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To determine whether expert fluency ratings of read speech can be predicted on the basis of
automatically calculated temporal measures of speech quality, an experiment was conducted with
read speech of 20 native and 60 non-native speakers of Dutch. The speech material was scored for
fluency by nine experts and was then analyzed by means of an automatic speech recognizer in terms
of quantitative measures such as speech rate, articulation rate, number and length of pauses, number
of dysfluencies, mean length of runs, and phonation/time ratio. The results show that expert ratings
of fluency in read speech are relial§leronbach’sa varies between 0.90 and 0)3nd that these

ratings can be predicted on the basis of quantitative measures: for six automatic measures the
magnitude of the correlations with the fluency scores varies between 0.81 and 0.93. Rate of speech
appears to be the best predictor: correlations vary between 0.90 and 0.93. Two other important
determinants of reading fluency are the rate at which speakers articulate the sounds and the number
of pauses they make. Apparently, rate of speech is such a good predictor of perceived fluency
because it incorporates these two aspects.2000 Acoustical Society of America.
[S0001-496600)04401-5

PACS numbers: 43.70.Kv, 43.71.Es, 43.71.Gv, 43.71[BMH]

INTRODUCTION term dysfluent, on the other hand, is often used in connection

The term fluency is routinely used by teachers and re‘ywth certain speech disorders such as stuttering, where dys-

searchers to describe both native and non-native Ianguag‘c;éJ ent spee(zjc}h ":’j ch?ractefnz:ed by an atta:orfmally Q'gh fre;
performance. The fact that fluency is a frequently applie uency and/or duration ot stoppages in the forward flow o

notion might suggest that there is general agreement as to i%)eelch (Pefjers_ and (t‘?unar, 19k91 + oral production Fill
precise meaning. However, a review of relevant literatur 'l considering hative speakers oral production Filimore

e X o . o )
reveals that the term fluency has been used to refer to awio(éfw9 identifies four different abilities that might be sub-

range of different skills and different speech characteristic§UMed under the term fluencya) “the ability to talk at
(e.g., Leeson, 1975; Fillmore, 1979; Brumfit, 1984; Lennon,length with few pauses,(b) “the ability to talk in coherent,

1990; Schmidt, 1992; Chambers, 1997 reasoned, and “semantically dense” sentence&)’ “the
In spite of this great variation, though, there is generaPility 10 have appropriate things to say in a wide range of

agreement on two matters. First, although it is obvious thafONtexts,” and(d) “the ability...to be creative and imagina-
fluency can be used to describe written performafien- (Ve in...language use.” _ . _ o
non, 1990, most authors restrict the use of the term to the [N foreign language teaching and testing, various defini-
oral modality. Furthermore, although some authors have urions of fluency are also found. For instance, in communica-
derlined the importance of fluency-related factors in receplive language teaching the emphasis has been on fluency as
tive processef_eeson, 1975; Segalowitz, 199there seems opposed to accuracy. According to the definition provided by
to be a tacit agreement among teachers and researchers tBagMmfit (1984, p. 57 fluency is “the maximally effective
fluency mainly refers to productive language performanceoperation of the language system so far acquired by the stu-
However, even this more restricted definition of fluency as glent.” In this definition of fluency, native-speaker-like per-
descriptor of oral production is amenable to different inter-formance does not constitute the target to be achieved
pretations. (Brumfit, 1984, p. 5B Alternatively, nativelike performance

In considering the various possibilities, we may draw aiS viewed as the final goal in the more common interpretation
distinction between fluency with respect to native language®f fluency as a synonym for oral command of a language. In
performance and fluency in the context of foreign languageeveryday language use, this definition may be extended to
teaching and testing. In the latter case, fluency is viewed ai#dicate overall language proficien¢yennon, 1990; Cham-
an important criterion by which non-native performance carbers, 1997. Finally, in a more restricted sense, the term flu-
be judged(Riggenbach, 1991 despite the vagueness of the ency has been used to refer to one aspect of oral proficiency,
exact meaning of the concept. This is clear from the fact thain particular the temporal aspe¢Nation, 1989; Lennon,
fluency is often included in tests and evaluation schemesl990; Riggenbach, 1991; Schmidt, 1992; Freed, 1995; Towel
With respect to native speakers’ oral performance, fluencet al, 1996. However, even when the term fluency is used
may be used to characterize the performance of a speaken, this more limited sense, there is still uncertainty as to what
but does not really constitute an evaluation criterion. Theexactly contributes to perceived fluency. It is this—

989  J. Acoust. Soc. Am. 107 (2), February 2000  0001-4966/2000/107(2)/989/11/$17.00  © 2000 Acoustical Society of America 989



admittedly rather vague—temporal interpretation of fluencyln other words, the expert fluency ratings will constitute the
that will be the focus of the present paper. reference for the evaluation of the automatic fluency mea-
In trying to define the temporal aspect of fluency, it hassures. Of course, this will be possible only if the expert rat-
often been assumed that the goal in language learning coimgs exhibit acceptable levels of reliability. To this end, we
sists of producing “speech at the tempo of native speakersyill ask different groups of raters to evaluate the same ma-
unimpeded by silent pauses and hesitations, fillederial on fluency. Moreover, each rater will be asked to score
pauses...self-corrections, repetitions false starts and the likepart of the material twice so that it will possible to establish
(Lennon, 1990 However, quantitative studies of pause- reliability.
related phenomena have revealed that native speech is not In addition, these analyses will make it possible to de-
always smooth and continuous, but exhibits a lot of hesitatermine the contribution of the various gquantitative variables
tions and repair§Raupach, 1983; Lennon, 1990; Riggen- to perceived fluency. In turn this will shed some light on the
bach, 1991 This would seem to imply that the presence of determinants of fluency in read speech.
hesitation phenomena is not sufficient to distinguish between  Furthermore, since the data gathered in this investigation
natives and non-natives and that the difference rather lies igoncern both natives and non-natives, this will offer the pos-
the frequency and distribution of these phenomena, as sugibility of determining whether native and non-native speak-
gested by Mable (1984. As a matter of fact, studies that ers differ on the fluency ratings and on the temporal vari-
have compared a number of quantitative fluency measures @bles. Itis clear that distinguishing between these two groups
L1 and L2 speech of the same speaker have shown that theifenot the aim of a fluency test, which, instead, should dis-

may be considerable differences between the two speediguish between fluent and nonfluent speakers. However, for
types(Mohle, 1984; Towellet al., 1996. the development of a test of this kind, data on native perfor-

In an attempt to gain more insight into the temporalmance are necessary to establish benchmarks. Moreover,
aspects of fluency, Lennof1990, Riggenbach1991), and given that fluency is often equated with nativelike perfor-
Freed(1995 carried out studies in which samples of spon-mance(see abovg it is interesting to determine whether the
taneous speech produced by non-native speakers of Engli$W0 groups of natives and non-natives significantly differ
were judged by experts on fluency and were then analyzed ifiom each other on the variables under study.
terms of quantitative variables such as speech rate,
phonation-time ratio, mean length of runs, and number ang \ieTHOD
length of pauses. The results of these studies show that flu-
ency ratings are affected by quantitative variables such a&- SPeakers
speech rate and number of pauses. In addition, these studies The speakers involved in this experiment are 60 non-
also reveal that studying the relationship between fluencyative speaker@NS) and 20 native speakers of DutfKS).
ratings and temporal variables in spontaneous speech may lre 60 NNS all lived in The Netherlands and were attending
rather complex, because in this case the fluency ratings tuiér had attended courses in Dutch as a second language. They
out to be affected by nontemporal properties of speech utteivere selected to obtain a group that was sufficiently varied
ances, such as grammar, vocabulary, and ac@esrinon,  with respect to mother tongue, proficiency level, and gender.
1990; Riggenbach, 1991; Freed, 1995 Table | shows how the 60 non-native speakers were dis-

The aim of the research reported in this paper is to detributed according to these three variables. Some comment
termine whether expert fluency ratings of read speech can hghout this table is in order. First, the speakers in the “begin-
predicted on the basis of temporal measures of speech qualer” category had been attending the course for some
ity. The decision to limit this investigation to read speech ismonths. This was thought to be necessary for the learners to
related to the methodological complexities involved in study-be able to read the sentences. Second, it is clear from this
ing fluency in spontaneous speech. If the present approaahble that the speakers were not evenly distributed over the
appears to be feasible, it will be applied to spontaneousategories. This has to do with the availability of the speak-
speech too. Identifying quantitative correlates of perceivedrs. Even if it were possible to find the same number of
fluency is important with a view to developing objective test-speakers for each category, then they have to be prepared
ing instruments for fluency assessment. An important charand have to find the time to carry out the task. So, eventually,
acteristic of the present investigation is that the quantitativehere were more women and more speakers of the interme-
variables are calculated automatically. In turn this suggestdiate and advanced levels. Furthermore, the number of
that if the objective measures used in this study appear to bepeakers differed for the various mother tongue groups. It is
able to predict perceived fluency, this approach may havelear, though, that for the purpose of the present experiment,
potential for the development of automatic tests of fluency incomplete symmetry in the sample is not really required.
read speech. Four of the NS subjects, two men and two women, were

The goal of this study will be pursued by relating expertspeakers of the Standard variety of Dut®DS: Standard
fluency ratings of speech read by native and non-nativddutch Speakejs while the other 16 NS, speaking an ac-
speakers of Dutch with a set of quantitative measures ofented variety of Dutch, were selected to obtain a heteroge-
speech quality that are supposed to be related to perceivertous group with respect to region of origin and gender. The
fluency. In this way it can be determined to what extentrationale behind including the four SDS is that the presence
expert judgments of fluency can be predicted on the basis aif clear “anchor stimuli” has been shown to be an important
automatically obtained temporal measures of speech qualithelp in keeping the reference standard staffieege and
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TABLE I. Distribution of the 60 non-native speakers according to the selection variables mother tongue,
proficiency level, and gender.

Beginner Intermediate Advanced

Female Male Female Male Female Male Total

Arabic 1 1 2 1 1 6
Turkish 1 1 1 3
Chinese/Japanese 1 1 1 3
Spanish/Italian/Portuguese 1 3 1 5 2 12
Russian/Polish/Serbo Cr. 1 3 1 5 2 12
English 2 1 1 2 6
German 1 3 2 2 1 9
French 1 2 1 1 5
Swedish/Danish/Norwegian 1 3 4
Total 8 2 17 10 15 8 60

Fletcher, 1994 However, we do not expect the SDS and thewith read speech the content of the sentences should be
NS to be different with respect to fluency, so in the analyse&nown beforehand, one cannot be sure that the speaker will

they will be treated as one group of native speakers. read exactly what is on paper. Furthermore, speakers may
repeat part of the words or sentences, and make restarts and
B. Speech material repairrs.

) ] ) In transcribing the material, special symbols were used
Each speaker read two different sets of five phonetically, ¢ categories of nonspeech acoustic events

rich sentences designated group 1 and groupe2 Appen-

dix). In preparing the sentences, the following criteria were(@ filled pauses: uh, er, mm, etc.
adopted: (b) speaker noise: lip smack, throat clear, tongue click, etc.

) . c) intermittent noise: noise that occurs incidentally during
(i) the sentences should be meaningful and should not the call such as door slam and paper rustle.

_ sound strange; _ _(d) stationary noise: continuous background noise that has
(i)  the sentences should not contain unusual words which a rather stable amplitude spectrum such as road noise

NNS are unlikely to be familiar with, foreign words or channel noise.
or names, or long compound words which are particu-
larly difficult to pronounce; Repetitions, restarts, and repairs were transcribed exactly as

(i) the content of the sentences should be as neutral afey were pronounced. The transcriptions were carried out at
possible. For instance, the sentences should not corBPEX (SPEX), a university expertise center that specializes
tain statements concerning characteristics of particulajn database construction and validation.
countries or nationalities;

(iv) each set of five sentences should contain all phonemes
of Dutch at least once. C. Raters

The average duration of each set is 30 s. With two sets  Since in this experiment a specific aspect of speech pro-
this amounts to 1 min of speech per speaker. All speakerduction had to be evaluated, raters with a high level of ex-
read the same sentences over the telephone. The sentencepedise were required. Different categories of raters seemed
be read were printed on paper together with the instructiongo qualify as experts: phoneticians, because they are expert
Consequently, the subjects had the possibility of rehearsingn pronunciation in general; teachers of Dutch as a second
before reading the sentences over the telephone. They hdmhguage(L2) for obvious reasons. However, it turned out
not explicitly been encouraged to do so, but since they hathat, in practice, pronunciation problemsncluding all
received the material beforehand, they had the chance to ruency-related temporal phenomenaf people learning
hearse. Moreover, they had the possibility of starting theDutch as L2 are usually not addressed by language teachers,
recording session all over again if they felt something hadut by specially trained speech therapists. Since it is possible
gone wrong. However, this happened only in one case. that the ratings vary with the background of experts, a group

As the recording system was connected to an ISDN linepf three phoneticians and a group of three speech therapists,
the input signals consist of 8-kHz 8-ltlaw coded samples. expert on pronunciation problems of Dutch L2 learners, were
The subjects were allowed to call from their homes, fromselected for this investigation.
telephone booths, or from the first author’s office. Two sub-  Furthermore, since previous studies had revealed that
jects resorted to the latter possibility, while all the othersthe reliability of expert fluency ratings was rather Igken-
called from their homes. Since the recordings did not takenon, 1990; Riggenbach, 1991; Freed, 1998e decided to
place in sound-treated booths, the recording conditions weradd a third group of experts to get more information on the
different from those in a studio. degree of reliability that can be attained. It turned out that

All speech material was checked and orthographicallyfinding speech therapists for this task was easier than finding
transcribed before being used for the experiment. Althougiphoneticians, so the third group of experts consisted of three
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TABLE II. Distribution of the speech material among the three raters in each group. The cells in italics contain the material used for determmaieg inte
reliability, while the material in bold was used for intrarater reliability calculation.

Material for comparison

man—machine Added material for reliability analyses
Duplications for Grand total
Total 1 Total 2 intrarater reliability sum 1 and 2
Rater 1 groupl 20NNS1 6 NS1 4 SDS 30 13 NNSA1 5 NSA1 18 5NNSD11 INSD11 48
group2 20NNS1 6 NS1 4 SDS 30 14 NNSA2 4 NSA2 18 4NNSD12 2NSD12 48
Rater 2 groupl 20NNS2 6 NS2 4 SDS 30 13 NNSA1 5 NSA1 18 5NNSD21 1INSD21 48
group2 20NNS2 6 NS2 4SDS 30 14 NNSA2 4 NSA2 18 4NNSD22 2NSD22 48
Rater 3 groupl 20 NNS3 6 NS3 4 SDC 30 13 NNSA1 5 NSA1 18 5NNSD22 1INSD31 48
group2 20NNS3 6 NS3 4SDC 30 14 NNSA2 4 NSA2 18 4NNSD32 2NSD32 48
132(44%3) sets for inter-rater reliability 36(12x 3) sets for
analyses inter-rater reliability

other speech therapists who are expert on pronunciatiotwo sentence groups, to minimize possible ordering effects
problems of Dutch L2 learners. on the scores. However, the four SDS were presented at
regular intervals, so that the raters would be reminded of
how the sentence was supposed to sound in the standard
language, as was explained abowsee also Flege and
The speech material was transferred from disc on a DATF|etcher, 199% In Table Il the distribution of the speakers is
tape adopting different orders for the different raters, as willcjarified by distinguishing three groups of 20 NN@&ne for
be described below. All raters listened to the speech materiglach rateri.e., 20 NNS1, 20 NNS2, 20 NNS3, and three
and evaluated it individually. This was done to enhance flexyroups of 6 NS, 6 NS1, 6 NS2, and 6 NS3. Since the four
ibility (each rater could thus carry out the task at the mosgpg were scored by all three raters in a group, both for the
suitable time and to_ avoid raters influgncing egch other. group 1 and the group 2 sentences, the same label 4 SDS is
Each rater received two tapes which contained the groufiseq in Table 11 for all three raters. The scores assigned by

1 and the group 2 sentences, respectively. The material Wafie raters to this part of the material were subsequently com-

sco_red ona scale_rar)g.mg from 1 to 10. The scores were r,‘ﬁared with the automatic measures calculated for the same
assigned to each individual sentence, but to each set of fi

. . o . Material. For this reason this material will be referred to as
phonetically rich sentences. No specific instructions wer

. 0 how t fl o bef tarti $he man—machine comparison material.
given as 10 Now 1o assess fiuency. HOWever, DeTore Starting 1, 36 sentence sets that were added for calculating

with the evaluation proper, each rater listened to five sets Olfnter-rater and intrarater reliability were selected so as to

sentences spoken by five different speakers, which were ir}iave a balanced set of NNS and NS and of group 1 and

tended to familiarize the raters with the task they had to Cam(f:]roup 2 sentences. The sentence sets produced by the four

out and to help them anchor their ratings. As a matter of fact ) . . o
the five speakers were chosen so as to give an indication DS were also included in the inter-rater reliability analyses,
the range that the raters could possibly expect. ecause they had b(_aen scored by all three raters in a group.
Since it was not possible to have all raters score alponsequently, we did not need to add extra SDS sentence
sets. Eventually, we selected 27 NNS sets and 9 NS sets and

speakerdit would cost too much time and it would be too i
tiring for the ratery the 80 speakers were proportionally 18 group 1 sets and 18 group 2 sets, as is clear from Table Il,

assigned to the three raters in each group. Each rater w&gder added material. The 13 NNS and the 5 NS sets se-
assigned 20 NNS, 6 NS with regional accefgimce there lected for group 1 and the 14 NNS and the 4 NS sets selected
were only 16 of these speakers, 2 of them were scored bfpr group 2 were the same for all raters, so the labels 13
two raters instead of by only opand all 4 speakers of the NNSA(dded 1(group 1, 5 NSAL, 14 NNSA2, and 4 NSA2
standard variety. For each speaker, two sets of sentenc@ée used in Table Il for all raters.
(group 1 and group)2had to be evaluated, which makes 60 The number of sentence sets that were eventually used
sets of five sentences for each listener. Furthermore, 36 sef@r inter-rater reliability analyses amounts to 436 extra
tence sets were added to allow calculation of intrarater reliplus the 4 SDS for group 1 and the 4 SDS for group 2,
ability and inter-rater reliability. indicated in italic in Table )l per rater, i.e., 132 for all three

In assigning speakers to raters, we took the selectiofdters, as appears from the italic cell in the bottom row of
variables into account to avoid overloading raters withTable II.
speakers of one gender, L1, or level of proficiency. The way  For the intrarater reliability analyses, on the other hand,
in which the speakers were divided over the various raters i$2 sentence sets that were present both in the man—machine
illustrated in Table 1. Each rater scored the same 20 NNSg¢omparison material and in the inter-rater reliability material
the same 6 NS and all 4 SDS twice, once for the group Were chosen for each rater. The 12 sets to be scored twice by
sentences and once for the group 2 sentences, so that 8ach rater were selected so as to have nine NNS and three
scores per rater per sentence group were obtained. TH¢S and six group 1 sets and six group 2 sets, as appears from
speakers were presented in different random orders in thiéhe bold cells in Table Il, under duplicated materials. Given

D. Expert fluency ratings
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that the five NNS and one NS in group 1 and the four NNSspeaker read a different set of sentences. In this experiment
and the two NS in group 2 differed for the three raters, dif-the phonetically rich sentences of 4019 speakers were used
ferent lables are used, i.e., 5 NNS@plicated 1(rater for training the CSR.
1)1(group 1, 1 NSD11, 4 NNSD12, 2 NSD12, 5 NNSD21, The trained CSR was subsequently used to analyze the
1 NSD21, 4 NNSD22, 2 NSD22, 5 NNSD31, 1 NSD31, utterances read by the 80 speakers. For each utterance a Vit-
4 NNSD32, 2 NSD32. erbi alignment between the speech signal and the ortho-
To summarize, each rater had to evaluate 38 sets of  graphic transcription was obtained. This Viterbi alignment is
sentencegthe 6 sets for intrarater reliability were a subset ofalso a segmentation at the phone level and contains informa-
these 48 sejsof group 1 and 30 18 sets of sentences of tion about the boundaries of phones. Consequently, the seg-
group 2. These numbers are indicated in the Total 1 andhentation contains information about the position of speech
Total 2 columns in Table Il, as well as the grand total forand nonspeech parfpauses, dysfluencies, etcThe accu-
each rater for each group, 48. Since this amount of materialacy of forced alignment was checked only for a small
was too much for one rating session, it was divided over twasample of the material. In general the segmentation appeared
sessions. Therefore, two tapes were prepared, one containitg be correct, although the boundaries were not always
48 sets of sentences of group 1 and the other containing 48aced where a human listener would probably have placed
sets of sentences of group 2. The duration of each of ththem. This aspect, however, is not really crucial for the
tapes was about 30 min. The first tape contained the fivpresent article, because here we do not use the information
training sets mentioned above. After having rated tape 1, thabout the position of the phone boundaries in the speech
raters had to pause for a while before starting with tape 2. parts, but we are concerned with the automatic calculation of
The scores assigned to the two sets of sentences by eattte phonemes present in an utterance. This calculation was
speaker were subsequently averaged to obtain one score fdetermined on the basis of the transcriptions, i.e., it is the
each speaker. The scores assigned by the three raters wenember of units actually produced and not the number of
then combined to compute correlations with the machinaunits the speakers were supposed to realize on the basis of
scores. This way 80 human-assigned fluency scores were offie text they had to read. The resulting segmentation was
tained, which were subsequently compared with the varioussed to calculate a number of quantitative measures that are
guantitative measures. described in detail below.

E. Automatic assessment of fluency
) ) 2. Quantitative measures of fluency
1. The automatic speech recognizer
o . Previous studies of temporal phenomena in native and
To calculate the quantitative measures, the Contlnuouﬁon—native speech have identified a number of quantitative
speech recognizéCSR) described in Strilet al. (1997 was P q

used. Feature extraction is done every 10 ms for frames Wit{/harlables that appear to be related to perceived fluency. In

) : . L is context the term “temporal” does not refer exclusively
a width of 16 ms. The first step in feature analysis is a fasf_ . " . .
o timing-related variables such as speaking rate, utterance

Fourier transform(FFT) to calculate the spectrum. The en- duration, and pausing, but it also covers hesitation phenom-

ergy in 14 mel-scaled filter bands between 350 and 3400 Hz . o .
. . . - .ena such as filled pauses, repetitions, and rest@arssjean,
is then calculated. Next, a discrete cosine transformation i 980

applied to the log filterband coefficients. The final processing . .
. ) . . Early studies of temporal phenomena were aimed at
stage is a running cepstral mean subtraction. Besides 14 cep-

stral coefficient§c0—c13, 14 delta coefficients are also used.laa::ml:]s ;nggi dnigf‘éilsrfé? gz;gsh(s)grggzlsltjlecn;t)lroc;ﬁsesaer?allnS(i):e
This makes a total of 28 feature coefficients. guag ’ q Y, y

The continuous speech recogni&ISR uses acoustic of temporal phenomena was applied in cross-linguistic inves-
models(39 Hidden Markov Models, HMMs language mod- tigations (Grosjean and Deschamps, 1975; Grosjean, 1980

els (unigram and bigrain and a lexicon. The lexicon con- and in studies of second language acquisiiibechert and

tains orthographic and phonemic transcriptions of the wordsBaUpaCh’ 1980a, 1980b; Mie, 1984. Recently, temporal

. . : . ariables have been employed in studies on perceived flu-
to be recognized. The continuous density HMMs consist O%éncy and fluency development such as Nali989, Len-

three parts of two identical states, one of which can be :
skipped. One HMM was trained for nonspeech sounds an 059(61990’ Riggenbach(1993), Freed(1999, Towell et al.

one for silence. For each of the phonemes /I/ and /r/ two . . . .
. o On the basis of the literature on temporal variables in L2
models were trained, a distinction was made between prevo-

calic (/Il/ and /r)) and postvocalic positiof/L/ and /R). For ;ﬁg?g; T:t:g(?‘o??r:s;lsv';d tf'lue.ncy, the following measures
each of the other 33 phonemes one HMM was trained. gation:

The HMMs were trained by using part of the Polyphone(a) ros = rate of speech= # phonemes/total duration of
corpus(den Oset al,, 1995. This corpus is recorded over the speech including sentence-internal pauses
telephone and consists of read andsemi) (b) ptr = phonation/time ratic= 100% X total duration of
spontaneous speech of 5000 subjects with varying regional  speech without pauses/total duration of speech includ-
accents. For each speaker 50 items are available. Five of ing sentence-internal pauses
these 50 items are the so-called phonetically rich sentence&) art = articulation rate= # phonemes/total duration of
which contain all phonemes of Dutch at least once. Each speech without pauses
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TABLE Ill. Intrarater and inter-rater reliability coefficient€ronbach’se) for the three rater groups.

Intrarater reliability Inter-rater reliability
Rater 1 Rater 2 Rater 3 NNS & NS NNS
Phoneticians 0.97 0.94 0.95 0.96 0.96
Speech therapists 1 0.94 0.97 0.96 0.93 0.88
Speech therapists 2 0.90 0.76 0.91 0.90 0.83

(d) #p= # of silent pauses- # of sentence-internal pauses A. Reliability of expert fluency ratings
of no less than 0.2 s

(e) tdp = total duration of pauses total duration of all
sentence-internal pauses of no less than 0.2 s

(f) mlp = mean length of pauses mean length of all
sentence-internal pauses of no less than 0.2 s

The fluency ratings assigned by the three groups of ex-
perts were first analyzed to determine intrarater and inter-
rater reliability. Intrarater reliability was calculated on the
basis of 1X 2 scores for each rater, while the computation
( mir = mean length of runs average number of pho- of inter-rater reliability was based on A48 scores for each

nemes occurring between unfilled pauses of no les§TOUP pf raterg44 sentence sets that were scored by all three
than 0.2 s raters in each groypThe results of these analyses are shown
in Table IIl.

As appears from Table lll, intrarater reliability is very
high for all raters, with the exception of rater 2 in the second
group of speech therapists, who reaches only 0.76. Inter-rater

The first seven variablgsos, ptr, art, tdp, #p, mlp, mIr)  reliability appears to be very high for all three groups. Since
correspond to the Primary Variables in Grosjea(f980  native speakers consistently receive higher scores than the
taxonomy, i.e., “variables that are always present in lan-non-native speakers, their presence has the effect of increas-
guage output.” The only differences are that we use phoing the correlation between the scores assigned by the three
nemes as units instead of syllables and that we distinguistaters. For this reason, reliability was computed for two dif-
between number, total length, and mean length of silenferent conditions(1) NS & NNS (both groups of speakers
pausegsee also Towelkkt al, 1996. The latter two variables (2) NNS (only foreign speakejsAs is clear from Table I,
(#fp and #y) pertain to Grosjean’sl980 Secondary Vari- even in the least favorable conditighINS), the reliability
ables, i.e., variables that are not necessarily present igoefficients are still rather high.
speech. In addition, these variables seem to be infrequent in  Besides considering inter-rater reliability, we also
read speeckiGrosjean, 1980 which would suggest that they checked the degree of inter-rater agreement. Closer inspec-
are not good indicators of fluency in read speech. Howevetion of the data revealed that the means and standard devia-
since it is not known how often they occur in read speech otjons varied between the raters in a group, but also between
non-natives, they are included in the present investigation. the raters in different groups who rated the same Speech ma-

In previous investigations, these variables were calcuigrjg| (see Table IV.
|ated manua”y(Méhle, 1984, Nation, 1989, Lennon, 1990, A IOW degree Of agreement W|th|n a group Of raters haS
Riggenbach, 1991; Freed, 1995; Towetlal, 1996, while  gpvious consequences for the correlation coefficient com-
in the present study the measures were calculated automaiyted between the combined scores of the raters and another
cally by means of an automatic speech recognizer, as Wasgt of data(i.e., the ratings by another group or the machine
explained in the previous section. score$. This is so, because straightforward combination of

The various fluency scores for the individual sentgncthe scores would amount to pooling measurements made
were subsequently averaged over the five sentences in eagiy, gifferent yardsticks. When such a heterogeneous set of

set and then over the two sets of each speaker. This way a §§basurements is submitted to a correlation analysis with ho-

of 80 (60 NNS+20 NS) scores was obtained for each Me&i0geneous measures, the “jumps” at the splicing joints

sure, which were then compared with the human-assignegl, ey the correlation. The same is true when several groups
fluency scores. are compared: differences in correlation may be observed,
which are a direct consequence of differences in the degree
of agreement between the ratings.

Therefore, we decided to normalize for the differences

In presenting the results of the present experiment, wéh the values by using standard scores instead of raw scores.
will first pay attention to the expert fluency ratings. In par- For this normalization we used the means and standard de-
ticular, we will consider the issues of intrarater and inter-viations of each rater in the overlap material, because in this
rater reliability. Subsequently, the relationship between thease all raters scored the same samples. For individual raters,
expert fluency ratings and the quantitative measures will béhese values hardly differed from the means and standard
addressed. Finally, the differences between native and nomwleviations for the total material, as is clear from Table IV.
native speakers, both on the fluency ratings and on the quan- The effect of normalizing the data is evident from Table
titative measures, will be examined. V, which shows the correlation coefficients between the

(h) #fp = # filled pauses= # of uh, er, mm, etc.
(i) #dy = # dysfluencies= # of repetitions, restarts, re-
pairs

Il. RESULTS
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TABLE IV. Means and standard deviations for the three raters in each group for the overlap m#terial
sentence sets used for determining inter-rater reliapitind for all the material scored by each rater.

Rater 1 Rater 2 Rater 3
X sd X sd X sd
Phoneticians overlap material 5.41 291 6.09 2.39 6.18 3.06
all material 5.36 2.69 5.95 2.13 5.99 2.86
Speech therapists 1 overlap material 7.16 2.50 6.84 3.26 7.80 2.47
all material 7.06 2.37 7.08 3.00 7.61 2.42
Speech therapists 2 overlap material 7.36 2.90 5.75 1.89 6.98 2.72
all material 7.42 2.98 5.57 1.73 6.91 2.61

groups of raters before and after normalization. Since it ignatives and non-nativgsnd for the non-natives only. The
known that measurement errors affect the magnitude of theesults of these analyses, corrected for attenuation, are shown
correlation coefficient, the correction for attenuation was apin Table VIII.
plied (Ferguson, 1987 to allow direct comparisons between From Table VIl it appears that all quantitative variables
the various coefficients. are strongly correlated with the fluency ratings, with the ex-
These correlations are so high that we can conclude thateption of mip. For all three groups of raters, the highest
all nine raters involved in this experiment adopt similar defi-correlation is found forros. Moreover, it appears that the
nitions of fluency. Given the advantages of normalizationcorrelations for the non-natives are of the same order of mag-
standard scores will be used also in the rest of the analyses nitude as those for the whole group of speakers.
this study. To determine whether a combination of variables allows
us to make better predictions, we submitted these data to a
multiple regression analysis in which the temporal variables
are used as the predictors and the fluency ratings as the cri-
terion. From Table V it appears that the fluency scores as-
signed by the three groups of raters are highly correlated
Before turning to the correlations among the fluency ratith each other. For this reason we decided to use the mean
ings and the temporal measures, we will first present th@cores in the regression analysis. The results of this analysis
means and standard deviations of the nine temporal measurggow that the variable that explains the greatest amount of
and the correlations among them. variance isros: R is 0.93. The second variable that is added
The data in Table VI confirm that filled pauses and dyS-in the Stepwise procedure @ However, the increase in

fluencies are indeed very infrequent in this type of speechexplained variance is marginal: MultipR rises to 0.94.
For this reason they will not be involved in the rest of the

analyses presented in this paper. The mean value for articu-
lation rate appears to be below the average of 15 phonemes _ _
per second indicated by Leve|t989, p. 22 as average in C. Differences between natives and non-natives

normal speech. This is not surprising if we consider that |, this section we analyze both the fluency ratings and
these data refer to natives and non-natives and that articulgse seven quantitative measures to determine whether the
tion rate should be lower in non-nativeSowell etal,  yy4 groups of natives and non-natives significantly differ on
1996. Furthermore, since these data pertain to read speecfhese variables. To this end, the two sets of data were sub-

articulation rate should be lower than the average 15 phopiteq to at-test for comparison of means. The results of
nemes per second also for native speakers. This point will bgese analyses are shown in Table IX. From this table it
addressed in more detail in Sec. II1C. __ appears that the native speakers involved in this study were
_The correlations among the remaining seven quantitativgy stematically found to be significantly more fluent than the
variables are shown in Table VII. It is clear that all seven,yn_natives. It is clear that not only the mean scores differ
variables are relatively highly correlated with each other, bqunsiderany between the two speaker groups, but also the
there are differences. For examples, ptr, #p, tdpandmir  gianqard deviations, thus indicating that the group of NS is
are highly correlated with each oth€-0.86. art, on the  qre homogeneous in this respect than the group of NNS. In

other hand, is highly correlated only witbs, while its cor-  5qgition, Table IX reveals that also for the native speakers in
relations with the other variables are modeifdtetween 0.61

and 0.75. A clear exception isnlp, which shows moderate

B. Quantitative measures as indicators of perceived
fluency

correlations with all other variables. TABLE V. Correlations among the groups of raters before and after nor-
To establish which of the quantitative variables analyzed"a/Zation.
can be successfully used as a predictor of fluency in read Raw scores  Standard scores

speech, the correlations among the quantitative variables anc‘F] — — 09 09

the fluency ratings assigned by the experts were calculatea oneticians-speech therapists 1 92 94
’ . honeticians-speech therapists 2 0.82 0.90

For the same reason as explained in Sec. Il A, these COrMes,eech therapists 1-speech therapists 2 0.83 0.90

lations were calculated both for the whole group of speakers
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TABLE VI. Means and standard deviations for the nine quantitative variables.

Rate of Phonation/  Articulation Number of Tot. duration Mean length  Mean length Number of Number of

speech time ratio rate pauses of pauses of pauses of runs filled pauses  dysfluencies
X 10.44 85.29 12.12 5.76 2.43 0.33 24.71 0.11 0.49
sd 2.24 8.81 1.59 5.39 2.66 0.15 9.83 0.31 0.70

this experiment, articulation rate is indeed lower than the 1%xplained above. In read speech, grammar and vocabulary

phonemes per second indicated by Levé&®89, p. 22 as  can be kept constant. However, accent can still vary and can

average in normal speech. possibly affect the fluency ratings. In spite of this the raters
Furthermore, Table IX shows that the native and theachieved high reliability.

non-native speakers of Dutch in this study significantly differ The major goal of this investigation was to determine

from each other on all quantitative variables investigated. Invhether automatically obtained quantitative measures of flu-

other words, native speakers do appear to speak faster anddficy can be used to predict expert fluency ratings. The re-

pause less than non-native speakers. sults presented above show that automatic scoring of fluency
in read speech is possible. As a matter of fact, six automatic
I1l. DISCUSSION measures showed correlations with the fluency scores which

varied in magnitude between 0.81 and 0.@% appears to be

In this paper we have presented the results of a study o . . . i
perceived fluency in which a dual approach was adopted e best predictor of perceived fluen@orrelations vary be

. . een 0.90 and 0.93According to the results of the regres-
fluency ratings assigned by experts to read speech produce . . . . .
‘ . ; ion analysis, the inclusion of other variables in the regres-
by natives and non-natives were compared with a number of.

guantitative measures that were automatically calculated for N equatloq do'es not add much t'o the amount OT explained
W?rlance, which is not surprising given that all variables are
A

the same speech fragments. Reading material was purpose :
chosen in this study because it offers the possibility of re—Sh ongly cior.related with each dOtEém?le Table V!) and thatl
ducing the impact of some linguistic factors known to affectN® correlations amongps and the fluency ratings are al-

fluency ratinggRiggenbach, 1991; Freed, 199%hile con- ready so high. Moreover, it should be noted that the magni-

centrating on the temporal variables as much as possible. /de of the correlations among the fluency ratings and the
possible disadvantage of this choice is that it is not knowrf€mporal measures very much resembles those between the

whether the various degrees of fluency, or lack thereoff'uency ratings of the experts, which varied between .90 and
should be attributed to speech problems or to reading protf)-94 and which constitute a sort of upper bound for the man—
lems. However, if we consider that reading is often used ifmachine correlations.
examinations in second or foreign language acquisition as a  With respect to the contribution of the different vari-
way of assessing fluency, then we may conclude that usingbles to perceived fluency, Table VIII reveals that the flu-
read speech is less far-fetched than one might think at firstency ratings are strongly affected bgs, art, ptr, #p, tdp

The results of this study show that it is possible to obtainand mir, while mlp has a smaller effect. This suggests that
reliable ratings of fluency: reliability was high for all three for perceived fluency the frequency of pauses is more rel-
groups of expert§Cronbach’sa varied between 0.90 and evant than their length. In other words, the difference be-
0.96). On the one hand, this may be surprising if we consideifween fluent and nonfluent speakers lies in the number of the
that the raters involved in this experiment were given nopauses they make, rather than in their length, and the longer
specific instructions for assessing fluency and that in previtdp of nonfluent speakers is caused by a greater number of
ous studies low degrees of reliability were obtaiiRijgen-  pauses rather than by longer pauses. These findings are in
bach, 1991; Freed, 19950n the other hand, we had delib- line with those of previous investigationsee Chambers,
erately chosen read speech material so that the raters woul®97 and are corroborated by the analyses of the differences
be less distracted by other factors than those under study, &gtween natives and non-natives: Table IX shows that the

TABLE VII. Correlations among seven quantitative variables.

Phonation/time Number of Tot. duration Mean length Mean length
ratio Articulation rate  pauses of pauses  of pauses of runs
Rate of speech 0.91 0.96 -0.87 —0.86 -0.71 0.88
Phonation/time 0.75 -0.97 —0.96 -0.73 0.94
ratio
Articulation rate -0.72 -0.71 -0.61 0.74
Number of 0.97 0.63 -0.91
pauses
Tot. duration 0.67 —0.86
of pauses
Mean length —0.76
of pauses
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TABLE VIII. Correlations among the fluency ratings by the three rater groups and the quantitative measures,
for the whole group 1t=280) and for the non-natives only & 60).

Phoneticians Speech therapists 1 Speech therapists 2

NNS & NS NNS NNS & NS NNS NNS & NS NNS

Rate of speech 0.93 0.88 0.91 0.93 0.90 0.91
Phonation/time ratio 0.86 0.80 0.89 0.86 0.89 0.89
Articulation rate 0.88 0.82 0.85 0.86 0.81 0.79
Number of pauses -0.84 -0.82 -0.89 —0.89 —0.89 —0.90
Tot. duration of pauses -0.81 -0.79 —0.86 —0.86 —0.86 -0.87
Mean length of pauses —0.66 —0.50 —0.62 —0.52 —0.65 —0.55
Mean length of runs 0.85 0.81 0.86 0.84 0.88 0.89

differences between natives and non-natives with respect tmneous speech. Since we are now working to extend the
mlp are significant; however, these differences are relativelyautomatic approach to spontaneous speech, in the near future
smaller than those concernidigp and tdp. we will probably be able to address the issue of the causal
So, these results suggest that two important factors forelationship on the basis of spontaneous speech measure-
perceived fluency in read speech are the rate at which speakients. In any case, it is clear that this is a rather complex
ers articulate the sounds and the number of pauses thegsue that deserves a series of studies on its @ee also,
make.ros appears to be such a good predictor of perceivedutcher, 1981
fluency because it is a complex variable that incorporates the  The results of this study indicate that automatically cal-
two aspects of articulation rat@wumber of segmentsand  culated temporal measures of speech could be used to de-
pause timgtdp) (Chambers, 1997tdp is of course depen- velop objective tests of fluency, at least in read speech. In
dent on the number of pauses, but the sadgmay be this sense this study is an answer to Lennon’s call for more
caused by a few long pauses or by many short pausessin research along the lines of his own study, “but with larger
this difference cannot be seen. In other words, althawgh sample groups’{Lennon, 1999 for “comparisons between
appears to be a very good predictor of reading fluency, it idearner and native-speaker performancg’ennon, 1990
possible that for certain purposes, for instance diagnostitor “machine analysis of spoken text which...might be par-
ones, one may want to know how a specific score was obticularly useful when expert judges are not available to make
tained. In this case, adding the variable thay be informa- an assessment(Lennon, 1990 and “to develop standard-
tive. ized techniques for fluency assessment that would be inde-
A possible limitation of these results is that they only pendent of variation between individual ratergl’ennon,
indicate a strong relationship between objective measures d990. With respect to testing, however, it should be pointed
temporal speech characteristics on the one hand and expent that in this study we were primarily exploring the possi-
fluency ratings on the other, but they do not provide infor-bilities of this approach and were not actually constructing a
mation as to how varying articulation rate and/or pause timdluency test. This might explain why, for example, our focus
would affect the fluency ratings. In other words, we are notwas on reliability and less on agreement. In some cases
in a position to make strong claims about the causal relationagreement turned out not to be very high and we decided to
ships obtaining between the objective measures and the fluse standard scores to combine the scores of the three raters
ency ratings. One way of investigating this would be byin each group. The degree of agreement does play a crucial
compressing and expanding the speech under study, althougble in constructing a fluency test, because it contributes to
this is not as simple as it might seem. Another possibilityestablishing the cutoff point. However, since we are still in
would be to use speech where a different relationship bethe development stage, agreement was less important in the
tween articulation rate and pause time obtains, such as spopresent experiment, while reliability was our main concern.

TABLE IX. Results oft-tests for the fluency ratings of the three rater groups and for seven quantitative
variables.

t-test

x NS sd NS  yNNS sd NNS t-value df p
Phoneticians 0.88 039 -0.32 0.70 9.55 59.98 0.000
Speech therapists 1 0.91 0.13 -0.27 0.79 11.07 67.55 0.000
Speech therapists 2 0.86 0.33 -0.30 0.83 8.90 75.77 0.000
Rate of speech 12.74 1.35 9.68 1.94 6.54 78 0.000
Phonation/time ratio 93.17 2.79 82.66 8.57 8.27 78 0.000
Articulation rate 13.65 1.19 11.61 1.37 5.97 78 0.000
Number of pauses 1.42 1.23 7.20 547 —7.62 73 0.000
Tot. duration of pauses 0.45 0.42 3.10 276 —7.18 66.68 0.000
Mean length of pauses 0.20 0.13 0.38 0.13 -524 78 0.000
Mean length of runs 34.26 5.85 21.52 8.77 7.36 49.2 0.000
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high-level acoustic background signals are frequently

present, which is usually not the case with laboratory speechppeNDIX

We do consider these conditions as “normal and realistic”

in the sense that later on, when this technology will be use&Sroup 1 sentences

in applications over the telephone, conditions will most prob-(1) Vitrage is heel ouderwets en past niet bij een modern

ably be similar. However, it should be underlined that these interieur.

conditions make automatic speech recognition more difficult(2) De Nederlandse gulden is al lang even hard als de Duitse
The data collected in this study were also analyzed to  mark.

determine whether the two groups of native and non-nativ¢3) Een bekertje warme chocolademelk moet je wel lusten.

speakers significantly differ on perceived fluency and on4) Door jouw gezeur zijn we nu al meer dan een uur te laat

seven quantitative measures of fluency. The results reveal voor die afspraak.

significant differences between the two groups on all vari{5) Met een flinke garage erbij moet je genoeg opbergruimte

ables. As mentioned above, these results indicate that natives hebben.

and non-natives are more different from each other with re-

spect to pause frequency than to pause length. Furthermor@&youp 2 sentences

these findings are interesting in the light of the discussion OTl)

the effectiveness of temporal variables in distinguishing be- sen.

tween natlye and non-native speakers. Although it is true tha(tz) Gelokt door een stukje kaas liep het muisje keurig in de

not all native speakers are completely fluéRiggenbach, val.

1999, these results show that, on average, they are morrga:,’) Het ziet er naar uit dat het deze week bij ons opnieuw

fluent, produce fewer pauses, and articulate faster than non-

i K gaat regenen.
native Speakers. (4) Na die grote lekkage was het dure behang aan vervang-

ing toe.
(5) Geduldig hou ik de deur voor je open.

Een foutje van de stuurman heeft het schip doen kapsei-
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