
varables. Equaton 3 can be wrtten as 

[GI - (1 - )w,(x)I@(x) 

= @ fi(x - Y)W,(Y)@(Y)~"Y I (5) 

where G, dgl Jwl(y)@(y)dny and thls quantlty is de- 
termined by the condton that @(x) 1s normazed to 
unlty, namely 

General features of @(x) follow from f,(x - y), w,(x) 
and @(xi be~ng 2 0 .  In particular, from Eq. 5, t follows 
that [w, - (1 - O)w,(x)] 2 0. The smallest value of 
[El - (1 - O)w,(x)] occurs at x = (0, 0, . . . , 0) - 0, 
where w,(O) = 1; hence, generally, E, 2 1 - O 
[closely related results have been derved by Burger 
and hls collaborators (26, 28, 39)]. The inequa~ty w, 
> 1 - O and the equallty w, = 1 - O lead to 
qual~tat~vey dfferent forms for @(x), and we discuss 
these separately. 

Case i: F, > 1 - O: Ths case y~elds, from Eq. 5, 

@(x) 1s a peaked but nonsnguar funct~on of x, be- 
cause for x = 0, the r~ght-hand s~de 1s iin~te. The 
constant G, 1s determ~ned by the condit~on of nor- 
mal~zat~on (Eq 6). The applicaton of the normaliza- 
t~on condt~on, Eq. 6, to Eq. 7 leads to the x Integral: 
Jfl(x - y)/[w, - (1 - O)w,(x)]dnx, and th~s, as a 
funct~on of w, ,  1s unbounded from above when Cl 
= 1 and R = 2. As a consequence, lrrespectlve of 
how small 8 s ,  w, can be chosen so that @(x) In Eq. 
7 1s normazed to unlty. Therefore, the case w, > 
1 - O apples for 0 = 1 and R = 2, If a << 1, ths 
case cannot apply for Cl 2 3. If we do not assume a 
<< I. then G, > 1 - O may apply for larger values of 
0 and hence y~eld nonslnguar dstr~butons for these 
values of R. As an example, if Vs/m2 = 100, then we 
numerically f~nd that when a < 0.67, G, > 1 - O wll 
only apply for R = 1 and 0 = 2, but f 1.67 > a > 
0.67, w, > 1 - O w11I apply for Cl = I, Cl = 2, and, 
addtonally, Cl = 3. 

Case ii: K, = 1 - O For thls case, we cannot s~mply 
solve Eq. 5 to obta~n the result of Eq. 7 because [w, - 
(1 - O)w,(x)] vanshes as x = 0 and the solut~on to Eq. 
5 must nclude the s~ngular funct~on 6(x) - n:ji8(x,j, 
where 6(x) 1s a Dlrac delta function of argument x. De- 
rlvatves of Drac delta iunct~ons cannot be present ~n 
the solution because they correspond to dstribution 
funct~ons that are negatvefor somex. Thus, whenw, = 

1 - O, Eq 5 is equivalent to 

@(x) = AF(x) 

whereA (20) 1s determned by normalzat~on (Eq. 6). 
When Cl = 1 and 0 = 2, the x Integral that results 
from the normalzat~on condit~on, Jf,(x - y)/[l - 
w,(x)]dilx, d~verges and hence dei~n~tely rules out 
these Cl values. For Cl 2 3, the same Integral 1s fin~te, 
and when a << 1, the delta function term must be 
present (that is, A # 0) in order that @(x) 1s normal- 
ized to unlty. Thus, @(x) conta~ns a slnguar delta 
function parl for Cl 2 3 when a << 1 

If, for a given value of Cl, the mutation rate O (and 
hence a) 1s large enough that the condition of nor- 
mazaton yields A < 0, then we can infer that the 
case G, = 1 - O does not apply to ths value of 0. 
For example, f Vs/m2 = 100, then, when 1 67 > a > 
0.67, case I does not apply to Cl = 3, although t 
does apply for Cl 2 4 

Distributions: We determ~ne approxlmate forms 
for the dlstrbutlon of a sngle character, say x,, and 
we denote the slngle character dstrbut~on by @,(x,). 
We use the house-of-cards approxmatlon (73, 37), 
wh~ch entails replac~ng Jf ,(x - y)w,(y)@(y)dRy n 

Eqs. 7 and 8 by f,(x)w,(0)J@(y)dRy = f,(x). Ths ap- 
proxlmaton can be shown to be hghly accurate 
when a << 1. Assum~ng m21Vs << 1 ,  wh~ch 1s ap- 
parently reasonable (73), and, furthermore, that 0 
<< Vs/m2, we can replace the Gauss~an w,(x) by 1 - 
Zf~,x;2/(2Vs) wthout any substantla loss of accuracy. 
When 0 = 1, @,(x,) = @(x,) and we obtain 

To obtan the slngle character dstr~but~on, @,(x,), In 
a ple~otrop~c model, we integrate @(x) over x,, 
x,, . . . , x,. When R = 2, we have 

a exp (c2j '(is 2 + '2) 
@,(xi) - -==- ( 2 ) I 4 (1 0) 

where c, = exp (-y - a-').  For Cl 2 3, we have 

w, to w, + dw, s ,  when w, - 1, approx~mately 
porporllona to 

fi(x)(l - w , ) ( ' ' ~ ~ " ~ ~ w ,  (1 2) 

When 0 2 3, thls probabl~ty 1s much smaller than 
that for Cl = 1 or Cl = 2. When a = OVs/m2 << 1, ~t 
1s the suppresson of beneflcal mutatons to w, - 1 
that results In singular distr~butons for Cl 2 3. Larger 
values of a may push the delta funct~on snguar~ty to 
occur at a larger value of Cl. 

Inspecton of cases I and I consdered above 1nd1- 
cates the mathemat~cal reason why detafunct~ons ~n 
@(x) are not possble when Cl = 1 or Cl = 2 yet are 
possible when 0 2 3. The reason 1s that the Integral, 
w~th respect to x,, x,, . . . , x,, of Il(x: + x: 
+ . . . x:,) over a regon near (and ncludng) the orl- 
gn, x = 0, is divergent when 0 = 1 or R = 2 but f~n~te 
when Cl 2 3. The extenson of the results gven In ths 
work to more general f~tness funct~ons 1s straghtfor- 
ward, and the convergence of analogous Integrals 1s 
the key to the presence of delta functons In @(x). 
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Sensorimotor Adaptation in Speech Production 
John F. Houde*? and Michael I. Jordan 

Human subjects are known to adapt their motor behavior to a shift of the visual field 
brought about by wearing prism glasses over their eyes. The analog of this phenomenon 
was studied in the speech domain. By use of a device that can feed back transformed 
speech signals in real time, subjects were exposed to phonetically sensible, online 
perturbations of their own speech patterns. It was found that speakers learn to adjust 
their production of a vowel to compensate for feedback alterations that change the 
vowel's perceived phonetic identity; moreover, the effect generalizes across phonetic 
contexts and to different vowels. 

W h e n  human subjects are asked to reach 
to a visual target while wearing displacing 
prisms over their eyes, they are observed to 
miss the  target initially, but to adapt rapidly 
such that within a few movements their 
reaching appears once again to be rapid and 
natural. Moreover, when the  displacing 
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prisms are subsequently removed subjects 
are observed to show a n  aftereffect; in par- 
ticular, they miss the target in the direction 
opposite to the  displacement. This basic 
result has provided an  important tool for 
investigating the  nature of the  sensorimotor 
control system and ~ t s  adaptive response to 
perturbations ( 1  ). 

T h e  experiment described in this report is 
based o n  an  analogy between reaching 
movements in limb control and articulatory 
movements in speech production. Although 
reaching and speaking are qualitatively very 
different motor acts, they nonetheless share 
the  similarity of having sensory goals- 
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reaching lnovelnents are made to touch or 
grasp a target, and articulatory lnovelnents 
are made to produce a desired acoustic pat- 
tern. It is therefore reasonable to ask wheth- 
er the speech motor control system might 
also respond adaptively to alterations of sen- 
sory feedback (2) .  However, beyond the in- 
trinsic interest of speech motor control and 
the inlportance of discovering commonali- 
ties between different effector systems, there 
are also ac!vantages to studying sellsori~notor 
adaptation in the speech domain. LVhereas 
in arm nlovelnent research there is little 
agreement as to the nature of the underlying 
discrete ~tnits of complex lnovenlents (and 
indeed there is controversy as to whether or 
not such discrete units exist), in speech there 
is substantial evidence regarding an underly- 
ing discrete c o ~ ~ t r o l  system. 111 particular, the 
disciplines of phonology and phonetics have 
provided linguistic and psychological evi- 
dence for the existence of discrete units such 
as syllables ( 3 ) ,  phonemes (4), and features 
(5). There are still major controversies, horn- 
ever, regarding the role of such discrete ~tnits 
in the online control of speech production 
(6). A n  i~npor tax  reason for the lack of 
agreelllent is methodological; in particular, 
there is no agreed-upon ~nethodology for 
decomposing articulatory and acoustic 
records into seglnents that might be identi- 
fied with underlying control structures. 
Thus, a~hile linguistic and psychological ev- 
idence have provided useful hypotheses as to 
the putative discrete control structures LIII- 

derlying speech motor control, it has proven 
difficult to evaluate these hypotheses direct- 
ly in experinle~lts on speech motor control. 

Our research provides a neaJ line of at- 
tack on this problem. In an adaptation par- 
adigm, we can expose subjects to acoustic 
perturbatlons of their articulatory output ~n 

one linguistic context and ask whether any 
adaptation that is found transfers to another 
linguistic context. For example, if the for- 
lnants of the voa~el [&] are altered in the 
context of "pep," we can ask a~hether  adap- 
tation generalizes to [E] in  the context of 
"set" or in the context of "forget." LVe can 
also ask \vhether adaptation is observed for 
other vowels. Such manipulations provide a 
direct probe of the putative hierarchical, 
segmental control of speech production. 

We built an apparatus to alter subjects' 
feedback in real time (Fig. 1).  The  appara- 
tus alloa~s us to shift formant frequencies 
independently so as to impose arbitrary per- 
turbations on the speech signal within the 
two-dimensional ( F l ,  F2) fornlant space (7- 
9) .  This apparatus was used in an experi- 
ment in which a subject whispered 4220 
pro~npted words over approxinlately 2 
hours. The experinlent consisted of the fol- 
lowing: a 10-min accli~nation phase; a 17- 
lnin baseline phase; a 20-mi11 ramp phase; a 
1-ho~tr training phase; and a 17-min test 
phase. During the ramp phase, the feedback 
heard by the subject was increasingly al- 
tered, reaching a maximal alteration 
strength at a~hich  it was held for the dura- 
tion of the training and test phases (10). 

During the experiment, the subject was 
pro~npted to produce a~ords randomly select- 
ed fro111 taJo different sets: a set of training 
words (in a~hich  adaptation was induced) 
and a set of testing words (in which car- 
ryover of the training word adaptation was 
measured). Test and training a~ords were in- 
tersperse~! with one another throughout the 
experiment. However, only when the subject 
produced training words was he exposed to 
the altered feedback. The training words 
were all bilabial consonant-vowel-conso- 
nants (CVC) with [E] as the voa~el ("pep," 

Fig. 1. The apparatus Altered 
used In the exper~ments. 
CVC words were prompt- 
ed on the personal com- 
puter (PC) vldeo monitor. 
Subjects were nstructed 
to whisper the word: we DSP board 

in PC used whspered speech 
video monitor to minimize the effects of 

bone conduction which 
are strong In volced 
speech. While the subject Intercepted 
whispered, the speech speech Magnitude spectrum 
signal was picked up by a 
microphone and sent to a digltal slgnal processing (DSP) board in the PC The DSP board processed 
successve intervals of the subject's speech Into synthesized. formant-altered feedback wlth only a 16-ms 
processng delay [such a delay IS nondsruptve: see reference to DAF In (2)]. Each interval was frst analyzed 
Into a 64-channel. 4 kHz-wide magnltude spectrum from which formants (whlch are generally peaks in the 
spectrum) were estmated (all graphs are schematic plots of magntude versus frequency). The frequencies of 
the three lowest frequency formants (FI .  F2, and F3) were then shfted to Implement a desired feedback 
alteration (as explained below). The shfted formants were then used to synthesze formant-altered whspered 
speech. Ths synthesized speech was fed back to the subject via earphones at sufficient volume that he 
essentaly heard only the syntheszed feedback of his whspering. 

"peb," "bep," and "beb") and the subject 
produced them while hearing either feed- 
back of his whispering or nlasking noise that 
blocked his aitditorv feedback 11 1 ). The set , , 

of testing words was divided into two subsets, 
each designed to assess different types of 
carryover of the training word adaptation. 
Three of the testing a~ords-"peg," "gep," 
and "tegl'-were included to deter~nine if the 
adaptation of [E] in the bilabial training word 
context carried over to [E] in different word 
contexts. The remaining testing words- 
"pip," "peep," "pap," and "pop"-were in- 
cluded to deter~nine if the adaptation of 1 ~ 1  . 
caused similar production changes in other 
voa~els. 

Eight Inale Massachusetts Institute of 
Technology (MIT) students participated in 
the study. All were native speakers of North 
A~nericall English and all aJere nai've to the - 
purpose of the study (12). Each was r i l l  in 
the adaptation experinlent and also ln a 
control experiment that was identical to 
the adaptation experiment except that no 
feedback perturbations were introduced. 

Figure 2 shows the feedback transforma- 
tions and resulting colnpensation and adap- 
tation for a single subject. The diatnollds 
show mean formant positions of the subject's 
productions of the vowels [i], [L],  [E], [=I,  and 
[a], as measured in a pretest procedure sev- 
eral days before the actual adaptation exper- 
iment. Formants were shifted alone the nath 

L, L 

linking the posit~ons of these vowels (dotted 
line) 113). Fornlants were shifted in one , .  , 

direction along this path for half the sub- 
jects; they aJere shifted in the opposite direc- 
tion for the other subjects. The fornlant 
shlfts were large enough that if the subject 
produced [E], he heard either [i] or [a], de- 
~lendine on the direction of shift. 

u 

For the subject in Fig. 2, formants were 
shifted toa~ard [i]. Formants were shifted in 
proportion to the spacing between vo~vels on 

1600 4 Adaptation ',,, ~ T 

2400 - 

Fig. 2. Altered feedback and resutng compensa- 
ton and adaptaton for a single subject (subject 
OBI 

2200 - 
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the path: If the subject produced [&I his 
formants were shifted so he heard [I]; if he 
produced [;E] he heard [L]; and if he pro- 
duced [a] he heard [&]. Position B (Fig. 2 )  
corres~onds to the mean vowel formants 
for the training words produced by the 
subject in the baseline phase of the adap- 
tation experiment. B' shows the formants 
presented to the subject as a result of the 
altered feedback. 

The arrow labeled "com~ensation" is the 
subject's co~npensation to the altered feed- 
back: The arrow shows that, in response to 
hearing B as B', the subject has, by the test 
phase of the experiment, changed his pro- 
duction of B to T. The arrow labeled "al- 
tered feedback" shows that the altered feed- 
back causes the subject to hear the produc- 
tion change as a shift from B' to T ' .  The 

u 

arrow shows that, bv the experiment's test 
phase, the subject now hears hls formants at 
T ' ,  whlch are close to the baselme, B. The 
subject has thus compensated for the al- 
tered feedback. The arrow labeled "adapta- 
tion" shows how much of the co~n~ensatlon 
1s retained when the feedback is blocked by 
noise (in this case, about 72% is retained). 

The analysis of mean compensation and 
mean adaptation across subjects is shown in 
Fig. 3 (14). The figure shows that the ma- 
jority of subjects significantly compensated 
(P < 0.006) and adapted (P  < 0.023) (15). 
The figure also shows other features com- 
monly seen in adaptation experunents in the 
reaching domain: co~npensation varies across 
subjects, each subject compensates more 
than he adapts, and subjects that tend to 
cotnnensate more also tend to adapt more. 

Flgure 4 shows mean general~zatlon for 

Fig. 3. Mean compensation (top) and adaptation 
(bottom) for a subjects (designated CW through 
AH) in tlie adaptation (black bars) and control 
(wliite bars) experiments. 

the test words-a ratio expressing the frac- 
tion of the adaptation of [E] in the training 
words that carried over to the vowel pro- 
duction in a testing word ( 1  6). Adaptation 
to the training set affected the production 
of the vowels in test words containing the 
same vowel but in different consonant con- 
texts (Fig. 4A). Overall, there is significant 
generalization of the training word adapta- 
tion to these test words (P  < 0.040) (17). 
However, the apparently greater mean gen- 
eralization to "peg" than to "gep" and "teg" 
is not statistically significant. This lack of 
significance is traceable to coarticulatory 
influences that caused i~nnerfect estimates 
of steady-state vowel formants of [E] in 
"gep" and "teg". 

Adaptation to the training set affected 
the production of the vonrels in words 
containing different vonrels (Fig. 4B)  ( 1  8) .  
Again, there is overall significant general- 
ization of the training word adaptation to 
these test words (P  < 0.013), but again, 
the apparent differences in tnean general- 
izat~on between the words is not statisti- 
cally significant. 

In summary, our experimental results 
show that control of the production of vow- 
els adapts to perturbations of auditory feed- 
back. This adaptation is analogous to the 
adaptation seen in the control of reaching. 
Moreover, the generalization observed for [el 
in the testing words provides direct evidence 
that the testing and the tralning nrords share 
a colnrnon representation of the production 
of [E]; it is of course natural to hypothesize 
that this common representation is the pho- 
neme [el. Finally, the significant generaliza- 
tion to "pip" and "pap" considered together 

gep peg teg 

1,501 

Fig. 4. Mean generalization for the analyzable 
testing words n tlie experiment. Sliown are (A) 
words with the same vowel ( [ E ] )  used in the train- 
ing words, but different consonants; and (B) 
words with different vowels. 

shows that the adaptation of a vowel can 
spread not only across contexts but also to 
other vowels. This suggests that the control 
process underlying the production of the 
trained vowel is partially shared in the con- 
trol of the productions of other vonrels; 
moreover, it is natural to attempt to identify. 
these control structures 1~1th the featural de- 
compositions studied in phonology. 
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pensation and adaptation for each subject were calcu- 
lated with respect to the feedback alteration used in the 
adaptation experiment.) 

15. Analysis-of-variance tests of path projection chang- 
es (test phase - baseline) across subjects in the 
adaptation and control experiments were computed 
from formant data collected when subjects whis- 
pered while hearing feedback (for the compensation 
analysis) or while hearing was blocked by masking 

noise (for the adaptation analysis). The interaction of 
experiment type (adaptation versus control) and path 
projection changes was used to judge significance. 

16. For a given test word, mean generalization was com- 
puted as: (mean test word relative adaptation)/(mean 
training word relative adaptation), where relative ad- 
aptation was computed by subtracting adaptation 
seen in the control experiment from that seen in the 
adaptation experiment. 

17. Tests of significant generalization were based on 
computing the significance of test word adaptations, 
which were computed the same way as the training 
word adaptation significance tests described in (15). 

18. We had technical problems estimating the formants 
of whispered [i] and [o]; thus, productions of "peep" 
and "pop" were excluded from our results. 

19. We thank J. Perkell, K. Stevens, R. Held, and P. 
Sabes for helpful discussions. 
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Mass Spectrometric Analysis of the TO analyze the composition of the 

Anaphase-Promoting Complex from Yeast: APC, we labeled cells expressing Cdcl6p 
with Mvc evltoves (Cdcl6-Mvc6v) with , * *  , * .  

ldentificationofa~ubunit~elatedtoCullins "S.andthecom~lexwasimmuno~reci~i- 
tated with an antibody to Mvc ( I  1 ). Pro- 

Wolfgang Zachariae, Andrej Shevchenko, Paul D. Andrews, teins of -90 ( A P C Z ~ )  and '70 kD were 

Rafael Ciosk, Marta Galova, Michael J. R. Stark, detected in addition to Apclp, Cdcl6- 
Myc6p, Cdc27p, and Cdc23p (Fig. 1A). 

Matthias Mann,* Kim Nasmyth* Mass spectrometric analysis revealed that 
the 7 0 1 k ~  band consists of two proteins, 

Entry into anaphase and exit from mitosis depend on a ubiquitin-protein ligase complex p70 (ApcSp) and p68 (Apc4p). Proteins 
called the anaphase-promoting complex (APC) or cyclosome. At least 12 different sub- migrating at -40 (Apc9p), 32 (ApclOp), 
units were detected in the purified particle from budding yeast, including the previously 23 (Apcl lp) ,  20 [Cdc26p (8)], and 19 kD 
identified proteins Apcl p, CdclGp, Cdc23p, Cdc26p, and Cdc27p. Five additional sub- (Apcl3p) were also detected (Fig. 1B). 
units purified in low nanogram amounts were identified by tandem mass spectrometric All of these proteins were detected in 
sequencing. Apc2p, Apc5p, and the RING-finger protein Apcl 1 p are conserved from precipitates from strains expressing differ- 
yeast to humans. Apc2p is similar to the cullin Cdc53p, which is a subunit of the ent epitope-tagged APC subunits but not 
ubiquitin-protein ligase complex SCFCdc4 required for the initiation of DNA replication. from control strains, indicating that the 

yeast complex contains at least 12 differ- 
ent subunits. 

To identify these proteins, we purified 
T h e  APC mediates cell cycle-regulated yeast genome provide a strategy to identify the APC from CDC16-myc6 or CDC23- 
ubiquitination, and thereby degradation, of the components of multiprotein complexes myc9 strains (1 2). One-step immunopre- 
proteins containing sequences called de- that can be biochemically purified (1 0). We cipitations from unfractionated cell extracts 
struction boxes (1-4). Entry into anaphase used this approach to identify five addition- yielded enough material to detect individ- 
depends on the degradation of proteins such a1 subunits of the APC. ual subunits on silver-stained gels (Fig. 1A). 
as Pdslp and CutZp, which inhibit sister 
chromatid separation (5, 6). Degradation of 
mitotic cyclins inactivates cyclin-dependent A 35s S~lver stain B % F g : 2  
kinases (CDKs), which is important for exit s $ z ; f  

'" s 9 a g s c ; k ~  
from mitosis and is a prerequisite for DNA- $ 3 
replication in the subsequent cell cycle (7). p , $  + B P 8 5 8 9 8  

9 0  o - 
Five subunits of the yeast APC (Apclp, a m 

P 8  o B 220- (~r)wm-- -Apcl 
Cdcl6p, Cdc23p, Cdc26p, and Cdc27p) 

220- ---+-- Apcl 97 - /Cdcl6 p90 have been identified through genetic anal- - - C ~ C Z ~  

ysis (3, 8). However, additional subunits 66 * - Cdcl6-Myc6 ,,, 4 Cdc23, p70 

were detected in APC particles purified 97; # i : ~ .  - - T. P ~ O  - p40 
* - - - from yeast and Xenopus oocytes (8, 9). Ad- 6 6 -  - . .  - i cdc27 ~ 7 0  30- - - - -- - p3z 

vances in the analysis of proteins by mass ' ~ d c 2 3  zI 5 -  
, ~ 2 3  
<Cdc26 

spectrometry and sequencing of the entire 14 3- p19 

W. Zachariae, R. Ciosk, M. Galova, K. Nasmgh, Re- Fig. 1. Subunit composition of the APC. (A) Detection and purification of APC subunits. Proteins 
search InstiUte Of Molecular Pathology, Dr. BOhr-Gasse immunoprecipitated with an antibody to Myc from extracts from CDC76 (wild type or PDSl -mycl8) and 
7, A-1 030 Vienna Austria. 
A, Shevchenko M, European Molecular Biol- CDC76-myc6 cells were separated in SDS-polyacrylamide gels. Proteins from 35S-labeled cells (5 x 
ogy Laboratov, Meyemofstrasse 1, D-69012 Heidel- 10') Were detected by fluorography (1 1) (left). For mass spectrometry, immunoprecipitates from loq0 
berg, Germany. cells were detected by silver staining (72, 73) (right). (<I) A protein coimmunoprecipitating with Pdsl- 
P. D. Andrews and M. J. R. Stark, Department of Bio- Mycl8p. Pdsl p is stained only weakly. (*) Proteins whose precipitation is not Myc-dependent. (B) Small 
chemistv, University Of Dundeep Dundee DD1 4HN, UK, APC subunits. lmmunoprecipitates from 35S-labeled cells expressing Myc-tagged APC subunits were 
'To whom correspondence should be addressed. separated in a 4 to 20% gradient gel. Molecular sizes are indicated on the left (in kilodaltons). 
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