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1. iNTﬁODUCTION

S “Tuis Tethnical Réport is the first in'a series of detailed quantitative
studies'éftéﬁpﬁiﬁg‘to éﬁal&zesseﬁéﬁd lahguégérlearﬁihg in férﬂé.of:stimulus-'
response theory;* It is the joint work of stfuCtUral'lingﬁiSts and mathe-
matical psychologists. |

'Spécifiéally,hthis first Repért‘is‘toﬁcérnéd With a“duantitative analy-
sis of Russiaﬁréénéohaﬁtrdiétriﬁiﬂatiéﬂsyiﬂ-iﬁitial pri%ibh byxnéti%e
“speakeérs of ‘Américan English. The seléction of the whterials studied is
“described in"the section on Experimental Method, together with an outline of
";tﬁé'prééedﬁfé;ﬁtiliZe&li'Thé:séétion-OﬁfExpefiﬁehtai Results ie & detailed
adéoﬁﬁt>5f”tﬁéqquén£ité£ivé”fiﬁdiﬁgsyﬁﬁich-in‘fﬁ;ﬁ/éfe'inférpréféd‘frdm a
lingiistic Point 6f viev 1i the next section, Idnguistic Iﬁ@eiﬁreﬁaﬁion”of
Résﬁité?'“ﬁi%ﬁoﬁéﬂTpfiMérilyﬁﬁaséajoﬁ”értiéﬁiéfbfjlph0ne£ic$;.ah éédustic
L'*éﬁély5§ériéjalSE“uﬁiliie&Viﬁﬂthis section ﬁhénefef'it?éeéméd;péffineﬁt to a
better urderstanding of the data.

' Although the lingﬁistfé'fésuifé pfééeﬁﬁ'éoﬁérdafaJof;geﬁéfai-interest,
-the most important aim of the study is to apply a mathematical theory of
learnlng 4o second language acqulsltlon The results of thls analysis have
béén'ﬁlaCe&'iﬁ‘the5sectibn on Quantitative Apﬁliﬁatibﬁ'of'Stiﬁulus-ReSPCnse
"““Theory, the fipdl séction of this Report, in order b0 make the other aspects

“of the study moré accessible ﬁd:linguiSts-aﬂd-othefﬁféaaéré'who areshot:
primarily interested in this feature of thé work. ”
‘ The“Bibliﬁgfabhy'cdntéins references 'Of works utilized iﬁ-fhélstudy,
‘a5 well ae reference to more gepéfél';efeféﬁées 6n'termin§loéjuin.iin-

" guistics aid mathematical learning theory. For linguistics, we

*The résearch reported herein was conducted pursusnt to contract SAE 951k
between Stanford University and the U.8. Office of Education, and was also
partially supported by a grant from the Carnegie Corporation of New York.
We wish to acknowledge the assistance of Elise Belenky in preparing and
conducting the experlment




refer the reader to Gleason (1961), and for mathgmﬁﬁiga;:leaxning.thedry
to Bush end. Estes (1959), Bush and Mosteller (1955), Estes (1961), and
Suppes and Atkinson (1960). 5 . |

Before turning to the details of the two experiments reported, we
went to make some additional remarks ghbout the orientation and purpose of
thié.series of studies. Perhaps the first observation that might be made
zbout the present Report by someone interested in secondllgnguage acquilsition
is that if_thié much detailgd éna;ygiskis goingrto beﬁmade of ﬁach_aspect
of such scquistion, it seems doubtful that problems of sdeuate linguistic
gomplsxity\will be rgached,_ Hbrmight alsqlappropriately say thgtlthere
_ seens to be‘onyy a'slightrprospect that:the methematical models used in
‘the final section of the Report will have any significant application to
. other thap the lgarning of ﬁhe‘simplest phonetic mgxerial( Helmight ipdeed
ask what hope is there of being eble to use such models to explain how
_,American EngliShl;peakers 1¢arn Russien grammer or the semantic categories
of Russian. P
| Our defense is disarmingly simple.  We do not in fact yet see how
‘these more éomplicated appliqations are to be made. Applications of the
kind_of models we use to relative;yw¢omp;icated concept forﬁation expériments
iﬁ_the_past year-or‘two offer some gxounds_for hope, but_itlwpuld takg us
rmch too far afield to outline our present‘ide.a.s and future p_lans.

At this juncture we are satisfied to limit ourselves to linguistically
'simple maier;al, which is already relatively complicated in cOmparison with
the stimu;us materigl used in mést learning experinents., We also emphasize
that we sre more concerned to study quantitatively a few Tundamental
problems: then to produce new pedagogical-materials or-résuiﬁs of-imﬁediaxe

~classroon interest... - - . . 2=



2. EXFERIMENTAL METHOD
 The ééééfiﬁﬁiéﬁsaéf;the‘ﬁwé.experiﬁéﬂts‘ére'pfeseﬁﬁéd'séparately.'
Experiment 1

Subjects.  Twenty Stanford University students from an introductory

_ logic class served as subjects. Each subjecﬁS‘native,language‘was English.

inY stqdents_who did nqt spgak Russian were eligiblg for thé.gxperiment.
lEgch_gubject app§ared for one-half hour Qaily for five cqnsgcutive @ays.
_ rAfter_t@e”final sessionz each’sﬁbjectlrecgived $6.QO for participating in
the experimgnxf
- Before starting the first experimental session, each subject was asked
to,cqmp;g#eqa brief questionneire in order to determine his or her,language
background. Due to Stanford University's admission policy, the subjects!
foreign language background is considerable. .Of the nine subjects who
starfed the study Qf_latin in high school, none.of:them,continued it in-
collgge;,hqvevgy, all excépt'ong.ggptinuedlihe_other foreign lenguages
studied in high school at Stanford University. BSix studied Ffench for two to
;ﬁhree years,_ﬁwo studied_Spanigh for one and two years respectively. All
.three qu'startedrFrgnch_in ﬁithSChool continued for-two to three quarters
:in‘college.‘ Out pﬁ\the seven who_startgd the study of’ -Spanish in high
schoo;; f;ve continued the language in college. One switched-to German,
thé79££er to Fremch., The only other language studied in high sch;ol,was
Italien by one subject /ho lived in Italy for six months. However, he also
studied French in high school and college, in addition to one gquarter of
Spgnighd 1sgvera1'6f:those studying either French or Spemish in high school

ztook up_another foreign language in sddition. The languages. occasionally
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heard at home were: Poligh; C;gch, Yiddish, Hebrew gnd_Spanish (ppe subject
ea@h) and Germsn (two subjects).. Two sﬁbjeéﬁs participéted for two quarters
ot Stanford in Framce. One subject stutters.

Meterials. A basic list of Russian syliables in phonemic transcription
ves constructed. ‘Thgre-are332'initial consonent phonemes (the "j" indicates
palatalizetion): /p,pd; t,t3, c,ch, k, bybj, d,dj, &, £,fi, ,8),
sh, x, v,vJ, z,zj, =zh, m,mj, iﬁ;hj,"i,lj,*:r,rj, y/. The ﬁhonemé:
/y/ wes mot used but the phonemic sequence /X¥¥/ was'usédlzrihé'list consisted
of these consonants and the sequence, followed by the vowel §hohemes |
/a, e, i, o, u/. Excliding the CV syllables (a single consonant followed by
" g'single vowel) which are exceedingly rare, there are 1h4 such syllables,
some of which are spelled in two different ways (é}g., “cho“,:“Chﬁ");

These 144 syllsbles wére.grouped into contrasting pairs differing only in
the initial consorant phoneme. These contrasts will be dénotea by

GV, = CoVy/+ Then the contrasts were classified into sets which vere
‘ordered in terms'of expected difficulty of discrimination snd production
for an Amevicen subject with no kmowledge of Russian. A fuller description:
' of the sets appears in Experiment II. The?éets judged easiest were chosen
for Experiment T. The'esfima$es vere based on the linguists' Judgements of
relative difficulty of pronunciétiOn'of'the pairs, since little 8 233933
information concerning difficulty of discrimination was svailsble. They

are the following:

_ Type ‘ _ Consonant contrasts
voiceless :  voiced plain fricatives /€ :v, sh:zh, s :z/
~“voiceless : volced plain stops  /p :b, t:4, k:gf

b




‘The /f .: .v/' and /k : g/ contrasts included only the vowel phonemes

_/a, 5, u/, .since those consonants are most freguently palatalized before

/E‘/ and /i/ . A1l five vowels were used with each of the other consonant
contrasts » making 8 total of 26 CV contrasts. . From these 26 contrasts of the
- fom fC V) & OV /, the stimilus items for Experiment T were constructed in
the foilowiz_;g manner.’ For each contr_ast s the four CV pairs clvl : bevl,
CEV;'L : 1V1, clvl i CqVy, and CoV, @ CoV, were constructed. (The first

two pairs are called minimal palrs, since their members d;i‘fer by only one
_phoneﬁme_.) Since, vhen the vowel member is held constent, each contrast_

-. iﬁvolves :f'our pa.irs (e.g.,_ ba : ba, ba : pa, pa : ba, pa: pa) each con-
’crast is referred to as a ’-L-conce'_pt.‘ H_ence; » 26 l-concepts, or 104 pairs, were

used in Experiment I. The 52 pa.lrs having the second CV member the same as

_lthe flrst Wlll be called szme (s) pairs, and the 52 pairs having as the

second nember a CV sylla.ble dlfferent from the first syllable will be called

dlfferen_t (_c_l_) pairs. The 1ok pairs are listed in Appendix A.

Theré .are five vowel phonemes, and, as men'tipned, with /f E v/ and
/% : g/ three were used in the con’bras_ﬁrs. I'E__nrus{; ‘be borne in' mind, however,
tilat the allophoneé of these vowels differ according to the preceding
_ qonsonant. _.In the case of /a, e, o, _p./ the different allophones sound much
a.llke to English spea.kers. But "‘:.he allophonic veriations of /:L/ are
pa,rtlcularly ma:r‘ked (see Section k).

Aifte;‘ the pairs had been formed, lists of pairs to be recorded for
i:rgsenta’cion .to the sﬁbjegt were constructed as follows. For the first
day_(,‘ three raﬁdomizations of the order of the 104 minimal pairs were prepared.

For the second day, three new randomizations were made. For the final three

-5=




deys, the pairs judged (on the basis of pilot evidence, and on linguistic
grounds) o be £06 easy;for‘furthér éibéfimehtétibn) ﬁefe eliminated. The
20 /b:1 v/, 20 Jo e d/'and 12 /x : g/ pairs were retained. Six randomiza-
tions of ﬁhéSe 52 péirs were prepared fbr'éach'of‘the last three daysf
material. One randomization of the paifé will bé called a ;égg, Lists
1-6 constituted the material for days 1-2, and Lists 7-2k for days 3-5.

. ‘Recordings. High quality bepe recordings of the 24 lists of CV pairs
were made in a heavily sound-proofed room in the Division of Spéeéh Pathology
and, ﬁﬁdiology idboratory'at the Stenford Médicai Schooi;l/ Recordings
sere made on Scotch 111 tape at 7.5 inches per second'ﬁsing.a'boom;mounfed
Altec "26;‘1\-2 microphone 'Syéte.m and, ai’l':Ampex 351 stereo tape reconrder. Tfle
microphone was ﬁlaCed'at a"distancé of h-iﬁ.-and'aﬁ'an angie of:ll5o from
the Speaker's lips in order to avoid air-blast. |

The phonetic pesk of all syllgbles waé held shove a minimmm VU reading.
Tio attempf was made to equate'phbnetic peaks; instead, we 6peratéd with the
nabural difference in vowel energy. ‘Thellévels,'oﬁée established, were not
changed during the course of the recording. All feéordéd itemg (the CV pairs)
 were self4approved“ﬁy“thé‘hative speaker of Russian and by the monitoring
linguist.

*The native speaker lived in a Russian-spesking environment from birth
(1906) until setfl’ement in the United States in 1928 and has 'spoken Russian
daily throughout her life., Her father’ﬁas born in Moscow and her'ﬁother
in Vledivostok. She has 1lived in both citieg; and is from en upper socio-

economic background. She received her secondary education in Russia, and

1/ We wish to acknowlédge the assistance of the Speech Pathology and
Audiology Leborgtory staff, and particularly the invaluable help
of Professor Dorothy Huntington.




her higher education in France and Belgium.

' AE. Earatﬁs. The recorded ma:teriai ﬁé.s playéd back on 8 Sdny recordér,
Model 2628L. For playing, the highest possible volume sét‘bing was used
which still kept the sound free from distortion. The tone was appropriately
adjusted.  The volume and tone settings were the same for all subjects.

The .other piece.of equipment which consisted of a TS5-wabt lamp fitted with

g l-in. dismeter green reflector and mounted on an 1l-in. x b-in. x 2-in.
black metal box permitied the experimenter to deliver a light signal to

the subject after each incorrect response. The lamp was illuminated whenever
the experimenter pressed a simple doorbell~type butiton. Another room was

. equipped with the identical equipment, and two subjects were run con- -
_currently, one in each room. . -

Procedure.. The subject was. seated facing the Sony spesker at a.
~.distance of six f_‘eé_,t. First he completed a writiten queétionnaire pertaining
to his background in foreign lenguages. Then the following instructions,
recorded by a native American linguist were played over the -speaker.,

You will now hear 104 pairs of syllsbles, one pair at a time. Each

pair will be followed by a short psuse. Listen carefully to each

. pair of syllebles. Decide whether the two syllebles are the same

or different. If they sound the seme, say "seme". If they sound

different, say "different”. Answer each time, even when you are

not sure. If you are wrong, the green light will flash (the

‘light flash was demonstrated). If you are right, there will be

no flash.

Next', the subject was aske:d‘if he had any quest:i.oné a'bout the procedure.
Questioﬁs were answered by paraﬁhfasihg the apprbpriate j;nortibn of the
instructions.

 Next s the CV pairs were played one at a time over the lbuéépéakem .

==




The rate of presentation was 1k palrs per minute, with s 3-sec. pause between
pairs. The presentation phase continued without interruption until all pairs
"had been presented.

_Expgriment”II

Only the changes from Experiment I will be noted. The method of
Experiment II differed from that of Experiment I in the selection of sub-
-jecfs and stimulus material.

Subjects. Twenty Stanford University students, eight from an intro-
ductory logic class, and twelve who were secured through the employment
“bureau, served as subjects. Only students who did not spesk Russian were
eligible for the experiment. As in Experiment I, each suhjecﬁ appeared for
one-half hour daily for five consecutive days snd received $6.00 for par-
ticipating in the experiment. The subjects language background in this
-experiment.did not differ apprecisbly from those in the previogs experiment,
Seven subjects had studied Latin in high school for two to three_years, and
some Of them continued the langusge at the University. In addition all
"seven had taken a modern.language in high school and college. TFrench was
the_ianguagé-studied by most (gleﬁen); followed 5y_é§ani$h (eight) and
Gefman (séven)y' Ggrﬁan Was;stérfed bj thfee'sﬁbjeéts for one qﬁérter only
at the-ﬁniversity; two studiedféreék,.and one - studied Itﬁlian‘in addition
to spending six months at Stanford-in-Italy. In regard to_languagé back-
'gfound a£ hoﬁe, one sﬁbject époké Spanish frequently and another Hungarian
dccasianally; | | |

Materials. Again the stimulus items were CV pairs. The contrasts
‘having the highest error rate in Experiment I were retained, that is, the

.8-




L/ﬁ'é b/'aﬁd'/t B d/'éomﬁihea ﬁifh,éli‘voﬁéi-phﬁnemeé; éﬁd‘fk_: g/ with
./a; o, u/'__; : L o T T

In order to determine which comtrasts were most difficult, and
hence of greatest experimental interest, two pilot studies were run.
The,contrasts:presented_as.stimuli_included:plgin versus palatalized
phonemes, and /sh, 58; ts, ch/. Two complete lists of stimuli, one for.
each pilot study, appear in Appendix.B.

An analysis of these studies is.given in Appendix C. The obtained
order of difficulty was somewhat different from what one would expect on
the ‘basis of ease of pronunciation. The more‘diffiéult pairs, as indi-
cated by Experiment I aﬁd_the.two_pilot.studies, wereHsélected for Experi-
ment IT.

Of the plain : palatalized contrasts, the voiceless and voiced
sibilants were chosen /s : sj, 2 : 2zj/ in addition to /4 :dj, n.:.nj/,
and the laterals /1': 1j/. All of them were combined with /i/ as pre=
- genting greatest difficulty of discrimination, and the laterals were
alsé combined with /a/IQS'an-additional vowel,

Fricative : affrfcate contrastse in_ipitial_positions were included,
that is, /s : ts/, combined With-all'five vowel phonemes. One contrast
‘of stop : fricative was also used, namely, Jk 1 %/, thus giving us a:list
of-25 seté'of Y-concepts or 100 pairs.  The 52 pairs which pilot daté
had indicated to be easiest were eliminated after Day 2. The-contfasts 
presented on all five days were the /k : x, 'z :'2j;, s : ts, p: b/

peirs. These contrasts included 4, L4, 20 and 20 pairs, respectively.




3. EXPERIMENTAT, RESULTS

The results for thgipwg experimgnts,aré presented separately. 'qughly-
speaking, we first give the analysis of item difficulty and then turn to

group and individual learning data.

- . Experiment T

Relative difficulty of consonant diseriminstions.  Table 1 indicates

the difficulty of the pairs claSéified’éccording“toitﬁeir'vdwel and con-
sonant members. For example, the entry .006 at the intersection of the
/£% v/ row and the fu/: column is the proportion of errors over all -presen-
tations' of the Tfour paifs./fu sfu, fu: vu;i‘vu ¢ fu, vu : vu/. The

. blanks in the table indicate that certein heconcepts (which are rare or |

non-existent’ in' Rissian) were not presented in the experiment:

7w Insert Teble 1 about here

v

Tablefl is'grgapged so-that items are of increasing difficulty, reading -
from left to right and from top to -bottom. -The column and - row proportions
were computed from thg overall. frequency of errors on the consonant dis-.
 crimination or. vowel iydicatedé,-it;will;be_recalled that no /f:: v/ or
/& :.k/ pairs vere presented with. the vowels./e/ or /i/, and that the -
:Peasy? pair. types (thosgglistedlip the first three rows of.the table) were
presented only in.ListS;l—6@l For h—conceptg presented:inmlists-lfé only,
eaﬁh_éntxy-isgbased on 480 observations (4 pairs x 20 subjects x 6.1lists).
Similarly, forfhfconcepts:presentgd‘in;allq2h lists, each entry is based
on 1,920 observations. - -

- The table shows the following order of discrimination of consonant

~10-~




Eroportion of Errors in Experiment I on Bach Set of Four Pairs

TABLE 1

which Present the Same Consonant Contraest and Contain

Consonant

Contrast

/£ v/
/s z/
/sh : zh/
/k g/
[t a/
/p v/

Mgan, Lists

1-6
7-24
1-24

. 006
.010
.030
.02k
-039
.052

-0k2
.028
.03k

01T
013
.028
.0ko
.050

055

053
-035
.0k2

the Same Vowell

Vowel'™

u

. 006
.015
.0L7
037
,038

071

-059
.030

.O41

.010
021

.038
.066

' ,063

.032
.045

029

021

054
070

.081
.038

055

1-6

.010
.015
.023
067
077
139

Mean, Lists

7-2k

022
.033
037

1-2h

.03k
LOlly
.063

1 The proportions are based on Lists 1-6 data for pairs presented only

in Lists 1-6. and on Lists 7-24 data for pair

lists.

s presented on all 24






palrs here llsted 1n ascendlng order of dlfflculty /f 1V, 8 z,

sh : zh kg b4, : b/ As for the vowels /a/ is the ea31est

followed by /e, o, u/ which are of about equal dlfflculty, and /1/ which
18 the most dlfflcult Two analyses of variance were performed to deter-
mine (a) whether the consonants dlffered 51gn1f1cantly from one another
in dlfflculty, and (b) whether the vowels dlffered 51gn1flcantly from
one another in dlfflculty

| The flrst analy51s of varlance lnvolved theudata from Lists 1-6 for
the /a, o, u/ vowels and all oonsonants. Henee lt ves a 6 consonants
x 3 vowels x 20 subJects de31gn The consonant X vowel p'd subJect mean
square was taken as the error term in the computatlons of F As Table
2 shows, all the mairn effecte and two-way 1nteractlons are 51gn1f1cant
lndloatrng rellable‘1nter—consonantrand inter-vowel differences ln _
difficulty. I - | |

The second analysis of variance used the'data of Lists 1—2% from the

/t o d/ and /p : b/ pairs with the vowels /e/ and /i/. The results,

given.in Table 3, 1nd1cate 51gn1f1cant dlfference ln dlfflculty between

/t : d/ and /p : b/. From Table l, it may be seen that /t : 4/ was easier
than /p : b/. The variance attributable to vowels /e/ and /i/ in Table 3)
was not signifloant; hence, they appear to be of about equal dlfflculty

in the present case,

Insert Tables 2 and 3 about here

Relative difficulty of s and d pairs,

e — —— —

We now ask whether a pair is

more difficult when the correct judgment is "different” (d) than when the
' -11-



correct judgment is "same" (s). Table L affirms that detection of the
difference when fhe fwo:membere.of the pair eootain different eonsoneﬁts
wié fhe more difficult taek. For the s paire, the‘error retes in ﬁists |
i~6 and 7-24 were .Ohi eﬁd .030, respectively, while the correspooding
figures for the 4 pairs were .o75'ana'o.3u. A sign test in which the
total number of errors on s palrs by a glven subJect was palred w1th hlS
total on the d pairs was s:.gnlflcant at the Ol 1evel on Llsts 1-6 R but
was not 51gn1f1cant on Lists 7 Eh data, On /k-: g/ pairs,.63;h% of the
nn

errors were s responses to d pairs. The corresponding figures for

/t : 4/ and /p : b/ were 63.2% and 62.2%; respectively.

Tnsert Table U4 about here

The errors on the.g paire'were classified aocording to.whether the
voiced phonemes /g, d, b/ appeared in the first or second syllable of the
palr Cases where tﬁe voiced phonemes appeared in the first syllable
comprlsed 65 0%, 66. 3% and 55. 2% of the /k : g, /t:: d/ and /p : /
errors on d palrs,.respectlvely (N the number of observations was 123,
26h and 375, reSpectlvely)

Learnlng. The proportion of errors.ofer all.eubjeops and‘pairs
decreased from .11 in the first list to .02 in the last Llist of the
experiment. These proportions were computed for-sets'of three suecessive
lists and appear in Table 5. The divisions between the daily sessions

oceurred after Lists 3, 6; 12 and 18. Since no abrupt inrcrease in errors

=12~




Vowels~$ Consonants x éubjééfé Ap#l&sis of

TABLE 2

Variance in Total Errors on Lists lm6 in Experiment I

Source of Variance

Vowels -

Consonants

Subjects

Vowels x Consonants -
Vowels x Subjects

Consonants x Subjects

d.f,

o

>

19
10
38
95

Vowels x Consonants x Subjects 190

Mean Square

L.80
62.93

15.72 - L.

k.32

1B

2 . 57 IR
.93

S 5.6
67.64 -
116.90- . -
bLoek. .. -
1.52 -
2.6

<.01
<.001
<.001
<.001
<.05
<.01



TABLE 3

quéls_x Consonants bid Subjects-Analysis of . ¢

Variénée:in Total Errors on Lists 1-24 in Experiment I

Source of Varlance a.f. Mean Sgquare F P

Vowels R 1 17.11 7 3.17 n.8.
Consonants S : 1 159.61 29,60 <.0l
Subjects S 19 . 3k.20 S 1.92 n.s
Vowels x Consonants : . ' B 2.81 6.3% - <.01
Vowels x Subjects 19 : 6.3+ .. . l.21 n.s.
Consonants x Subjects 19 3.72- . cL.b5. n.s.

Vowels x Consonants x Subjects 19 _ 5.39. % . - = -




TABLE 4

Proportions of Errors for Pairs Consisting of Two a
Syllables and for Pairs Consisting of Two s Syllables in Experiment I

Lists
Pair Type 1-6 7-2k4 1.2l
5 .0kl .030 .03k
N 075 .03k .051







occurred when the "easy" pairs were eliminated (after List 6) it seems

Insert Table E'about here

:tfhat the learning of fhé'difficult'discriminations ﬁrogréséea stéadilj;
albeit sldﬁlj. From Table ﬂ;_iﬁ.is-clear.fhat:moét of the leérning |
“occurred on the d pairs. A sign test in which the proportion of" errors
on d pairs in Lists 1-6 for a given‘subjéct ﬁas paired with his proportion
‘in'Lists 7-2&, was sighificant at the .OL level, indiéétingzthat.léarning
had occurred. A similérly compuféd.sign test on the g‘paifs was also
significant at the .01 ievél, in&icatihg that learning'of the g pairs vas
also.takiﬁg.plaCé,teveh thohghrthé initial error rate wéé Quife gmall. |
Because of the low initial error rate, the learning date veré hot
subjected to further analysis. For the séme'reason, no attempt was made
tp apply ﬂafhématiéal ﬁodeis to the data; sinée a sénsitifé discrimination
‘among mﬁdels‘éénnbt be made in.%he-absehce of sufficient efrors.

' Error rates on the pairs presenfed_ig.pildt studies. Appendix C

lists tﬁe proportiOn of erforslfor'eachrtype of'pair ﬁresented in the
two pilot expefiments interveniﬁg betweeﬁ Experimen£s T and II. For the
firét pilot:stu&y, thé pfdportions are baséd:on a total of 1872 observa-
tions from.six éubjeéts, Whiie'the ﬁumber of obsefvétidns fr&m each of
nine subjects in the seéond piiot study'ﬁas'TE pér h-concépt. .The

. proportion of errors was highést (.28)_fof fhé h—éondeﬁt consistihg'of
the /so : tso/ pairs, and varied bétﬁeéﬁ J17 aﬁdsloolforcthe other

4-concepts.
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‘Experiment II

Relative difficulty of consonant discriminations. Table 6 classifies

the pairs of syliables according to their vowel membér for each sét of-'
pairs that present the same consonant contrast and indicates the propor-
'tion of errors for each class. The rows and columns of Table 6 are ordered

in terms of increasing difficulty of pairs in Lisﬁs 1-6, reading ‘from

Insert Teble 6 about here

tgp to_botfom aﬁd ffom‘léft té fight. ihe Lists i-é coiumn Qf Tabie 6
.shows that the order of dlfflculty, here llsted in ascendlng order, is_the
follow1ng;_ (l) the frlcatlve—stop contrast /k : x/; (2) the pla;n- |
palatalized contrasts, /d_: dJ/, /l K 13/, /n : nJ/, /z : ZJ/, /s : sj/;
'(3) the stop contfast /k 1 8 g/; (h) the frlcatlfe affricate .contrést

W ts/, (5) the dental and labial st0p contrasts /t : d/ and /p : b/

The /p : b/, /t‘: d/ and /k : g/ pairs exhlblt the same order of
relative difficulty as obtalned_ln Expgrlmeqt_If In fact, it is instructive
to compare the érfér_réteé in Lists l-6ﬁfér“theﬂiﬁéﬁs £hét éppeared in both
Experiments I.and II. For the /t : d/ items the error rate of O?T in
_Experiment I coﬁtfasfé with.the 2éo value obtained in Experlment II.
leew1se, the proportlons of err&rs on /p : b/ items are .139 and 222
in Experiments I and II, respectlvely. For the /k : g/ palrs the cor-
responding.figufes are ,067 anq .1;7. The prOpOrthnS of errors omn the
/k i/ and /z_: zj/ pairs ére relatively_low“compared tplwhat one would

expect from the pilct data, although for the /z.: zj/ pairs the error

_14_




Proportions of Errors on Sets of Three Successive Lists

in Experiment I

" Lists " p(error) Lists p(error)

13 . om 13-15 | - .o29

L6 .039 ) 16-18 .040
7-9 . 5 .036 19-21 - Loe2

10-12 ; .039 . 22-2h ool




TABLE 6

. . Proportion of Errors on Each Set.of Four Pairs
which Present the Same. Consonant Contrast and Contain

.the Same waell - rExperiment IT

Vowel Mean, Lists
Consonant
Contrast Ja/ /i/ e e/ [of 1-6 7-2L 1-24
/a s di/ - 019 - - - .019 - -
ket x) - 018 - - - 033 .013 .018
/r:13/  .050  .ob8 - - = Lok - -
/n s ny/ - 056" - - - .056 - -
/25 23/ - .085 - - - 067  .092 085
/s & 83/ - 0% - - ok - -
Jk oz g/ . 060 - .1he - .148 117 - -
/s :ts/ J1k2 .20k .10k 166,146 168 0 L1k7 152
VARV, 131 283 .165 .238  .281  .220 - -
/p b/ .119 .219 .151 LML 179 .22 .140 162
Mean, Lists
i-6 .108 .139 151 192 210
7-2k 2k 115 .18 L.18 .1kg

1-2L .17 .25 L1310 .163  .173

The proportions are based on Lists i1-6 data for pairs presented only in
Lists 1-6, and on Lists 7-24 data for pairs presented in all 24 lists.



rate increaged from LiSts‘l—G‘fcILists T#EH,
An items x subjects analysis of variance was pérformed on the Lists
J1-6 piaiﬁ—palatalized items. " Both the concepts and subjécts sources of
variance were significant at beyond the .00l level (Table 7) indicating
significant inter-cOnceﬁtzand inter-subject differences. o
If we Judge the relativé difficulty-of the voWéls'én_the basis of
all the pairs presented (Lists 1-24 data) the vowels ranked in order of
increasing,difficulty'arei /a, 1, u, e, o/. Note that, as in Experiment
I, the stops preceding /i/ are difficult. Table 8 presents the results
of. the Listsrl—6-analjsis of variance for each of the consonants /s : ts/,
/£ : d/,‘/§ : b/ with each of thg‘vcwels /e, e, i, o, u/. All the main

effects and two-way interactions are highly significant.

Insert Tables 7 and 8 about here

As in E#periment I, the number of errors on voiceless : voiced
and on.voiced : voiceless d pairs were compared. For /p : b, [/t : 4/
and /k : g/ 54.7%, 60.3% and 66.7%'respectively of the total errors on 4
| pairs occurred on voiced :'voi;éleés pairs. The table also éhows.that
voiceless s péirs are harder than voiced s pairs. Combining this with the
preﬁibqs finding, and without offering an interpretatiOn, we may say that
pairs ﬁhose secénd syllable is voliceless are harder than pairé whose
secbnd syllable is voiced.' Algo, 65.9% of the errors on /s : ts/ d pairs
occurred when /s/ was first. A regularity which undoubtedly is related

to this order effect is that s pairs involving either /s/ or /b/ yielded
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consistently more errors .than s pairs involyving siphsr‘/tséqor /p/
__rsspectivsly. " |

We turnrnOW'to the effects of the,vowels oq.consosant discrimination.
The relevant data here are the coipmn,ensries for a -given row of Table 6.
The order of difficulty gsperally_sgrees_vith that found in_Experiment‘I,
sinee pairs containing /i/ are most difficult, and those containing /a/
are easiest. However, while the pairs-containingu/o, e, u/ were sf equal
- difficulty in Experiment I, the /u/ pairs in the /p : ﬁ/ and /t : 4/
4-concepts appear to be relatively easier this time..

Proportion of errors computed over all subjects and pairs for each

iigz..,Figure 1 shows the mean learning curve. For the first six lists,
each data point represents.two thousand cbservations; for the last.la-
rlists? eash point reprssents 1,040 observations. We note thst nearly
all of the reduction_inﬂerrors occurred between Lists 1-6 and between

CLists 15-24. Also, it is interesting to note that the curve appears to

Insert: Fig.- 1 about here

be -approaching an asymptotic proportion ofi errors which is definitely
greater than zero (about_,lO).. In the analyses immediately following,
. the learning curves are considered separately for each of the various

categories of pairs.

Relative difficulty of 5 and d palirs. When the data .for those pairs
whose correct response is "same" are tallied separately from those for

which the correct response is "different”, trends indicated in Table $

-16-




TABIE 7

Analysis of Variance - Plain-Palatalized L-Concepts x Subjects

Experiment II

Source of Variance - d.f. ,  Mean Sqguare F
4-Concepts 5 8.27 6.59
Subjects - 19 .48 : 3.57"

4-Concepts x Subjects =~ 95 . 1.26 ' -

o < Lo0L




" TABIE 8,

. Vowels x Consonants x Subjects Analysis of

Variance in Total Errors on Lists 1-6. Experiment IT

Source of Variance d.f. Mean Sguare F
Vowels S 169.16 53.33"F
Consonants 2 63.Th 20.107
Subjects R 19 ' 53.31 16.81%F
Vowels x Consonants _ 8 p 17.60 5.55++
Vowels x Subjects o 76 - . 5.84 1.84"
Consonants x Subjects 38 15.56 . “4-90++.
Vowels x Conscnants x Subjects 152 : 3.17 -

o < L001

T+

p < .00




“emerge. As one would anticipate from the preceding analysis, the decline
~in errors is rather slight. For the s pairs, the proportion bf;errors
fell from .08l in Lists 1-6 to .07l in Lists 7-24. On. the corresponding
lists, the proportion of errors on-d pairs dropped from .223 to .186. 1In

agreement with Experiment I, most of the improvement occurs'dn_the-g pairs,

',Inéeft Table ‘9 about here

even though there is more room for improvement on s pairs in the present
experiment tﬁan in Experiment I. To compére“the performance on the s

and. d pairs which appeared in -all lists used in the experiment, two sign
‘tests were run. First of all, when the number of errors by a given
‘subject on the s and d items were paired, (yielding twenty pairs), the
f'5§ pairs proved to be significently more difficﬁlt. For Lists l-6, and
again for Lists 7-2U4, the difference was significant at the .0l level.

- To ascertain whether there was any significant improvement on Lists 7-24
from Lists 1-6, & sign test was run on the s pairs, and another on the 4
pairs. Each-subject‘s proportion correct_in the earlier lists was palred
with his proportion in the later lists. Tor the s péi}s,;the difference
" in .proportion coriect hetween Lists’l;6 and Lists 7-24 was not.significant.
”For'théxg pairs, 17 differences were. in one direction, indicating signi-

ficant improvement (p < .0L).

‘Proportions of errors for pailrs classified by consonants br by vowel.
"By comparing the sixth and seventh columns on Table 6, it may be. seen

that improvement occurred on all those consonant contrasts which appeared

i7-




~on all 2k lists, except for the /z : zj/ pairg;._Likeﬁise;'cdmpérisop of
fhe next to last row with the preceding roﬁ revegls improvement on pairs
. containing vowels other than /a/. ‘When the proportionsiare computed

.. over Qﬁly the /p : b/ and /s : ts/ pairs (to allow for differential elim-
ination of certain vowels in the:selection of pairs for Lists 7-24),
Vimprovement is_indicated fqr the /a/ pairs also. Figure 2 gives the plot
of the proportion of errors in sets of-six’successive lists for the pairs

..which appeared in all.lists. BEach data point is based on 2,400 cbser-

~vations for the /s : ts/ and /p : b/ pairs, and on 480 observations for

Insert Fig. 2 about here.

the /k : x/ aﬁd /z.: 23/ pairs. A comparison of the /s : ts/ and /p : b/
curves reveals no differénce in the.initial level_of:learping (Lists_l-6)
but a wide difference .in learning rate.

‘Table 10 presents a more detailed breakdown of the learning data.
The /k : x/ pairs were excluded from this tabulation of the proportion of
errors over sets of six. successive lists, since the proportions were
negligible for these pairs. The proportiens for the /z : zj/,pairs.are

based on 120 observations.- The proportions for the othér pairs are based

Insert Table 10 about here:

on 600 observations each. Among the pairs involving /p : b/ and /s : ts/

2it is clear thétkthe‘g pairs are easier than the 4 pairs. . In the abgénce

-18-




TABLE. 9

Proportion of Errors for s and d Pairs

LALL Items in Exp. Ttems appearing in

| Lists ' _ all lists
Type 1-6 T~2l 1-24 1-6
o 6 N o : ,085

a . 223 .18  .201 B .259




TABLE 10

'Prqportions of Errors on Various Types of Pairs on Sets

. of Six Successive Lists .

Type : Lists
o 1-6 T-12 . 13-18 19-24
fes®/o - 068 .037 Y : .032
Jo i p/ S - & 287 ©.158
jeoed/ - 210 L1830 0 T3 .090°
/o :p/ .62 - k3 133 080
K11 /b, p/ 222 69 L1600 - .090
/s 18/ 075 .08 o 108 .02
/s its/ - 337 T 368 .. .275 262
Jts 1 s/ S.200 ©o.188 . .37 .18
Jts 1 ts/ L0580 .0k3 . .obs . .033
All /s, ts/ 168 171 L1k .129
fei oz 21/ 067 o Lo6T 175 .100
/zi : ziif .033 .100 . .0be - .008
[z3i 1 zif S .15 125 .233 075
[z3i ¢ 231/ .oh2 .050 .092 .033
A1 Jz, 23/ - .067 085 .135 .05k
A11 items . .183 163 149 .10k

The /k : g/ and /t : d/ items were presented only in Lists 1-6.
The proportions of errors were /g : g/ - .039, /g : k/ - .272,
[k : g/ - .097, /k:k/-.057, fa:a/-.068, Ja; t/ - .40,
CJt:a/ - .215, and /t 1t/ - 137,
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of statistical analyses, we may roughly say that learning is seen clearly
on &ll four pair types involving /p ; b/, only on the /s + ts/ 4 pairs,
and it is not. appreciable on the /z : zj/ pairs.

Individual learning curves. - Figures 3-7 display the proportion of

errors computed over sets.of three successive lists for each subject.
From inspection, it appears that there are considerable inter-subject

differences in the forms of the learning curves. A systematic interpre-

-tation of these data will be deferred until after the mathematical models

have been presented in the next section. Table 11 gives the proportion

-of errors, computed across all lists, for all subjects. It is clear

Ihsert Figs. 3-7 -about here

that there are substantial ‘individual differences in discrimination

Insert Tables 11 and 12 about here.

proficiency. - The proportion of -errers for individual subjects ranged
from .01 to .278. Table 12 gives the results of the computations .of
mean and variance in tobtal-errors for subjects in 25th, 50th, 75th and-

100th percentiles ih total errors.

Tests gg_responseiindependence. The first analysis sought to ascer-

tain if the probability of a correct response was independent of the

correctness of the response %o the immediately preceding pair. There-

fore, the probability of a correct response to & pair, given an incorrect

-19--




‘iesponse on the immediately preceding pair, was compared with the proba-
bility of a corréct-résponse,-given a,cofrect-?esﬁonse to the.preceding ﬁ 
pair. One shortcoming of this independence test is that the proportion
of correct following incorrect is computed largely from the slow learners,
difficult pairs, and early stages of learning, while the proportion of
correct after correct is based largely on the fast learners, easy pairs,
and later stages of learning,  An attempt to minimize this bias was made
- by .computing the proportions separately for each subject and for each
gquartile of trials before the trdal of last error. : Appendix D gives

the individual conditional propbrtions for each quartile, as well as the
means over subjects. The p(cqrrectlcprrect) entries are based on an
average'N of 50.5 while thé average N.for p(correct|incorrect) is 328.
‘The‘mEaﬁ proportion of correct.following-correct exceédthhe meen pro-
portion of correct following incorrect by..048,.007, .005 and -.004 in
the firsf,lsecqnd, third and‘fpurth_quartiigsz ;gspectively; After
pairing the-two conditional proporticns for -each éubject,ua sign test

was run on the data of each quartile, Thé difference is significant at
the .01 lefel fof the first quartile and not significant.thereafter.
.Thus, the probability of a correct -response gppears to ﬁe indeﬁendent of
the_correctnéssAof the preceding response after the first quartilé.

The hypothesis that the response is independent of:the immediately
preceding pair type (s or Q).was tested next. Since-the reinforcement
after each response informs the subject as to whether an 8 or 4 item had
been presented, we in effect tested the assumption that the response is

'independent'of”the.preceding reinforcement. The data from all subjects.

- Te I




. TABIE 11

Overall Proportion of Errors for Each Subject in Experiment II

Subject _ p(Error) Subject p(Error)
19 | .278 20 SRR 124
13 o 267 g .101
w7 207 11 o .098

2 o 19 .5 o .098
o 193 6 .089

180 10 B 067

_ 148 8 ‘ .055

15 o 146 : 6 - .052
18 .135 12 .oh2

14 .133 4 .Ohl




'TABLE 12

Total Errors by Subjects at Different Performence Levels

Subjects’

Percentile in Total Errors

Total Errors Mesan Variance
0-100% 159.6 8338.50
75-100 56.4 100.68
50-75 . 116.6 217.0k
25-50 1720 553.20
0-25 ) 293.4 1934.64

This percentile range includes all subjects,




were pooled and four. X?s were computed. The first two were chi-square
- independence tests, computed .for.the case where the pair on the present.

" (not preceding) trial was an s pair, one from the Lists 1-6 data and

anpther from the Lists 7-2L4 data. . -In like manner, two 1X25  Were cofi~
puted for the caée_where the pair on the present trial was.a d pair. .
Table_13 gives ﬁhe ;hi—;quare va;ugs obtéined pnder the four qgn@itipns.
Weither of the _N?s on the Lists 1-6 data are statistically significant,

although both approach significance. On the. other hand, for Iists 7-2k,

- Insert Table 13 about here

resppnses to the s pairs are dependent on the pair type presented. on the
~preceding trial.- (Xe =:6.173, d.f. =1, .01 < p < .02), A comparison

of the observed and theoretical frequencies from which the significant

© X7 "was computed revealed that the observed frequency of.correct-régggﬁgg?

‘on.an s pair, given.an s-palr on the preceding trial, exceeded the predicted

frequency. Hence, by necessity the observed frequency of correct responses
on - an s pair, given a d pair on the preceding trial, fell short of the

predicted frequency.. .

- Analysis ggrvariancegggzitem and subject q;fferenées; First we ask
whether the- varilance.in total errors is due primarily. to. inter-subject
differences or to differences in difflculty of various h—concepts. To
ansver this question, a 20 subjects x 12 "hard" 4-concept analysis of
variaqce W&S fun,:in.which each cell entry represented the total errors

on a given L-concept by.a given.subject. . As Tablejlhhshows, the variance

<21~
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due-to each source is significant (p < .0Q0L). Therefore both the inter-

subject and inter-concept differences:are considerable. A second analysis

represents one of the preliminary attempts to determine whether the lin-

guistically defined concepts are responded to "as units".

That is, 1if

the /p :-b/ pairs, for example, contain.common cues which are a basis

Insert Table 14 about here

for including all of them in.the same concept, one might expect some

"transfer" between learning one subset of /p

‘another /p i b/
“each 20-concept

- (We' recall that

b/ pairs and learning of
subset. It Seeéms natural to choose as the subsets of
the 4-concepts included in the particular 20-concept.

there are five L-concepts included in the /p : b/ concept,

since the /p : b/ pairs may appear with any of the five vowel phonemes.

Likewige; ‘there
- data for the /k

, 8ince each

It seems that a

same 20-concept
total errors by
" coefficient for

subject's total

other U4-concept.

'a subject

are five lU-concepts included in the' /s :'ts/”COncept.-.The
: x/ and /z : zj/ pairs are less appropriate to the analy-
type includes only: the L-conéept involving the vowel /i/).
rough index of "transfer" across l-concepts within the
may be obtained by comparing the correlations between

on. one h-concept and another. A correlation
each pair of L-concepts was computed by matching each

errors -on one- 4-concept with his total errors on the

Table 15 presents the. correlations between the . number of errors on

. each pair of W~concepts, and the mean and standard deviation of the-
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TABLE 13

Values of X2'0btained in Tests of Hypothesis that the
Response on Trial n is Independent of the Type of
Ttem Presented on Trial n - 1

Ttem Type on 7 ‘ Lists

Trial n = 1.6 72k
s 3.53" 6.17"
a 3.6t 0.92

T ls<p< .10
++ - '

L1l < p < .02




TABIE 1k

Analysis of Variance - Hard L-Concepts x Subjects; Lists 1-24

Source of Variation
4-Concepts
Subjects

4-Concepts x Subjects

*5 < .00l

11
19
209

Mean Square
530.34
731.45

51.17

10.367

ih.29%




number of errors on each concept. The coefficients range between .135

fgpd_:967, - The. entries enclosed by the. same triangle represent correlations

between pairs of 4-concepts included in the same 20-concept. The table

- Insert Table 15 about. here.

reveals that, without exception, the correlations between total errors
on pairs of h:congepts are higher when the #-concepts are included in the
same,EOfconcepp ﬁhannwhen the twth-conceptsuare from,differeﬂt EOqunv

cepts. ‘FQr_the,/sl:.ts/.pairs, the. intercorrelations are remarkably high

(.792-967), whereas the maximum correlation. between.an /s : ts/ 4-concept

~and .a non-/s : ts/ lL-concept is..608.. These high intercorrelations within

a 20-concept- contrast with the much lower correlations between total errors

on /p v b/ and /s : ts/ L-concepts which involve the same vowel phoneme .
(e.g., the correlation between /pa : ba/ and /sa : tsa/ errors is..357).
The intercorrelations within a 20-concept indicate some learning of the

general. concept (e.g., /b : b/), but. the lack of perfect.correlation

. indicates that each L-concept also presents unigue stimuli to. the subject.

A more sophisticated way of studyingltransfer across L-concepts within
a 20~-concept is.to examine the conseguence-of assuming that transfer is
perfect, i.e., that all praaentatipns”ofvasgiygn 20—con¢ept;represent
repeated trials on that concept. This way of looking at the problem is
developed later.in connection with the application of the one-element-

model.

23



4, LINGUISTIC INTERPRETATION OF RESULTS

In 'this section, the results which seem particularly pertinent to
" the application of linguistics to teaching of a second langusge are summar-
ized and interpreted.

| Several limitations of the study should be borne in mind at the out-
set: (a) auditory discrimination was at issue exciusively, a much narrower
fieldzthan the usual dimension in language learning; (b) the recording

and playback apparatus although adequate, was not of professional quality;
(¢) a single native speaker was used thrcoughout; (d) the subjects were
homogeneous only in that they were students at Stanford University, -and they
did not know Russian.’ With these reservations, we now note the results
which may have wider implications for second langusge learning.

learning. As a result of about 125 minutes' exposure to the stimulus

”materiai and ieinforceﬁents*of Experiment I, a fair smount of learning
occurred. Under the schedule of one 25 minute session daily for-five
consecutive da&s, the overall proportion of errors dropped from 11°/o

on Iist 1 to 2°/o on IList 2L. ‘Fof'Expériment I1, with spproximately the
" seme éprsure time, the drop was from 22°/c to 10°%/o. (See Fig. 1).
Experiment I suggests that additional presentations of the voiced-voiceless
‘contrasts might result in nearly perfect identification of them. On the
other hand the failure to attain perfect performance in Experiment II
Suggests'a-not-surprising limitation in the'pedagogic effectiveness of

the experimental design. One possible technigue for improving learning
would be to ebendon the random presentation order in favor of repeated
trials on tﬁe séme concept.

The fact that in Experiment IT the reduction of errors occurred
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TABLE 15

Intercorrelﬁtions between Number of Errors on Pairs of 4-Concepts

Contrast - /p:v/ [p:®/ Jpid/  [pib/ /p:b/. [s:ts/ [eits/ [sits/ /s:ts/ /s:ts/ /kj:xj/ [z:23/

Vowel - fef Je/ Ji/ [of  Ju/ [/ /e/ /i/ /o/ [/ /1/ /1/
1 2 3 b 5 6 7 8 g 10 11 12
.357 .329 .301 .258 .286 .301 .280
529 .502 .591 k26 438 | 137 .258
186 463 L5l o8 .488 296 276
.508 L4311 .505 .365 .371 .256 .230
o7 .37h .528 .323 Lot .239 .135
967 .837 - 949 . 900 .553 526
.886 .955 .938 608 . .57
792 .81 .568 .371
.Gh3 .539 .601
STk 54T
11 .318
. .
Total Errors
Mean 11.40 13.45 20.30 17.15 1445 13.60 15.90 19.75 14.05 9.65 1.70 8.20
S.D. 8.18 8.66 9.63 11.90 9.34 12.69 13.98 11.63 12.25 9.91 2.10 4,65






primarily within Iists 1-6 and Lists 15-2k points to the platesu-type
“of langusge acquisition rgther than continuous learning.

" s and d pairs. When the two members of a pair are the same, it is
“easier to ideﬁtify'them as such than it is to identify as different the
- members of ‘a d pair. In Experiment I, the overall error rate on d items
was 5°/o, and dropped from 7.5°/o on Lists 1-6 to 3.4°/c on Lists 7-2k.
(See Table k). By contrest, the overall error rate for s items was 3.@0/0,
and the drép was from 4°/o to 3°/o.  The same findings were true for
Experiment II, where the over-all error rate for s pairs was 7.50/0 (with
‘& drop from 8.1°/0 on Lists 1-6 to 7.1%/o, on Lists 7-24), and for @
pairs 20°/o (with & drop from 22%/o0 on Iists 1-6 to 18%/o on Iists T-2k.)
This suggests that it is useful to present the material in'the'h—concept
apprqach oi the experimental design in order to take adventage of -the
lower error rate of & pairs and the higher learning rate of 4 pairs.
However, d pairs should also be presented at a higher ratic then s pairs. .
.. That phonemes should be presented in pa?rs'rathef than individually,
was not tested dn view of experimental literature evallsble, e.g.,
Pollack's (1952) findings on comparative versus individually presented.
‘sounds, which showed that a great many more sounds could be distinguished
when presented in comparison.

It is also intefeéting_to note that, as intended, learning proceeded

in terms of phonemes and not allophones, and that over-discriminstion of

consonant allophones in s pairs and of vowel allophones in d pairs did

not seem to occur.

Consonant difficulty. The consonants exhibited a definite order of



difficulty.“(See,Tab;e‘l);.:Generally,:frigatives_were more .readily dis-
criminated than stops. .This is-due in part.to .the random noise.character=-
istic of the former, usually more easily recognized than the complete absence

of energy in the pre-released portions of .the stops; but perhaps even more

important here is the phonetic similarity of Russian and English fricatives.
This is not true of the stop phonemes where the Russian voicelegs gtops
‘are.not highly aspirate as.their English analogues are, and the volced

ones are fully.voiced, iHence, -due to their own linguistic backgroupd,
L SaERe ,

the subjects had difficulty in discriminating between voiced and voiceless

stops in Russian. - The.order -of difficulty‘within the stops was‘unexpected:
discrimination of labials, /p, b/, proved more difficult-than that of
dentals and velarg,./t,d,klgf,;contrgry;to acoustic-tests on burst per-
ception:_

The fricatives of Experiment I, /f, v, s, z,_sh,:zh/, were ﬁot
included in Experiment IT, Whereés the stops were, With.the.addition of
the pairs /d : 43, k‘:-x, l:1j, - n:nj,.z: 2zj, s :8j, s : ts/.
(See‘Table_G),, There is-a striking difference, between Experiments I
and.II,_in_thg error rate on those items which were presented in both
.ekperiments. -The difference in total exposures, as listed, although con-
siderable, probably is not solely the céuse_of the difference: (The
ehtries arerthe,presentatiqn-frequencieszfor 8. given subjectj)

/po/ fdf - [k,e/
Exp I - . . 180 _ 480, oo, . 288

Exp IT 300 120 - T2




- member of the pair mede. for better discriminstion -than the presentation

We alsc ruled out the possibility that the subjects in Experiment I
were more .gsorhisticated linguistically than those in Experiment TI.. The 3

questionaire -data on their prior language training indicates that the two

| groups were comparable. It seems most likely_that,thg inter-experiment
differences in error Tabe on items common . to doth experiments is due to
effects of the items unigue  -to each experiment. TIn Expgrimentjl? although
both fricatives and stqps,were_used,;they-were;contrasted only within each
~0f the two categories, and not across categories. Furthermore, the dis-
crimination of the fricatives was quite easy so that the subjects could
- focus thelr attention on the stops. -In Experiment LI, on the other hand,
ipranitiQn;to the. stops of the previous experiment, more difficult
Russian consonant phonemes. in relgtion to the English phonemic system -
wera_introdgced,-andrcontrasts were_presented across cabegories,.e.g.,
/k : %/, stop : fricative. Thus, the construction of lists for Experiment
Il was more intricate by far, and-eachkpaif required the subject to make
a;number of decisions in discrimination. .

. Another Tinding cen best.be interpretedfin terms of a feature analysis
of the,phqnemes,_namely; the .error rate of 4 pairs beginning with a
voiceless consonant Was consistently lower than that. for pairs beginning
with a voiced consonant. For example, many more errors were made on pairs
of the /ba : pa/ type then on those of the /ﬁa : ba/ type.. We could -

therefore. say that the addition of the feature of voicing to the. second

. of this added feature with fhg first member. .In regard to Lfricative :

affricate, however, the higher proportion.of errors occurred, consistently
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with the fridative'as the first member,“rather:than_theiaffricate; This
is consistent'ﬁith*the-interprétatibn of the affricate as & strident

congonant rather than as s stop plus constrictive, a fact demonstrated

by the lack of any intervening'intensity minimum when the speech wave is

enalyzed as a function of time. (Jakcbson, 1952).

- Vowel difficulty. The date on the error rates of vowels in the two
‘experiments are'hdt'quite_comparable because only plain consonanﬁs-were
used in Expérimeﬁt I? and plain and'palatalized cdnsdnants in Expéfiment
II, which require different vowel allophonesr"for EXﬁérimenth,‘theVIOW
. céntral /a/ affectsijudging bf cohsonan$s thét precéde it the least.‘ The
back vowels fu/ and o/ affect-juaéeﬁent to sqmé degree; ébout-eqnélly |
for béth vowels. The front vowels have the most marked effeét.on &is-vl
crimination, with'/i/_caﬁsiﬁg'much'grééter difficulty than /e/. '(Seé".
" Dgble 1). NN . | |
| Since the allophones'ofl/i/,‘S@élled."M“'and-"bl" respectively,
after palatalized and plain consonents are quite difi_‘érent'phonétically,.
therExpefimeﬁt Ii7iteﬁs maﬁjbe divided into two sets:.“qne, biain contrasts
only, and two, plain and palatalized cbntrasts. If we cbnsider-onlw'ﬁhe
latter part of the experiment, in eddition to the small ebsolute number
‘of occurrences of /i/, the importence of the high error raxe.becomes
_épparentw ‘This is not sﬁrﬁrising in view of the nature of the English-
vowel system which causes the subjééts to perceive the high front aﬁd
high central alIOPhénes of the Russian /i/ as two separéte vowels, a fact
not true of the allophones of the other four Russiah vowels. A correlate

" cen-be found in Halle's (1959) forment frequencies, computed from stationary
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portions of sonasgrams, or if mo such portions were evailable, from the

‘middle point of ‘the forment (p. 115):

: ‘ i e 8 o] u
/of F 200 koo 700 400 275
F, W5 1875 125 700 550
FB‘ ' 2125 2500 S2e00 2105 2150
_;_/__:Qj_/_ o 150 | '1{-25 STo0 500 300
F, 2150 1900 1375 1000 575
_F3 , 30’00: , __2625 _ 2250 | 2200 2500

The phoneme /i/ has by far the greatest discrepancy of .forman'l:s » & Tact
with which our findings correlate.

In summary, except for { _3‘.) the discrepencies from a predicted order
_of diff_a‘.;:ulty whic_h__was based on d_j.scrimination _a:qd. production ra”_cherr than
only on discrimination, and (ii) the relative difficulty of the discrim-
. _‘i_n;a.t;on of bilabials s the experimental linguistic findings fulfill most
_qf _i_:he expeptations resulting from a contrastive phonemic snalysis of

Russian and English.
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5. QUANTITATIVE APPIICATION OF STIMULUS-RESPONSE THEORY

. In the preceding sections,mﬁe.haﬂe'attempted to present in consider-
gble detail +the émpirical results of the experiment, with little emphasis
on a psychological interpreﬁétion ofkthese results. In this concluding
section cf the Report, we turn to a quentitative analysis of the experi-
mental data in terms of one;fundamemtal stimulus—response theoxy of
learning. The basic theory we apply originates with Estes' paper (1950);
8 large number ‘of other infestigators have contributed to the development
ofothe thedry inctheécpass.decade.

.":In a highly simplifiéd'form,ithe bésic ideas are ss follows. The
orgéﬁism is presentéd‘wiﬁh a ééquenéé of trials;‘on each éf‘which'he makes
& response that is one of several possible choices. TIn any particular
experiment it is assumed that there is & set of stimuli from which the
orgenisn dravs s sample at the beginning of each trial; it is also assumed
théﬁ'on eébh trial'eédh'éﬁimﬁlﬁé'is donditioned to at most one response,
Tﬁé‘proﬁébility of:makiﬁg:a giveh response on any trial is postulated to
be simply'the proportionﬂof éampled stiﬁhli’éonditionéd‘fo thet response.
However, if there are no conditioned stimili in the sém§135 it is post-
ulated that there is a "guessing" probgbility for each response, and this
gqessing probability is independent of the trial nuber and the past
sequence of events. Iearning takes place in the following way. At the
end of the trial, a reinforcing event occurs identifying thet one of the
possible responses which was correct. With some fixed probability the
sampled stimull become conditioned to this response 1f they are not so
alreedy, and the orgenism beginsg another trial in a new state of condition-

ing. The sequence of events postulated to occur -on a given trisl may be
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illustrated by the following diagram:. = .

state of S stimuli U7 redponse -
conditioning -2 sampled — made —
reinforcement reconditioning new state

occurs - of sampled — of

stimmlii ”_con@itioning
Note that the trial begins with a certain kind of condi%ibﬂiﬁg'and_ends
‘'with a new state of conditioning. This ‘change of conditidning représents
 the most esSentiél‘part'of the learning process. (A more explieit
formilation of these ideas is to be found in Suppes:and Atkinsén (1960)).-

- The four basic models we wish to describe here mey be viewsd as'’

special cases of this general theory. Roughly speaking, they correspond
to assuming that different numbers of stimuli are availgble for sampling
on every trial. In this sense the different models corréspond té postulat-
ing that a aifferent mimber of stimulus components or patterns are sampled
~from the CV pairs presented to the subject on each trial in the present: -
experiments.

" One-element model. A simple model, and one that has proved empirically

highly satisfactory in a wide range of experiments, is the one for which
it is pbstulated that there is exactly one stimulus element which is
available and sampled on each trisl by the subject. A mathematical model
“that arises from'this-siﬁple one-element assumpticn can bedeserived in
the following way. On every triml the subject is in one of two states: -

" either the single element is conditioned (#tate C) ‘to :the correct response,
in this case the verbal responses "same" or "different”, or it is Uxcon--

ditioned (state U). We formulate the mathematical:background of thé
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model in such 8 Way that the subject‘sibehayiof"forms a Markov process in -

these two states with the'transition matrix indicated below.

_staie‘on trial‘n

e L .U
~ .state on. 1 ©
| Ubtiglmpsl U | oc 1-c

The meaning'of thie méirié is simples When the_subject is in the uncondi- -
tioned. state there is a probeb;llty ¢ that he will move %o the condltloned_
state. Once he becomes condltloned he remains so as indicated by the-
_probabllity 1l . Secondly, we postulate that the subject gueSSes the
eqfreC£ re5p9nse with probebility g when he is in the uneonditioned

‘stete and re5ponde-cprrecﬁiy“vith.prdbability l:'when‘he.is'in.the'
._eonditioned state;. . |

 From & psychologlcal standp01nt the simple one-element model represents

'condltioning 85 an all-or»none process. The assumptlon of a constant guess~
rlng probability en,eaph trial before condltioning implies that there is a
‘ ,binqmiaiiﬁ@isﬁributidﬁiWith parameter g of reeponses prior to the last
errdry“gfﬁiS'ﬁbservaﬁion hes importent consequences for the analysis of
experimehtal;eapa,_the‘mpstuiﬁportant one beiﬁg that the meanilearning
'_eurve{lwhengestiﬁeted over responses prior to the: last error for each
sﬁbject, Shoul@ebe;e_horizonﬁal line. This is because on all trials prior
te theulast_errqf-theﬁeﬁbject‘must be in the guessing state.: Therefore
“his prdbabillty of maklng & correct response is constant (and equal to g )
to these trlals.

The ObServaxiqn that according to the model responses prior to the
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last error have a binomial distribution, suggests the consideration of a
number of goodness-of-fit tests. The virtue of ‘these tests is that they
permit a genuine statistical evaluation of the null hypothesis that the
model fite the datsz. bellowing'the more detailed discussion in Buppes
and Ginsberg (1961) there ave four tests that are appropriate to apply.
The statistical properties of these four tests ére well kaown in the

literature and do not need to be discussed here.

Sfafionarity. The firét and most important testrconeerns,the property
alreédy mentioned. namely that the mean.learning curve when estimeted over
the responses prlor to the last errcr is s horlzontal line. The appro;
priate test in this case is the statistical test for stationarity,
formulated In terms of the null hypothesis that there is no change in the
proportion of correct responses over trials prior Lo the last error.
Ieﬁting the variable t run over blocks of trials the sppropriate chi

square test is as follows:

e (/e

where i =0, l,»ni(t) 'is the number of correct (i = 1) or incorrect
(1 = 0) lresponses-in block +, n(t) is the total nmumber of responses in
block t;ini is the muber of correct (or’incorréét)AréSponseS-suﬁmed
~over all blocks, and N is the total numbsr of responses stmmed over all
- blocks. The )(2 statistic has the usuel limiting distribution with

T - 1 degrees of freedom, where T is the muber of blocks of trials.

(If there are m>» 2 responses, the mmber of degrees of freedom is N
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(m - 1) (T - 1).) Under the restriction to two responses, the expression

for I'g may be simplified to

: . o | o -
X ’“Z [an(t) - nln(‘b)] nan(t)
t

thus eliminating fhe sumigtion over i .

_(_)_i_‘d_g_g. The second test conce:.c;ns. t}-lel- null hypothesis that the sequence
of responses do indeed forxﬁ a sequence of Bernoulli trials, i.e. s that
..responses are statisticallyrindependent‘ fr.oﬁl one trial to anothef. The
alternative hypothééis is that there ig, a first order dependence. The
appropriate fomulafion of the chi sc_iuére"tés-_t' is as follovs

' S n n; 2 ‘n
2 _ i _ 73 J
X - L m —_— 2

where J aswellas 1 is 0 or 1, n,, is the number of transitions

J
from state 1 +*o state Jj, n; = Ej acli‘j 5 nj = 12 . nij , and N ig the
total number of responses, as before. Again, Y 2 has the usual
limiting distribution with (m - 1)2 degrees of freedom, where m 1is
 the number of states; here , m=2 . Acceptance of the null hypothesis

has the strong implication: that we carmot prediet responses bebter if we

know whether the preceding response was correct or incorrect.

Distribution of Responses. The third test concerns the question
whether regponses do indeed exhibdit g binomial distribution. Because the
number of responses prior to the last error varies from subject to subject

and because, unless the number‘qof subjects is very large, insufficient

dete will be cbtained by grouping subjects together, the practical way to
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test:this hypothesis is: {0 consider blocks of -tri_als;in‘__ some given length,
sey Tour. .On the null hypothesis that responses are statistically inde-
pendent a standard chi square test fo:. goodness of £it of the empirical

- histogram ls sppropriate. - -

- Distribution of sequence of responses.. We may go beyond. the binomial

distribution of responses-to the more detailed question of the distribution
of sequences of responses.  Again we look abt blocks of a given length; say,
four,. and.in this case agk if the sixteen 'possible -sequences of four
responses exhibit the appropria,te‘distr_ibu’cion. A chi square test may sgain
be applied -in exactly the manner :approprié:be to the distribution of
responses themselves. |

~ . 1t also mey be remerked that the distribution of last errors may be
examined from. a- statistical. standpoint but unfortunately, in. the preserit-
experiments, the number of- subjec'i;s reaching criterion was too small e
provide adequate dgta.

The four tests just described were applied to the group dabte for -
Experiment Il. - However, one important point of interpretation fox -
gpplication of the model needs to be mentioned. We may apply the one-
element model gt different ggncep’t leve_]_,s._ We mean by this the following:
in a variety of e@exfj‘.mnen—u;cl:‘slﬁhe éné—elefaéﬁt modéi hé.s fgeen succgséfully
interpreted in terms of a conditioning __a_.ssooiation :bet{_feen a cpx;cept and
the correct response, e.g. ; the concept of a geome‘tricé,l form like a
guadrilateral or an a‘ostrac'b concept like that of 1dent1ty of sets. The
assoclation need not be 'between a par‘tlcula:r' stimulus and the correct

response. In the present expe:c'_:!.ments , as the px‘eceding' eralysis has
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 already ind.ieeted-:«fit 18 'poss;tble--to'idenﬁify ‘severa.lfle&el‘s-f-cif-fconc‘epts.'
We: shalm 1ndeed appLy the: model to the l~concepts, h—concepts, and 20«-

concepts already def;ned.:~-u

' Two~element model. Because the 0n6velement model. does not adequatelyl
;fit;the detejof Exﬁerimsnt-II,iit;is_necessery;tqecons1der add;tlonel,
more complicateatmode;s'thatfmayfbe derived from:.the fundamental theory.
.- The next-step-beyond.postulatinguthat[conditioning*is«an all—or?nones
processlis fcrpostulate;thatﬁieaining'takes placelin;two stages, In
~particular, we. assume that associated’ with each. situatlon are two st;m—
sulus elements and therefore, that ‘the. learnxng proceeds in “two stagss
of all-or-none condltionlng. Each of these two elements iS~conditioned}f
On ar;, all-or-none basls'but'theatWOﬂpersmetersuef senditiOningg*one'for
'eaéh?element ,-may be adjusted”tO“éfeduce-variouS'iﬁéremen$?i effects on
the response probablllties et g 'end-fr -beﬂthe tworeléments.‘ The
| ba51c learning process may be represented by the followmng fourmstate |
Markov proeess-where;the'four_stateS'-(U,T),rsg, Ty, andr.Q-lyepresent

the possible-states ofueonditioningﬂof‘the‘ﬁwo{stimulusfelements.=

- - | 0 &/2 . 3/2 l—a

Because ve do not attempt experimentally to identify the stimuli o and
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T, this Markov process may be collapsed into a three-state process, whose
sfatesrare simply;the-numbgr of stimuli, conditioned to the correct response.
in the maﬁrix showh above a ~1s the probability of conditioning at the -
second stage. The aivision by 1/2'in the matrix simply represents the -
equal probability of sampling one of the two elemeﬁts. I? we consider

]

only the number of stimuli,.it'is convenient to replace '%r by b and

we obtain the'transition matrix shown below: -

2 lr 0
2| 0 0
N
0 'Qf'. a 1-a

To ‘complete thé.description=of.thé'prOCess we associate with the states
0 and 1 the guessing probabilities = and g, . This means that we-
now havé.a process with four free parameters, the conditioning parameters
a and b and the guessing probabilities go and 8y« In actual fact,
in terms of the methods we shall use for analyzing data, these four para-
meters are reduced to three, because we shall only consider response data
prior to the last error, This means that the ‘second conditioning para-
meter b will not enter into the analysis of data, for the subjects must
be in state O or 1 prior to the last error. Necessarily & transition
ffom state 1 %o 2 cannét hafé occurred -at this gtage.

Eétimation of the three pafameters can be approached in a number of
ways, In the application considered below, we shall restrict ourselves

to a consideration of data from individual subjects, that is, the estima-
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~tion éf parameters shall bé fof‘indiv;dual subjects and not for group
Qata. This_introduces azconsiderable simplification both .In the esti-
mation of parameters and the analysis of gocdness of fit. It has the
particulariy desirable feature of eliminating any probleme concerning
homogeﬁéity of_parameters 8cross subjects,

. When learning data for individual subjects are .considered, it is

apparent what sort of learning curve is predicted by the two-element model.

The learning curve is simply a step function with the first step being at

levels go,‘the second at level 8 -and the third at level 1, correspond-

'ipg to the probability 1 of a correct respoﬁée:in state 2. From analy-
sis of individual data it ié of cdurée impossiblé ﬁo tell exactly when a
subject.passes from state 0 +to state 1. Wﬁat We have done is to apply
amﬁdel%mS@@@inmemnwmgmmapWeﬁﬁﬁthma
for each subject into octiles preceding the last error. On. the. assump-
‘tion that the transition from state O to state 1 occurred at the
jth octile we fit 85 and 8 by the method of least squares. . This
estimation is performed for each ocfile, We then select as the point of
transition from sfate 0 to staﬁe_ 1l the octile which has .the minimum
1east sguares deviationf Thg‘equation Tor the least sguares function
f(j) fof the jth octile 1s as follows:
j . 8

@ w25 (k- 8P Y (k-8

=t 0L = |

where xi is the observed proportion of correct responses -in the jth

octile. Taking partial derivatives with respect to"gd~iand 'gl, we then
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obtain the fellowing two equations, which were used to estimate -84 .

and‘:gl:
. . o _ 5
A
(2) 8y = 2. %4
. R = ]
J
: : : - 8 :
A
(3) g = Y %
8-3 -

The computstlons are done for J=1,2, ..., 8. The case ; 8 means
that only state O. cccurs and hence is equivalent to the one-element
model, It should be reallzed in pass1ng from the one- -element. to the two-
element model that any 51mple operational 1dent1flcat10n of the twe elem
ments  is not possible. It is a common question to ask what the two
elements correspond to in the stimulus material heard by the subjectl
'ﬁerious nsjchologicaltinterpretatlons of the two elements:can be given;
hut at the present stage of research it does not seem p0851ble to 1dent1fy
.them psychologlcally in any experlmentally deflnlte manner Perhaps the
rfnost suggestlve way. to think about these two elements is that they cor-
respond to the two most 1mportant aspeets or propertles of the stimulus
meterlal.r. |

.Beoause.of the theoretical character of the twolelements postulated
in the two stage model, there is no real reason to restrict the analy51s
to two elements In other experlmental s1tuatlons (see; for example
| Chapter 10 of Suppes and Atklnson (1960)) the number of stlmull has been

'estlmated for the data, Because of the relatlvely small numher of obser-
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vations for=iﬁdividual subjects, we have not attempted this extension
in the.analysis of Experiment II. This would be possible if thé data
from subjects were combined,,fut we feel that in the present experiment
the heterogeneity of individual subject behavior is sufficiently great
to afgue against this approach.

Linear model. Another alternative model that we wish to consider

~ 1s .the linear incremental model with a single operator. The intuitivé
idea of this ﬁodel is precisely the opposite of the all-or-none condition-
ing.modei. The supbésition is that learning proceeds.on1an incremental
basis.a Let qn be the probablllty of an error on trlal n, Thén the

model is formulated by the follow1ng recursive equatlon

IR g - (e,

wheré ;O.< 6'< 1. If is 31mple to show but somewhatrsurprlslng that this
rpurelj 1ncremental model has pre01sely the same mean learnlng curve as
“the all—ormnone model if we set c =6, (To obtain thls 1dent1ty of the
'iearning cﬁrvés we musf, of course, consider all responses and not simply
fesponseé prior to the last error.) The 1ncremental model does- ‘differ
ﬁmmmwly' from the all-or-none model in the kind of 1earn1ng ‘curve pre-
dicted fo;ﬂresponSes prior to the last error, as is évident from eguation
). |

| The estlmation of ql, the Initial probablllty of an error and 9
the learnlng rate, was performed as in the case of the two element mcdel
.by mlnlmlzing the sum, over octiles oﬁ the squared dev1at10n between the

'predlcted and observed frequencies of correct response. The eguation
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nsed was. -

8 o 2.
n-1
)y fla 8 TOIE - ) {1--(-1_9) o ql] ;
=1 ngld,
_Where Fi is ‘the observed frequency of correct responses in the.ith_‘_
octile, and the'inside summation is over all trials in that octile. The
parameter estimation consisted in arbitrarily fixing 8 ata predetermined
value (the range .00 < 8 < .06 proved suitable and was explored in small
increments of 6? and then computing the dy value which minimized
_:f(ql, 8). The @i and Hé yilelding %lnA f(@i, 67 were selected as the

107

parameter_estimates,
Concerning_the”pgychqlogigal interpyetgtion of the linear mO@Gl;xit
may be remarked that it corresponds to assuming that.there is a very large
| popu%gtion of stimuluslelemenﬁs and that a_fixed prgportion,of these ele-
.;ﬁents are sampled_on every trial (or equivalently, that each element is
sgmrledﬁwith_aﬁ independent probability 0). Prior to detailedrempirical
inyestigation of good;ess_of fit, it isra p;ausible hypothesis that for
material as pepcgptually complicated as thellinguistig sﬁimuli_used in the
present experiment the linesr model woul@xfit better then the simple all-
or-nomne one Qr tWQ—element modeléb In this case the ag;pmption that the
popqlétion of stimuli_is,very-large corrgsponds psfcholbgically to assuming
that ‘the sub;ects”are respon@ing,to:a very large number of aspects or.
‘_propérties of the stimulus matérial, :
We turn now té the experimental qpmparisqq_of_Fhe_vgrious;models._
. ﬂe firs@ cggsider_the chifsquare tespsrfqr_stationarity,uorder_and binomial
_distribution of response; outlined above in.connection-wifh.the Qng—eleu

ment model.
T




Stationarity tests. Table 16 gives the results of stationarity chi-

_ ‘ o . )
square tests at each.level of concept analysis. Each X~ was computed in

Insert Table 16 abou® here

,theAfollowing_manner. The data were an#lyzed in sets of four successive
responses in -each protocol. Thereforé, n(t), the number of responses in
block %, was four muitiplied by the number of protocols. Whenever the
3Jre$ponses'in.a given protocol met.the criterion of thirty successive
carrect,-thét protééél was eliminated from the éomputation. The compu-~
‘tation was terminated after reaching the highest block number such that
" fewer than half of the protocols had béen.eliminated. The initial number
of protocols was equal to the pfoduct of the number of éubjects (20) and
fhe number of concepts at the given level of analysis (e.g., L8 for the
-l—conqépt,'lE for the 4-concept, one for the /o : b/ 20-concept). So

the initial block size was 3840 for the l-concept, 960 for the L-concept,
80 for the /p & b/ 20-concept, ete. For the 2k grpaifs (24 concept), the
l—concept, and the /k : x/ h-concept, the rééults show significant non-
stationarity at the'.OB, .02, and .01 levels of confidence, respectively.
"In all othef cases;'the stationerity hypothesis is rejecﬁed‘at the .001
level of'béyond. When the number of degfeesrof freedoﬁ.(one less than
the hﬁmber bf'blocks) for a given %? 'excéeded'30,'thé normal approxima-
tion'_z==bé§§§i4 Vom-1 waé used. We conclude that this analysis shows
that there seems to be.no obvious classificatibn of pairs inﬁo linguistically
defined concepts sucﬁ that stationarity tests on group data yield the result
demanded by the one-element model.

Order tests. Table 17 presents the results of the chi-square tests

oLl Loy edn Bt ooy '”iﬁE R U




of the hypothesis‘that responses on successive presentations of a given

concept are independent- of each other. The tests indicate independence .

Insert Table 17 about here -

only for the /kj : xj/, [z ::zj/ and s pairs.. It should be noted that
these are precisely the pairs which exhibit-therlowest_error rates (Table
€). ‘For the 4-concept, non-independence of successive responses is
indicated at .the .05 level, . For the remaining concepts, the hypothesis

.of response independence is rejected at beyond the .00l level. It is :..
"interesting to- contrast thgse.£indings withﬁthos¢ iq}Section.3. In thaﬁ
analysis, the sequence of responses examined for independence was ‘the
subject's original seguence of.responses in_the.order that they. occcurred,
regardless of ‘the concept-type. - In the present analysis "successive'
refers to instances-of the same. concept ratherzthan +0 the entire sequence

of responses. The analyses indicate independence of successive responses,

‘but not of responses to successive presentations of the same concept.

.Tests for_binomial distribution of responses. Table l8-pre$ents
the results of the chi-square tests of the hypothesis that the distri-
bution of ‘responses pricr to learning is binomial. We consider blocks
of trials of length four, and take for each subject the,highest multiple
of the block length egual to or less than the total number of responses
prior to last error.: We:thén~suﬁ over-Subjecté~the total number of such
Pplocks and construct the histogram‘of the frequency of 0, 1, 2, 3, or
4 errors. For the l1-, 4-, :/p : b/, /s : ts/, voiced-voiceless, and d
concepts, the departures from the binomial distribution are significant.

B "_)-‘-’3—




at beyond the .00l level. The only concepts whose response distributions

Insert Table 18 about: here

are not significantly differént from the binomial distribution-are thoge’
'-whidﬁ consistently exhibit the lowest error rates. The remark made in
conjunction with the order tests, viz., that tests based on lower pro-
portions of'érrors-érelless<likely‘to reveal departures from predicted
properties, applies here also.

'Tests_for.binomial distribution of response seguences. Here we look E

at sequences of reSponses;;such'as "error-correcticorrect-error” within
-blocks of four successive trials. There are Eh = 16 such sequences, and
we wish to compose the observed and predicted freguency of each sequence.
"Pr0ceedingfas with the distribution of responses,; we perform a chi-square
test of the goodnéss'éf fit of the empirical histograms. As we Would
anticipate from the results of the preceding tests, the tests of the
hypothesis that the frequencies of the possible sequences of four success
giwe responses are binomially distributed indicate significant departure

from' that distribution (Tsble 19). Even the concepts (except the s

- Insert Table 19 about here -

concept ) which yielded non-gignificant .%?s ontthe regponse ddstribution

tegtes yielded significant -%?s on this response sequence distribution

testy



Results of Stationarity Tests

Tevel of
Analysis

Single'Pairl

Pairs with Same
Contrast and Same
Vowell * (4-concept)
/p v/

/s ¢« ta/ "

Jk3 : x3/

A1l Voiced-Voiceless
Stops

. 1.
E‘Palrs--

QrPairsl-L

TABLE . 16. -

Number of
Members of - -
Concept

l

L 20

20

52
o2k
2k

7.83

52.34

485k

341.21

2.2k

619.148
16.30

26733

d.f,

16

‘89

117
S

T

100

Includes only pairs which appeared in.all lists.

<ioz

<,001 -

<.001

- <001

<.0L1"

<001

<.05

<.001 .




':‘Results‘cfiordér}Tesiéi

Ievel of

Analysjis:

Single Pair'
Pairs with Same
Contrast and Same
Voweld (L-concept)

/o b/

/8 i s/

J&3 + %3/

/= Y .

'All-Voiéed-Voiéeléss
- .Stops

E.Pairsl‘

gAPairsl

1 -Includes only pairs which_appeared in all lists.

'Number of
Members of:
Concept

1

20

g0

52
2
24

x°

9h1,.94

. h93

11.89

31.16

75
.0k

28.03
.18
41,76

<.001

<.05.

<.001
<,001.

<.50

‘L %,90

<.001 .

<. 70

<. 001




'TABLE 18

Results of Distribution of ResponsesiTests--:i

Number of

Tevel of Members of g ‘

Analysis o Concept o X% a.f. "D

Single Pairl ' A1 782.92 3 <, 00k

Pairs with Same

Contrast and BSame _ R : R

Vowel ™ (4-concept ) ook 1 33.03 2 ;L0001
5 IR T A : 20 31.85 2 <.00l

/s ts/ _ .20 ~ho.o7 2 <.001

Jk3 1. x3/ b .12 1 <.80

All Voiced-Veoiceless S

. Stops : - 52 -36.31 3 - <001
g Pairsl E ) - 2k . .0l 1 <L95:~
g Pairs . s 2k .45, 9L 3 <.001::-

Includes only pairs which appeared in all lists.




Results of Distribution of Response Sequences Tests

Level of
Analysis

Single Pairl
Pairs with Same
Contrast and Same
Vowell {4-concept)
/p i b/

/s 1 ts/

/x5 1 x3/

All Voiced-Volceless
Stops

. -
s Pairs

Q_Pairsl

PABLE 19

Number of
Members of
Concept

20

20

52
2k
2k

991.35

h7.82
59.39

* 78.50

6.10

75.51
10.12

59.54

a.f.

13

1y

1k
14

1h

1L

Includes only pairs which appesred in all lists.

001

.001
001
001

.02

.001
.10

.001




Mean Nurber of Errors on Succeeging Trials °

12 -

6.8 1

6.4 -

.2k

a8

Mean Number of Errors on Succeeding Trials

o |

i
9 1 1

/Y S N RO SN TR S P
1 2 3 4 5 &7
n

i
8

Fig. 8 1-concept. Mean number of errors following an error on frial n
The computation is ever subject-items missed on trial n.

3
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305 7 9 M 131517 192183 25 21 3133 33739 4483 48654
n

Fig. ¢ d-concept. Mean number of errors following an error on trial n,
The computation is ever subject-ltems missed on trial n.







Another stationarity prediction (Bower, 1961) based on the binomial
properties of the -one-element model: involves. the analysis of sgequences .
of responses-by a given subject to a given concept{ The prgdict;pp_isj
that,_given.an errcr on the nth presentation of & certaln concept, the
rumber of times that the subject misses that concept .on subsequent pre-
sentations sheuld be independent of n. This is because an,error, regard—
~less of when it ocﬁurs,_is assumed to imply that,thé;conceptuis_complgtely
.unlearnedq Hence the expected number of subsequent errors on that concept
is independent of n. .Figures 8 and 9 show the curves of the number of .-

errors plotted against n for the 1- and 4-concepts. The data are plotted

Insert Figs.. 8 and 9 about here

for the first half of the trials (minus:one) at each of the.two levels of
analysis.  For both the l-concept and the 4-concept the curves .generally
decline; instead of remasining horizontal as predicted by the one-element

model,

“Vincent curves of group data. The Vincent curves for a, given pair
type were plotted by dividing the ftrials prior Lo last. error.on that type
into quartiles for .each subject, finding the number of errcrs per quartile,

and. adding over subjects. Table 20 gives the number of errors and the

Insert- fable 20 about here

number- of responses per guartile for each concept analyzed. .From these:

45



data, the proportions of correct responses per quartile were graphed

{Figure 10). These data were also used to compute chi-square tests of

Insert Fig. 10 about here

the “hypothesis that the nmumber of errors per quartile is stationary for
- a given concept. Except for the /k : x/ concept, the obtained chi-square
© values indicate significant departure from staticnarity (Teble 21). This

finding agrees with the corresponding analysis of -the non-Vincentized

- Insert Teble 21 about here

“data (Table 16). Figure 10 shows exactly what patterns of non-stationarity
‘occurred. Discounting the less interesting types /kj : x3/ and /z : z3/,
the genersl trend 1s an increasing, negatively accelerated curve through

the first three gquartiles, and an upward "spurt" in the fourth guartile.
This "midplateau” has been found by Zeaman et al. in studies of discrimi-
nation learning by retarded children (1961). It occurs between quartiles
2 and-3.iﬁ'five of the six curves (of coﬁrée, this is consistent with the
‘group learning curve of Figure 1). However, there are several reasoné
why we do not wish to eémphasize the "midplateau”. In the first place,

our evidence would be more convinaing_if the curves were based on inde-
pendent cobservations of different sets of items.. Becondly, the effect did

not appear when. the data of Experiment I were plotted in Vincentized form.

There, a monotonically increasing, negatively accelerated curve. appeared

2l




plcorrect)

100

. 96

. 92}

.88

.84

. 8l

.76

12

.68

.64

o |zijl

=~ d : A fssjl
u\k//_,/a O K xjl

{all 4-concepts/
{p:bf

/s ts/

{all 1-concepts/
[tdl

il | J !

1 2 3 4
QUARTILE

Fig. 10 Observed proportion of correct responses in each quartile of

- Vincentized group data, The curves are displayed separately for each

level of concept analysis.







TARLE 20°

Number of Errors n{i) in Quartile i -{i =1, 2; 3, 4) and

Number of Responses per Quartile (W) at Each Level

of Concept Analyéis

Number of Number of

Members of® ~ Members per '
Concept Concept Instance - N o n(1) q(?) P(B) n(4)
onet - 48 B 1 . 2182 635 569:. 559?':498
Four™ = 12 ok - 3220 819 710 690 541
/p v/ 1 S 20 © 1415 418 33 %318 2k
/s ts/ 1 : 20 - 1339 321 31 295 268
Jki o+ x3/ 1 . L R23% 26 29 34 27
/2 ¢ 2jf 1 _ ) 3% 3o ko2 1
éiicZii;zéétopsg 1 s 2010 588 489 497 . 391
5 o 1 -1 Loh27 T 55 53 bk
él L 2l 1797 628 s5h2 516 Lo7

Iﬁcludes only pairs which appeared in all lists.

Includes the 12 /k : g/ pairs and 20 /% : &/ pairs present in Lists
1-6, as well as the 20 /p : b/ pairs present in all lists.




TABIE 21

' Results of Stationarity Tests on Vincentized Data

Number of

Tevel of Members of - R
Analysis Concept X d.f. P
dingle Pair' 1 23.99 3 <.001
‘Pairs with Same
Contrast and Same
vowell (L-concept) = . 4 ©TL.79 3 <.001
/o : v/ o .20 60.62 -3 <.00L
/s te/ L 20 12,76 -3 <,01
[ki +x3/ ' BN S 1,51 3 <.70
/Z H Zj/ . )_|_ " 2.15 3 <70 -
All Voiced-Voiceless .

Stops 52, 20 . 50,91 3 <.001
8 Pairsl SR . 2k 9073 3 <.05
grPairs; g : o2k 67.11 3 <,001

Includes only pajrs which appeared in all lists.




- for each concept analyzed.

T Individual Vincent curves. We next considered several refinements

in the analyses of Vincent curves: (a) the Vincent curvés were plotted
for individual subjects; (b) to permit closer evaluatién.of fhe,learning
models, the trials priéf to;last.error were divided intd‘octiies rather
‘than into quartiles; (c) ‘two'bfeakdowns, each into four sets, of ‘the more

difficult pairs were studied; the sets. are indicatedibelow; -

Ly First - Second

. Pair type ‘Classification Classification
/p b/ 8 vs. 4 /p/ vs. /b/ as first member of pair

/s 1 .ts/ ~ svs.d  [s/ vs. [ts/ as first member of pair.

Each:.set represents ten palrs (e.g., the'/s-: ts/ s class includes one

/s :~sf and one /ts : ts/ pair with each of the five vowels). (d) The
preceding steps greatly reduced the number of responses and errors per
‘éctile, so the analysis was restricted to those sets of padrs which
confainedlenough errors:to provide worthwhile tests of the models. One
important fact about the Vineent curves for these "hard" sets must be noted;
viz., that the learning criterion was not met in these cases. Hence, only
.the iniftial porticn of. the prelearning trials, rather than all of them,
‘has been divided into octiles. The criterion for Menough” errors in a
.glven response seguence was more than fifteen in at least one octile.

(An octile could.include up to 30 responses). Fifty-four such sets of
octile data met this criterion.. The first two columns of Table 22 iist

the .subject and pair type which contributed each of these sets of data.

"l%'_{'—




Insert Table 22 about here

. Tests of the two-element and linear models.

Goodness of fit of predicted Vincent curves. Each of three models

was épplied to each of the §h sets of octlle data. For the slope-inter-
cept and linear models, two parametérg were estimated separately for each
of the sets of data. Three parameters were estimated in each case for the
two-element model. fﬁe menner of application of the models will be dis-
cussed next. |

o .TWO—elemenﬁ.mOdél.',As mentioned earlier, this model assumes that,

prior to the trial of last error on.s given concept, the two~element
stimulus set- representing the concept may pass from the initial state in
which neither element is - conditioned to the correct response to ﬁhe inter-
mediate state in which one of the two elements is conditioned. Therefore,

before predictionsrregaiding the data before last error can be made, 1t

©ids necessary to estimate the guessing probabilities &g and 15 and the

.-trial on which.transfer from state 0 to state 1 occurred. The exact
manner of estimating these quantities is given above (see equation (1)-(3}).

‘It is. of some interest to.note the distribution of the frequency of

the various j estimates (Figure 11). According to the two-element model,

Insert Fig. 1l akout here

the passage from state O to state 1 occurs most often at octiles 1, 2, 6,

- "1)-|-8-




Freguency

16

12

o

1 2 3 4 5 6
OCTILE

Fig. 11 Frequency of each estimate, ?, of the transition octile (two-element model}.







Responses
‘Bub-  Set of per
ject Pairsl Octile
1 2 29
I 29
1 5 29
1 7 29
2 27
Y 29
5 26
6 27
7 29
2 29
L 28
5 29

L

The numbering is: 1 - /p : b/, s; 2 -
b/,/of first; 6 - /o :

5-/p:

cyn O —3 =]

TABLE 22

Parameter Estimates and Goodness-of-Fit of Two-Element and Linear Models

Two-Element Model

M
2o

.603
.586
655
707
593
.320
.838
. 884
611
.37k
.607
559

A
81

707
676
.ThO
767
.815
400
.705
.963
.552
586
. 786
.598

/p v/,

b/, o first; 7 -

X d.f. 6
12.354° 5 .000k
2.590 5 .0010
6.900 5 .0000
1.377 5 .0010
8.273 5 .001L
2.296 5 .0008
11,7265 3 L0000
0.815 e .0040
1.937 5 .0000
2.456 5 | .0018
3.722 5 .0010
2.697 5 L0002
7 ;s?f/é/;iiét?;8u-—/és:

Linear Model

2, 'S
611 1h.010"
598 3.811
737 7-805
. TOL 2.012
752 13.733
309 19%.400"
788 18.44k"
.839 . 0.022
.603 2.305
29k L.767
.610 9.097
.563 2.458
: s/, d;

ts/, /ts/ first.

Cn OV O OV O

O

Mo

(ST &) W © AT 629







Sub-
Ject

W L

NN~ =1 =] N1 NA

11
11
13
13
L3

Set of
Pairsl

6
7

Responses
per
Oetile

28
28
28
29
29
29
29
28
29
26
29
29
29
29

TABIE 22 (continued)

Two=Element Model

o
ST1h
685
.738
.72k
C4L8
.517
647
.893
.8hg
.615
897
.511
121

.569

&1
.833
.80k
921
879
71k
.828
.78k
.04
.718
.865
THL
.828
345
Y

X2

3.951
2.834
3.814
4,060
1.943
3.709
4,196
3.836

12.853"

8.842

_ 7.888

7.789
}.808
L.65%

d.f.

N

= =N

Linear Model

8

.00k0
0012
.0100
.0060
.0030
. 0050
.0020
. 0000
.0000
.0080
.0C00
.0050
.001L

.0050

E5

699
673
.“626
.705
2553
643
NS
.826
.750
.582
. 780
294
.164
432

3.044
5.038
0.860

.0k

1

.103
.083
.198

v 1 Qo \A

175

17.563"

8.772
1k, 5448
5.113

10.831

1.783

PO

no

A v O Y F Oy O Oy







Sub-
Ject

13
13
13
1l
1L
14
15
15
15
15
16
16
16
17

Set of
Pairs

Responses
per
Octile

29
.29
29
29
29
28
29
28
28
29
26
22
27
29

TABLE 22 (continued)

Two=-Element Model

£o

759
.586
.500
490
LBh1
760
.690
673
. 720
72
Lhok
.591
722

517

&
. 966
Ly
672
e
.805
643
.82z
.982
94T
.91h
-859
.886
889
LTl

b,

1.

2

X

002

23

.964
776
.81
.024
.845
232"
.52k
.111
.248
642
.182

. 964

Iinear Model

.0020
.0000
.0030
.0030
.0030
.0000
.0030
.0050
. 0050
.0030
.0150
.0130
.0070

.004k0

9y

.729
.565
L 48h
L2l
.582
.T7h6
.02
579
.625
679
161
.503
.T00

.558

7.

180

. 752

2.

784

11.961

b b5

L.

33.
15.

12,

683

.9hp

*
307

269

752"
.381
.578
1137

.910

wWoow v\

w







TABLE 22 (continued)

Responses Two-Element Model | Linear Model
Sub- Set of per
ject  Pairst  oOctile J g g ¥ a.z. 9 o b's a.t
17 i 29 3 .253 476 7.723 5 .0020 .23k 7.523 6
17 7 2G 1 RIvIES 576 1.627 5 .000k 540 3.196 6
17 8 29 3 .609 .793 2.187 5 -0040 .573 3.386 6
18 2 2l 5 .858  .708  18.202% 3 0000 .80z  28.208" 6
18 6 25 7 .806 . 960 7.775 3 .0000 825 1k.372" 6
18 7 29 L .76 .793 3.834 5 L0006 .736 5.565 6
19 2 29 6 .379 603 0.342 5 .0016 .321 5.092 6
19 L 29 2 L1k .299 5.157 5 .0000 .328 7.515 6
19 5 29 6 661 LT776 6.86k4 5 .001k .636 8.664 6
15 6 29 1 .690 621 b 437 5 .0000 .629 2.587 6
19 7 29 1 672 517 1.244 5 .0000 .556 5.430 6
19 8 29 5 .710 n7707 2;265 5 . 0006 .T13 3.983 &
20 2 29 Y 681 .91L L.23h 3 . 0100 479 2.301 3
20 5 29 2 .655 891 8.091* 2 L0100 .555 1.528 3
SUM 291.350 228 587.327 288

P <.05







and 7. ;Of course, this agrees with the "midplateau” finding mentiocned
‘_fbgforeﬁ We note that for the first 5 octiles, this model predicts that
_ﬁhe_proportion of cprrect‘respogses will equal 8y» and for the last 8-3
octiles, the_proportion correct should be By Afterrgo, 81> and:j vere
estimated for each of the:sets of octile data,.the predicted learning
¢urve$,wgre plotted. The_graphslof the theo;etical.p¥oﬁgrtioﬁ cﬁrrect

per octile are compared with the observed proportions in Figures 12-43. .

Insert Figs. .12-43 about here

Slopedintercept'modelu It is possible that the plot of the proportion

cprrect aggainst ﬁhe octile number_would_be more adequately described by a
straight line.of non-zero slope than by the pgir of horizontal line éeg-
:"ments‘(Figures,lQ~h3).which the two-element model requires. Although we
had no fuqdamental_groggds for preferfing_the slqpe-intercept model, it is
:_Wgrthwhile.to_&etermine its fit to the presént data. By so doing we shall
~have something against which to compare the fit éf the two-element model.
Theiglope and intercept rarameters were computed, also by the method Qf9
flleast_squares and . the minimgm_sum of squared“deviations was-computed for
each of the 5hrs¢ts ofroqtile data. As,ap_index Qf the relative accuracy
of" the two-element and slope-intercept models, we may compare the éum of
lsquared_devigtions_between,predicted and‘dbserveq_frequeggigg:fp: the two
,mpdelsa. Of.the 5% compériéoﬁéy“tﬁgréuﬁméd‘squagéd deviatiéns wéfé lower
forrthe‘tWOwe;ement model thag fqr thg slopeﬁipteycept mq@q} ig h? cases.

Using the uormal_approximation‘to the,binpmial_distribuhion, the hypothesis

..,J_|_9.,,




that there is no difference between the midels in the summed squared -

deviations is rejected at the .0001 significance level (z =-5;38),o£mf¢me
54 comparisons between the linear and slope-intercept models, the summed
. squared deriations were lower for the linear model sbout half the time.

Linear model. ‘The predictions of the linear model were determined

for each of the. sets .of oectile data. The first step was to estimate q,,
the initial probability of an error, and @, the learring rate. As with
the other models, the estimation: was performed by minimizing the'sum,'

over octlles, of the squared dev1atlons between the predicted and observed

‘frequen01es of correct response (see equation (4)). However, unlike the

.sltuatlons for the other two models, an.explicit'algebraic solution for _.. ' ;
'qi gnd @ intterms of the Observed quantities was prohlbitively difficult.

This problem was met by exploring € in increments of 0002 from .0000

to 0020 (the range in Which over half of the best estimates of 8 actually

'fell), in 1ncrements of .0010 to .020, and in increments of OlO there- -

after. For each of these values of &, the @y which produced the least sum

of Squared deviations was found. Then-that s;ngle_pelr qu, $) which

yielded the lowest sum of squared deviations was selected as the estimate: -

'of_ql_and 8. +Using equation (4) the goodness-of-fit was computed for each
set of octlle data. These chiwsquare values pley a manr role in our eval-

'uatlon and comparlson of the two- element and linear models.

Evaldation,gg‘two-element_and linear models, Table 22‘gives the

parameter estimates for'the tworelement and linear models and. the resulfs

‘of the goodness-of-fit tests, The number of degrees of freedom takes

'into accOunt the pooling bf_adjecent octiles which was required. to yield .
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sufficient theoretical obﬁervations per .cell,. There appears to be no _
_cansiétent,relation betweenggo and ﬁigin the tﬁo-element;modEl...The-very
__small_@,values~in-the linear model express the fagt that the learning pro-
ceeded very'slowly. :The'wideginter—subject_differences,in-éo-andl@l“
- suggest large individual variation in initial ability. .
With 5 degrees of freedom a VXB of li.l;is_requ;red.fpr significance
at the .05 level. With 6 degrees of' freedom, thencorresponding;figqre is
12.6... Of the'EM_ X2 -vaiues, nine are significant at the .05 level for
the two-element model, and eleven for the linéar_model. According to this
comparison, the two-element model is slightly superior. . An overall eval-
uvation of the models was also performed in the following manner. For
egch‘modél,_the goodness of fit was determined by summing the X? over
all sets of data in Table 22. The sum was 291.350 for, the two-elément
model (228 degrees -of freedom) and 587,327 for the linear model (288 degrees
.~ of freedom). The normal.approximation yielded z = 2.808, p < .005 for.

- the two-element model, and z = 10.297, p < .000l.for the linear model. If
subject 2, Set 4 is omitted from the linear model calculations, X? = 392.972,
d.f. =283, z = 4.265, and again p < .0001.. Therefore, it may be conecluded
that the deviations between either model and the dats are highly-signifi;
cant. Owing to the large number of observations included in the analysis,
this fact is not surprising. . A more infqrmative measure of the adequacy
_of the models consists in comparing the;sumfdf‘theirtbxgsl.'Onythis basis,
theutwo-elémgntumodel;is clearly -superior.

Some tentative conclusions.. As the results just given indicate, the

overall comparison of the two-element and linear models is favorable to
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the two-element nmodel. -Also, both of these models fare better than the
simple one-element conditioning model, The not‘uﬁéxpected superiority of
©the two-element model to the one-element model follows from the fact that
G\in the former model was never egual to eight, the value which reduces

t0 the one-element model. The‘linear'model is more adequate than the one-
element model, since the case 8‘equals zefo'(which reduces to the one-
- element model for our pre-learning data) rarely obtained, It is somewhat
surprising that the two-element model turns out to be superior to the
flineér‘model, for as remarked earlier, the complexity of the auditory stim-
uius material used in the experiment could easily have led to results
favoring the lihear model. -On the other hand, the goodness of fit of the
two-element quel to the 54 cases of individual data is not close enough
to:-warrant the drawing of any decisive inferences concerning the number

of aspects or prope}ties of ‘the auditory stimulus material which determine
the response conditioning of subjects. That a stimulus sampling model with
 ‘a small number of elements works fairly well is ehcouragingL In future

‘work, we hope to pursue more deeply the identification of those aspects of
- the stimulus material that are most important in determing responses, but
-wé-élso realize that. it is very.likély the case that médels of greater

" formal complexity wili be necessary adequately to account{for all major
‘aspects 6f the data. We certainly do not feel that the present application
of mathematical learning theory t6 learning in a linguistic context is to

be regarded.as other than a tentative first step.
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Figures 12-44 Observed and predicted (two-element model)
“proportions correct per octile for the indicated pairs.
Subject number appears in lower right corner.
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[

Ta~va
fo-Ta
va-va
va-La
fo-vo
fo-To
VO=T0
ve-To
fuevu
fu~-fu

Vueva
vu=-u
s8~78,
sa~58,
Z8~28,
Za~sa,
80-20
50-80
ZO=Z0
Z0=80

sSu-Z1
Su=-su
Zu-ZUu

Zil-80

ge-ze
Se-ge
ZE=ZQ

(4G=5e

s&a-Za
Ba~-8a

%Be~7Za,
Za-58
8C=Z0
50=80
Z0=Z0
ZO=50
Su-z1
su-su
ke ZU

2ZU=-51

Appendixih
.. ‘Russien Minimgl Pairs. .

i}
11a)
43
L
45
46
by
o h8
Lo

- 50
51
52
53
sk
55
56
57
58
59
60

Bl
62
63
6le
65
66
67
68
69
70

L1
72
73
Th
75
76
7
75
79
80

ge-ze
se-ge
ZE=¥e
Ze-ge
8i-zi
#i-s5i
Zi-zi
zi-si
si-zi
si~si
Zi-z1
zi-gi
pa~-ba
pa-pa
ba-ba
ba-pa
pO-bHo
PO-PO
bo-ho

bo~po--

PU=-bu
pu-pu
bu-bu
bu-pu
pe~-be
pe-pe
be-be
bhe-pe
ka-ga
ka~ka

ga-ga
ga-ks
ko-go
ko=ko
g0~-g0
go=ko
ku-gu
k=l
gu-gu
gi=ku
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ta—da"“

ta-te
da-da
da-ta
to~do
to-to
do-do
do-to
tu-du
tu-ta

du-du
du-~-tu
te~de
te-te
de-de
de-te
pi-bi
pi-pi
bi~-bi
bi-pi
ti-di
ti-%i
di-di
di-ti




Appendix B
' CV Pairs Used in Pilot Studies
Pilot Study 1

3’

kji-kji , sco~-sho ka-~-ka cha-cha
Ckii-xji : ¥¥o-¥¥o : ka-xa cha-tsa
xji-kji . shu-shu - xa<ka tsa-cha
xji-xji , shu-scu ' Xa-xa _ tsa-tsa
' ssuuseu ko-ko chi-chi
gsa~-s84a ‘ X4 _ ko-xo chi«tsl
sa-tsa : xo~-ko _ . tsi-chi
‘tea-sa cha-cha : X0-X0 tsi-tsi
tsa-tsa cha-tja ~ ku-ku cho-cho
se-se o - tja-cha ku-xu - cho-tso
se-tse tja-tja ' Ku-ku tso-cho
tse-~sel . -. chi-chi ' XU-XU ' tso-tso
tae-tse chi-t3i ‘ chu-chu
si-gi : ' - tji-chi " sja-sja ' chu-tsu
gi-tsi ' ‘ tyi-tji : . sja-tsa tsu-chu
tei-si S cho-cho ' ~ tsa-sja " tsu-tsu
tsi-tsi " cho-tjo tsa-tsa ‘
su~-su _ tjo-cho gje-sje
su-tsu ' - tjo-tjo : gje-tse
teu~su ... . chu-chu . tse-sje
tsu-tsu i - chu-tju . tse-{se
. o . tju~-chu sji-sji
sha-gha B tju-tju : - sji-tsi
gga-EEé : _ tsi-sji
. sca-sha kﬁe-kje _ - tsi-tsi
géﬁpgga kije-t je sjo-sjo
shi-shi tje-kje : sjo-tso
g%i-%ci - tje-tje . tso-sjo
sci-shi kji-kji - tso~tso
sci-8&i S kji-tii
sho-sho tji-kji
sho-¥¥o tji-tji
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Appendix B (continued)

Pilot Study 2

pi-pi
pi-pji
pji-pi
pji-pji
bi-bi
bi-bii
bji-bi
bji-bji

ti-ti
ti-tji
tii-ti
t3i-tji
S di-ai
Cdi-dji
aji-di

- dji-dji

8il-si

o ogi-sji

sji-si
sji~sji
zi-zi
zi-zji
zji-zi
zji-zji

mi-mi
mi~mii
mji-mi
mji-mji
ni-ni
ni-nji
nji-ni
nJji-nji

1i-11
1i-1jid
1ji-ii
1ji-1ji
ri-ri
ri-rji
rji-ri
rji-rji

la-la
la-1ja
lja-la
1lja~1lja
ra-ra

Ta=rja

rja-ra
rja-rja
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tje-tje
tje-tse
tse~ije
tse~tse
tia-tja

tja~tsa
-tsa-tja
tea~-tsa |

tsi-tsl
tei-tji
tji-tsi
tji-tji
tjo-tjo
tjo-tso
tso-tjo
tso-ts0
tju-tju
tiu-tsu
tsu-tju

tesu-tsu -

sje~-gje
sje-tse
tse-sgje
tse-tse
sju~sju
sju-tsu
tsu-sju
tsu-tsu

S0=80
so=tso

.tso=-80

tso=-tso




Appendix C

Proportions of Brrors in Pilot Studies of Consonant

Phoneme Discrimination

Pilot Study 1

i : -
(S A A

Contrast B Vowel
SIS VA i

/s : ts/ a, €, i, u
Jsh : ¥¢/ . &, i, o, u
feh : ty/ a, i, o, u
/k§ + t3/ e, 1

Jk rx/ a, 0, u
VENRE: ts/.ﬂ . a, e, i, o
/ch @ ts/ a, i, 0, u
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No. of
Items

16
16
16

12
16
16

p(error)

L1b
.13
.06
.05
.03
.02
.01,
.00




Appendix C (continued)

Pilot Study 2 (Each contrast involved four items)

Contrast Vowel p(error}
. /s 1 ts/ _ o _ .28
oz s =3/ o i | - .17
/113 1 - 11
/s + 83/ . i .10
/n ot n3/ i .09
J1 s 13/ a .08
/83 té/ e .08
/t3 & ts/ u o7
/o p3/ i .06
/a s a3/ i .06
/v : rj/' -_a .06
Jrosori) i 06
/s 1 ts/ u .05
/ts : ﬁj/ e .04
Jt o t3/ i .0k
/m o onj/ | i _' _  .03
Jt3 ¢ ts/ | a S Lo
/td ¢ ts/ : o | .Olf
/t3 : ts/ | i | .00
/o 1 bi/ o 1 00

-59-




Appendix D .
Response Dependency Analysis

1 = error 0 = correct

Quartile o
Sub- : - o
jeet  p(1lo) p(1[1) p(1lo) »(1[1) p(1lo) »(1]1) w(1[0) p(1]1)
1. 162 261 .185  .183 71 217 L1866 .156
2. .169 .221 .185 .162 .248 217 .19k .090
3. .185> .230 211 .250 .225 258 1133 .120
b, 062 241 L0388 .067 .02k .0Q0 .030 .000
5. 156 .180 .092 .086 .076 L069 .ok7 .056
6. .109 .182 .051 .000 .033 .000 .016 .000
7. 217 .27 168 .115 .119 .167 0 .077  .206
8. 109 163 .060  .000 .02 063 011 .000
g. .129 .10k .100 .190 .106 122 - .056 .087
10 119 .130 .053 .095 .055 el .035 .133
11. 090  .162 112 136 116 .152 .056 .09
12. .058  .0b5 .038 067 041 .000  .033 077
13. .250 .31k . 320 261 276 .290 221,152
1h. 140 .19 ke 237 146 L1h5 .093  .059
15. 178 .233 186 .150 172 113 076 .036
16, 163 .190 .098 .15k .066 .080 .027 . 000
17. 223 .286 217 .15L 228 .190 156 .19L
18, .168 .209 .138 .182 .152 .183 .073 . 000
19. 247 292 .273 .299 .288 .356 261 275
20. .157  .206 .153 .197 .096 .108 .080 .034
Mean %
Propor-
tion 155, .203 LibL o L 1k8 .13k .139 .092 .088 -
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