ADS for
all phones ranged from a maximum value of 1.42nfiate Swedish speaker Olov to a
minimum value of 0.99 for Finnish speaker Seppce Titer indicates that IDS speech
for this speaker was actually spoken more quickgnt ADS. In general, the average
lengthening of all phones for Swedish IDS was 24 ®ver the values calculated for
ADS while for Finnish the same respective value waly 7.3 %. Average lengthening
for both languages combined was 16 %. Figure 6 aldccates similar ratios but

calculated over the phones existing within focusdsoonly, i.e., the second column in
the figure with the key “Focus IDS/ADS ratio”. Iregeral, phones uttered within IDS
focus words do not receive notably more nor lessuants of lengthening when compared
to their ADS counterparts and any smaller variatimay be due to speaker specific
behavior.

Figure 6: Relative lengthening of phone segmentghtibns for each speaker due to IDS being
spoken instead of ADS. The left bar for each speedggresents the calculated ratio when “All
IDS phones” is divided by “All ADS phones” for easpeaker. The second bar represents the
ratio when only phone durations existing in focusds are compared.

6. Discussion

The most obvious differences between infant-dick@ad adult-directed speech types
were found in pitch and duration. Distribution afch was found to be wider in IDS,
which agrees with the literature that covers ini@dinécted speech. On average, IDS
phones were found to be relatively longer than rth®DS counterparts, but no
systematical difference was detected between facwuksnon-focus words. Analysis of
spectral tilt did not reveal any bias in favor aher speech types.

The number of the clusters in the cluster spacat ih, variability of spectral
descriptions of phone-like segments, was approxind&0 % larger in Swedish when
compared to Finnish. No other reliable and systentifferences between Finnish and
Swedish languages or genders were detected regatttgnaspects investigated in this
research.
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