AD=A112 926 CALIFORNIA UNIV SAN DIEGO LA JOLLA CENTER FOR HUMAN =--ETC F/gG S/10
DIGRAPH FREQUENCY EFFECTS IN SKILLED TYPING,.(U)
FEB 82 J T GRUDINs» S LAROCHELLE NOQO1t=T79=C=0323
UNCLASSIFIED CHIP=-110 ONR=8201 NL .




g2 23
= v . 22 ’
| E K
T =

=iy
I
E

=
N
ll=
-

22

MICROCOPY RESOLUTION TEST CHART _
NATONAL BUREAU OF STANDARDS.1963-A




-!rn P s
3 s,u LI

ELECTM

3

APR 5 o

1982
w

A




W Ot~ oA, SIS ] T " A BB i T St e s . e e e i = e AR I

CHIP Report 110
February 1982

Digraph Frequency Effects in Skilled Typing

Jonathan T. Grudin and Serge Larochelle

Cognitive Science Laboratory

University of California, San Diego

Copyright © 1982 Jonathan T. Grudin and Serge Larochelle

Approved for public releuse; distribution unlimited.

Center for Human Information Processing "'E ‘E
University of California, San Diego FLECTE?a
La Jolla, California 92093 APR 5 i

A

IR B S e, e e




UNCLASSIFIED

SECYAITY CLASSIFICATION OF THIS PAGE (When Dete Entered)

REPORT DOCUMENTATION PAGE .
TREFPORT NUN 7. GovT Acc:ssnou NO)

ONR-8201 I), /} 6

READ INSTRUCTIONS
BEFORE COMPLETING FORM
3. RECIPIENT'S CATALOG NUMBER

4. TITLE (end Subtitle)

Digraph Frequency Effects in Skilled Typing

8. TYPE OF REPOAT & PEMOD COVERED
Technical Report

o ——
7. AUTHOR(s) ONTRA

Jonathan T. Grudin and Serge Larochelle

La Jolla, California 92093

. PERFORMING ORG. REPORT RUMBER
Chip 110

N00014-79-C-0323

9. PERFORMING ORGANIZATION NAME AND AOORESS g ‘. 2‘.‘:0‘."“:5.“" 'IOJ'.‘ TASK
Center for Human Information Processing el
University of California, San Diego NR 157-437

NT NUMD .)

1. CONTROLLING OFFICE NAME AND ADDRESS

Personnel and Training Research Programs
Office of Naval Research (Code 442-PT)
Arlington, Virginia 22217

12. REPORT DATE
February 1982

13, NUMBER OF PAGES
25

"11—_7'__Fi:_é_'—uom GRING AGENCY NAME & ADONESS(I dilferent irom Centrslling Office)

N —

5. SECURITY CLASS. (of thie repert)
Unclassified

T8s. DECL ATTIFICATION/ GRADIN
] NLI‘ oown °

6. OISTRIBUTION STATEMENT (of this Repert)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the ebetiract entered in Bleck 20, If diiferent from Report)

18. SUPPLEMENTARY NOTES

This research was also supported by the Air Force Office
of Scientific Research.

19. KEY WORDS (Continve on
Expert performance

olde It

y and identily by blosk number)

Motor control

Motor Skills Skill
Typing Timing
Human performance Typewriter

[
i
{

. DTIC TAB

NTIS  GRA&IL

Unamnsunced
Justification

20. ABSTRACT (Centinue en ¢ e olde it

y and idontily by blosk number)

OVER

DD , v’y 1473

COITION OF 1 NOV 83 18 OBSOLETE
S/N 0102.L F-014-660!

"By

Distribation/ L

Avannbilltv c

|Ava11 and/
Special

S

es
r




ol e P emao T

{
'
t
|

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

Abstract

These studies use both discontinuous and continuous typing para-
digmas in investigating digraph frequency effects in skilled typing.
Previous studies that controlled for hand use showed no digraph fre-
quency effects. With more rigorous controls we found very reliable
digraph frequency effects, suggesting that, with experience, typists
develop multi-charac ter response units. Videotape analysis indicated at
least one way such response units can potentially coordinate and facili-
tate performance.

>

UNCLASSIFIED

SECURITY CLASSIFICATION OF TniS PAGEMNen Dete Entored)

= A L e e r AURCEEUBEE. Tt

S R M i




IR e
W~ r

<'.-:‘—‘ e

Digraph Frequency Effects in Skilled Typing

Table of Contents

Digraph Fr‘quncy Eff‘cts in Skilled Typing esscencssssssessessnse 3
Frequency and Response Unit Size in Performance .cscccccscscs 3
The Digraph Frequency Effect in Discontinuous Typing ecececsse 5

Me thod
Results
Discussion cececcecscsecscrcrcccosssccncsrsssvsssscssserssnne 9
The D:l.graph Freqmmy EffeCt cecscccccscscccccnossscssscsscas 10
Me thod
Results
Fur ther Analysis
Discussion 0P 000 00000000000 000000000C0000000003 00000000 OTSEES 15
V:ldeotape mly!i' $000000000000000000000000000 000000 00000000 17
Me thod
Results
Discuss8ion ceseccecccesccccccrsscccccacssnscsssscssscsscsssssne 21
Individual Differences .cescvcoccsccncssscncesscssosssencoses 21
Ilplicationl 00 00NN NIPN0000000000000000000000000000000OCRTSTNTL 22
References $00000600000060000000000°0000000000000000 00000000 24

We thank the LNR Research Group, and particularly Don Norman, Don
Gentner, and Craig Will, for their coantributions to this work. WUWe also
thank the typists who participated in the studies, Janice Graham for
helping with data analysis, Patty Haden and Eileen Conway for helping to
prepare the manuscript, and Jeffrey Miller for commenting on 1it.

The research reported here was conducted under Contract N0O0O14-79-
C-0323, NR 157-437 with the Personnel and Training Research Programs of
the Office of Naval Research, and was sponsored by the Office of Naval
Resesrch and the Air Force Office of Scientific Resesarch.

Requests for reprints should be sent to: Jonathan Grudin, MRC Ap-
plied Psychology Unit, 15 Chaucer Road, Cambridge, CB2 2EF, England.




m ey S, st —~ - - — ,,_.vmvsﬂm
Grudin and Larochelle Digraph Frequency Effects
February 8, 1982 3

Digraph Frequency Effects in Skilled Typing

Frequency and Response Unit Size in Performance

What changes with practice in the acquisition of a motor skill? In
this paper, we argue that sgkilled typists have replaced the single-
letter response units of the novice with multi-letter response umits
_ that result in greater efficiency. We also present data that screen out
! T certain associative and hierarchical models.

The idea that the learner incresses the size of perceptual and
motor units with experience is not new. Bryan and Harter (1897; 1899)
concluded that student telegraphers ascend a hierarchy in receiving
Morse code, and believed that the same is true in sending Morse code.
They argued that first individual dots and dashes, then letters, and
finally words and phrases are handled as units. Lashley (1951) proposed
a hierarchical response organization as an alternative to assoclative
chaining, which, he noted, cannot explain our ability to embed & given
element in different contexts.

Hierarchies of phoneme-gyllable-word (for speech) and letter-
syllable-word (for typing) have been proposed (e.g., Lashley, 1951;
i Fromkin, 1971; Terzuolo & Viviani, 1980). But the evidence behind all
! these models has subsequently been shown to yield to alternative expla-
o nations (Xeller, 1958; Wickelgren, 1969; Rumelhart & Norman, 1982;
: Gentner, 198lb). Wickelgren (1969) outlined associative models that he
felt were viable. In the context-sensitive associative model he favored
i~ . for speech, the phonetic elements for the word baby are /#ba/ bab/ abee/
/bee#/, rather than /b/ /a/ /b/ /ee/. (The element /#ba/ represents the
‘ phoneme /b/ with a pause before (/#/) and /a/ following. Neighboring
elements are associated by shared features. The complete set of such
units 1is not unreasonabdly large, Wickelgren argued.

~ Russlhart and Norman (1982) developed a simulation model of tran-
scription typing based on a control scheme similar to that proposed by
Estes (1972) to model serial ordering in memory recall. The model has
two levels of output representation: word and lettar. "Ssypress sche-
mata” for each letter are activated. Correct serial ordering is
achieved through inhibitory links from each asctive lettsr to all the
letters that follow 1it.

The Wickelgren (1969) and Rumelhart and Normsn (1982) models per-
form well with nothing between the word and individual phonemes or
‘ ‘ keypress schemata. Once the set of basic elements is acquired, they
. need not be replaced or transformed. The following studies argus that

£ the initial set of basic response units needs to bs supplemented or
» § replaced by wmore complex response units, snd that these complex
; responses are more than an associative linking of simpler umits.
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The first study follows closely the procedure of Sternberg, Knoll,
and Wright (1978), in which skilled typists are presented with one word
or letter string at a time. We found that peak performance can be main-
tained in typing letter strings that do not form words, as long as the
digraph composition of such strings 1is equivalent to that of words.
However, a clear deterioration in performance occurs with letter strings
made of lower frequency digraphs.

In the next two studies, we focus on performance in a normal typing
situation. The second study shows that digraph frequency effects are
also found when skilled typists transcribe normal text. All else con-
trolled for, high~frequency digraphs are typed more quickly than low-
frequency digraphs. This effect is widespread, but stronger with
sequences typed by two fingers of the same hand (2F).

In this work we use the terminology of the LNR Research Group (in
press). In particular, 2F (two-finger) describes a sequence of letters
typed by two fingers of the same hand. This is in contrast to IF (one-
finger), a sequence typed by a single finger, and 2H (two-hand), a
sequence typed using both hands. 1H, within-hand, is used when that
distinc tion is sufficient.

In the third study we describe a videotape analysis of skilled
transcription typing. This study demonstrates that changes in the pat-
tern of motor responses can facilitate performance. For the 2¥
sequences observed, the motor pattern for a letter sequence has been
optimized in a manner that suggests that a new response unit has been
formed.

Typists begin by learning individual letters. We propose that they
form larger response units with practice, and that the frequency of
exposure to digraphs and larger letter combinations influences this
development of wmulti-character wunits. Although digraph frequency
effects might be consistent with a simple hierarchical model, or with a
model positing varying associative strengths among elements, the video-
tape analysis suggests a model in which the basic motor units are
multi-letter sequences.

Several studies of skilled typing looked for digraph frequency
effects (Fox & Stansfield, 1964; Shaffer & Hardwick, 1968; Sternberg,
Knoll, & Wright, 1978; Terzuolo & Viviani, 1980). These studies yielded
mixed results. Most contained possible confoundings. The most critical
confounding is that of frequency with hand: high-frequency digraphs are
likely to be across-hand (2H). The keyboard has been designed to break
high-frequency digraphs apart, placing the separate letters on opposite
sides of the keyboard (Beeching, 1974). Four of the 5 most frequent
letter-letter digraphs and all of the 5 most frequent digraphs including
a space are 2H. (The statistics are from Mayzner & Tresselt, 1965 for
letter-letter digraphs, and from our text for letter-space and space-
letter digraphs.) A discontinuous typing study that controlled for hand
by looking separately at within-hand and across-hand digraphs (Stern-
berg, Knoll, & Wright, 1978), and a continuous typing study with the
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same control (Fox & Stansfield, 1964), found no effect of digraph fre~
quency within each category.

5 The Digraph Frequency Effect in Discontinuous Typing

Following Sternberg, Knoll, and Wright (1978) we constructed two

ﬁ sets of stimuli. One set consists of letter strings normally typed with

: . the fingers of one hand (1H). The other set consists of letter strings
that alternate between hands (2H).

Within the 1H and the 2H sets, there are three stimulus categories.
One consists of 1H and 2H English words 3 to 6 letters long. From
these, we derived two categories of nonlexical items. One (“pseudo-
words") was constructed by recombining letters in such a way as to
preserve, as much as possible, the digraph composition found in the
N words. (Word length and wotor composition, 1H versus 2H, are main-
. tained.) The final category ("nonwords"™) was constructed by pseudo-
randonly recombining letters, preserving word length and motor composi-
tion.

The derivations are not perfect, with the result that some letters
appear slightly more often in one stimulus category or another. Simi-
larly, the average digraph frequency of the words and pseudowords was
not exactly the same. Table 1 presents the average frequencies for the
various stimulus categories, based on a 25,000 word dictionary of
English. The difference in single-letter frequency between stimulus
categories is very small (less than 2%). The digraph frequeancies of
o words and pseudowords are also quite small (6%). However, as intended,
the recombination of letters produced nonwords with a much lower average
digraph frequency than that of the ather two categories (30X lower).
™~ Finally, all three stimulus categories differ at the trigraph level.

Me thod

The experiment was done on a Hazeltine 1500 terminal controlled by
a PDP 11/45 computer. Each trial was initiated by an auditory signal (a
"beep”). Two hundred milliseconds later, a stimulus string was
displayed for one second in the center of the CRT. 1.7 seconds after
the disappearance of the string, the typist heard two short bursts of
| white noise through a speaker sitting on the terminal, separated by 700
msec. These were followed, another 700 msec later, by a tone. A high
tone (500 Hz) informed the typist to type the stimulus string "as fast
» and accurately as possible.” The characters typed were not displayed on
the CRT, but characters, the time between the onset of the tone and the
first keystroke, and the subsequent interstroke intervals were all
recorded. On about 23X of the trials a low tone (150 Hz) signaled the
typist to ignore the stimulus string and wait for the next trial. These
catch trials were to prevent the typist from beginning before hearing
the tone. Another trial began 3 seconds after the subject’s last keys-
troke (or after the low tone ou catch trials). Each stimulus string was
presented once to each typist, with the allocation of a given string to
tast or catch trial varying with typist.
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Single Letter, Digraph and Trigraph Frequency Totals for the
Stimuli Ugsed in the First Study

Digraph Frequency Effects

Table 1

6

Words Pseudowords Nonwords
Single Letter
1H 9987 9845 9938
24 9931 9938 10110
Mean 9959 9892 10024
Digraph
N ‘: 18 839 783 604
24 726 693 469
Mean 783 738 537
i Trigraph
; 11 70 55 25
: 2H 67 49 20
‘ Mean 69 52 23
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Digraph Frequency Effects

The experiment required four sessions per typist, each lasting less
than an hour and held on different days. The first sessions were
practice sessions, in which the typing speeds of the typists were
estimated by having them transcribe one page of English prose on the
terminal keyboard. [Each subsequent session followed the procedure
described above and consisted of three blocks of trials: one of words,
one of pseudowords, snd one of nonwords. Word length and catch trials
were randomized within each block. The order in which blocks were
presented varied both over sessions and over typists. There were 12
practice trfals at the beginning of each block and error trials were
repeated at the end of the block.

Pour right-handed typists participated in the experiment. Their
range was from 65 to 73 words per minute, averaging 70 (171
msec/keystroke) .

Resul ts

Table 2, summarizes three aspects of performance: the latency
preceding the first keystroke, the average interstroke interval, and the
percentage of errors. Each 1H and 2H entry is based on around 90 trials
per subject, 0.2 of the trials having been eliminated because the
latency was longer than 3 seconds and/or one or more of the interstroke
intervals was longer than 2 seconds.

The results of primary interest are the mean interstroke intervals.
An analysis of variance revealed a significant stimulus category effect,
F(2,6) = 12.59, p<.0l. Further comparisons showed that the effect is
limited to the differemce between the nonwords and the other two
categories, F(1,6) = 24.6, p<.0l. The 3 msec difference between the
words and the pseudowords is not significant, F(1,6) < l. In short, the
pattern of interstroke intervals reflects the digraph composition of the
stimulus. This is true within each motor composition set (1H and 2H) as
well as overall, with the interaction between the stimulus category and
the motor composition of the strings yielding an F ratio smaller than 1.

The constancy of interstroke interval across words and pseudowords
is not schieved by increasing the preparation time and delaying the exe-
cution of the first keystroke for pseudowords. The 6 msec difference
shown in Table 2 is not statistically significant, nor is the 23 msec
difference betwaen the nonwords and the other two stimulus categories
(both F < 1).

Finally, the typists do not sacrifice accuracy to achieve compar-
able speeds in typing the words and pssudowords. The 1% difference in
average error rate between thess two categories is not significant,
¥(1,6) < 1. However, there is a significantly higher error rate typing
nonwords than the other stimulus types, F(1,6) = 41, p<.00l. %o
interac tion is significant. In short, the error rates parallel the tem-
poral results.
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Table 2

Latencies, Average Interstroke Intervals and Error Rates
Obtained in the First Study

Words Pseudowords Nonwords
Latency
1R 405 397 426
2H 447 443 455
Mean 426 420 441
Interstroke Interval
1H 183 185 196
2H 123 126 139
Mean 153 156 168
Percent Error
1R 4.9 7.1 11.8
i S.7 S.7 9.4
Mean 5.3 6.4 10.6

i
1
;
§
b
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Discussion

The results just presented are in total disagreement with the find-
ings of Sternberg, Knoll, and Wright (1978): (a) In their study, words
produced shorter interstroke intervale than any nonlexical letter
strings, while in our study words and pseudowords were identical; (b)
Among their nonlexical strings, there was no digraph frequency effect,
while we found a difference between pseudowords and nonwords.

It is unlikely that the small procedural differences between the
two studies can account for the differences in results. Indeed, other
variables such as string length and motor composition produced very
similar effects in both studies (see Larochelle, in press, for a
detailed discussion of these results). Since the only major discrepan-
cies between the two studies concern these frequency effects on perfor-
mance, differences in the orthographical composition of the stimulus
strings may be responsible.

1. Sternberg, Knoll, and Wright did not equate their words and
. pseudowords for digraph composition. Therefore, the faster interstroke
r i intervals obtained with words could very easily reflect a difference in
‘ average digraph frequency between these two types of stimuli. Our
results clearly show that the words lose their advantage over nonlexical
strings when the digraph frequency is controlled.

2. The frequency effect between pseudowords and noawords that we
found, but Sternberg, Knoll, and Wright (1978) did not find, may stem
from "illegal" digraphs in our nonwords. Sternberg et al. reported
using low-frequency but not zero-frequency or "illegal" digraphs. 1In
addition, our stimuli comprise 22 different letters used equally often
(a, 2, x, and ¢ were eliminated because there are no letters in the
corresponding position on the other side of the keyboard), while their
nonlexical strings are constructed from a basic set of 16 letters, which
may not have occurred equally oftem in their high and low frequency
strings.

However, the issue of the presence (or absence) of digraph fre-
quency effects in the typing of nonsense strings becomes of limited
interest once it is established that there are digraph frequency effects
in the typing of words (vwhere all the digraphs are by definition legal).
This is what the next study demonstrates.

One last important inference may be drawn from this study. We did
not maintain equivalence of words and nonlexical strings at the trigraph
and higher order levels; thus, the nearly identical results with words
and pseudowords strongly suggests that these levels of organization do
not contribute significantly to typing performance ian the discontinuous
typing situation.
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Although past experiments have typically revealed differences
be tween words and nonlexical strings in continuous (transcription) typ-
ing, the nonlexical strings used were probably not equated with the
words in terms of digraph frequency. And in any case, the discontinuous
typing paradigm was developed to minimize the influence of perceptual
aspects of typing. Performance differences in continuous and discon-
i tinuous typing situations could reflect the contribution of higher level
structure (from trigraphs to words) to perceptual processes rather than
to the execution of the typing 1esponse per se.

The Digraph Frequency Effect

Fox and Stansfield (1964) found no effect of digraph frequency
af ter separating sequences into 1H and 2H categories, avoiding the con-
¢ founding of frequency with handedness. However, this categorization
: retains a lot of noise, since even among within-hand digraphs there can
be a great deal of variability in the distance a finger or the hand must
move. To control fully for such physical effects, we isolated all
i digraphs that appeared in both orderings of the letter sequence in the
‘ text to be transcribed (described below). Thus, th (as found in the),
and ht (as in weight); ed (as in learned), and de “(as in ride). There
are 129 such sets. 1f there is a digraph frequency effect, we expec ted
the interstroke interval to be shorter for the higher frequency ordering

of the letters.

- Thigs analysis prevents the confounding of 2H with high-frequency
W digraphs from having any effect. I1If a digraph is 2H, the digraph made
by reversing the order of the letters is 2H as well. It also minimizes 4
other constraints imposed by keyboard layout, and physical constraints,
such as the distance a finger or hand most move between successive keys-
trokes. We have isolated matched pairs of digraphs that should share
virtually everything except digraph frequency. For the single-finger
(1F) example de, the distance that the finger must move to reach the e
af ter strik:lng the d is the same as to reach the d from the e in ed.
o However, digraph frequency is uncontrolled -~ in this case, ed occurs
: | twice as often as de. For ZF sequences such as ta and at, postural and
1 | coordination constraints tend to be balanced. If more subtle con~
h straints influence the typing of 2H sequences such as th and ht, they,
too, tend to be balanced. Context may selectively constrain the typing
of one of the two digraphs, but over the entire set this should be
independent of digraph frequency.

Me thod

.’ Six professional typists transcribed a magazine article of approxi-
SR mately 12,000 characters on a Microswitch keyboard designed to look and
' feel identical with the IBM Selectric typewriter keyboard with which the
typists were familiar. The text was presented as double-spaced typed
copy on individual sheets of paper. After a 10 minute warmup with
X another text, the typists were given the article and asked to type it
LT rapidly, correcting errors only if they felt more comfortable doing so.
: Keypresses and the corresponding times were recorded by a microcomputer.
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Because there are large individual differences among typists
(Gentner, 198la), the data for each typist were analyzed separately.
For each letter pair, the median interstroke interval was determined.
The value for the higher-frequency ordering was then subtracted from the
value for the lower-frequency pair. We refer to this difference as the
"Digraph Frequency Effect” (IFE). If higher frequency digraphs are
typed faster, the DFE ghould be a positive number.

Consider as an example the digraph ed and its reverse de, where ed
has a higher frequency of occurrence than de. The D:lgraph Frequency
Effect (DFE) is the facilitation in the interkeystroke interval for the
second letter of the more frequent digraph (i.e., the d of ed) over the
interkeystroke interval required for the second key of the reverse

digraph (i.e., the e in de). More generally, for any characters a and b

with the frequency of ab greater than ba:

IFE = (interval for a in ba) - (interval for b in i_b).

For one typist, the median interval to the e in de is 189 msecs,
and the median for the d in ed, the more frequent of the two digraphs,
is 168 msecs. For this cxample, then, there is a DFE of 21 msecs.

Two measures of digraph frequency were used -~ the frequency as
found in the text, and the frequency reported by Mayzner and Tresselt
(1965: they examined a corpus of 20,000 words). For 29 of the 129 sets
the two measures differed. Although the Mayzner and Tresselt (MI) data
are probably more reliable, short-term exposure effects might be
detec ted using the text frequencies.
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Resul ts

Every typist is on the average faster with the higher-frequency
pairs. Using the text statistics there is an average difference of 10.0
msecs; using the MT norms it is 13.0 msecs. (The median interstroke :
interval for these typists is about 150 msecs.) Using the MI measure, !
the DFE ranges from 19.0 + 7.4 msecs for Typist 4 to 8.6 + 6.8 msecs for
Typist 5 (p < .05 for each with a one~tailed t-test). Using text fre-
quency, the effects were smaller, and for one typist (Typist 5) not sig-
nificantly different from zero. These data are presented in the first
two rows of Table 3.

Fur ther Analysis

These data are subject to possible nonrandomness in the language
and keyboard layout. The analysis does not distinguish between sets in
which one or both digraphs are very common and sets in which both
digraphs have low rates of occurrence. Also, it does not consider the
magnitude of the frequency difference between the two digraphs within a
set. Lumped together are the sets ga and ag, with frequencies of 7 and
6 in the text, and al and la, which have frequencies of 114 and 32.

Accordingly, we established criteria for selecting a more homogene-
ous subset. We used the rule that one of the two digraphs had to be
encountered 100 or more times in the text and there had to be at least a
2-1 differential between the more common and less common of the two
digraphs. For example, &l and la, with text frequencies of 114 and 32,
qualified. The first criterion insured that one digraph was well-
practiced; the second criterion prevented both items from being almost
equally practiced, and thus perhaps equally well-coordinated. There
were 16 such sets.

Although this sample is much smaller than that in the previous ana-
lyses, the results of this analysis are cleaner (see the third row of
Table 3 ). The IFE averages 15.9 msecs, and the mean variance is aigni-
ficantly smaller. The DFE is different from zero with probability p <
.05 for all six typists.

In most of these pairs the first letter in the higher-frequeacy
ordering was usually typed by a more peripheral finger, such as the lit-
tle finger. To eliminate the possibility that the result was simply an
effect of finger, we next isolated pairs in which the higher-frequency
digraph began with a more central finger, or in which both letters were .
- typed by the same finger. Twenty-five such items also had a moderate
¥ overall frequency and an approximately 2-1 (or more) differential
! P between frequency of the two orderings.

Again there is a significant, if significantly smaller, DFE. The
mean saving is 8.5 msec (seae the first row of Table 4). The smaller
effect indicates a probable influence of the fingers involved. However,
the digraph frequency effect predominates.
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Table 3

Time Saved Typing Second Letter of Higher-Frequency Digraphs (msecs) j

Typist
1 2 3 4 5 6 mean
Freqs from
tex t used mean 1208** 10-‘** 1208* 1701“ 3.2 309* 10.0

in study
(n = 124) SD 48.5 39.8 57.3 42.7 38.6 30.5 42.9

Freqs from

. Mayzner & mean  15.0%*  15.5%  10.7* 19.0%* 8.6%* 9.4% 13,0
j - Tresselt
(n = 128) SD 50.8 37.7 60.8  42.8 39.1 30.6 43.6
i Items with
; high freq wmean 18.0** 13.9*  21.5*% 23.9* 9.6* 8.5* 15.9
disparity
(n = 16) SD 20.7 30.2 47.5  48.8 20.0 17.6 30.8
* p < .05 that the mean = 0,0
** p < .01
- ;
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Table 4

Time Saved Typing Second letter of Higher-Frequency Digraphs (msecs)

Typist
1 2 3 4 S 6 mean
Same finger
or toward 8.0* 6.1 1100* 18.7* S5 1.8 8.5
periphery
(n = 25)

HF digraph:
first letter 17.0*% 18.0** 2.0 10.9* 8.1% 5.8 10.3
HF (n = 56)

HF digraph:
first letter 13.4* 13.6%** 18.7% 25,2%* 8.,9% ]2,2% 15,3
LF (o = 73)

*# p < .05 that the mean = 0.0
** p < .01
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A final analysis eliminated the possibility that the DFE is due to
a8 simple letter frequency effect. We separated the pairs according to
whether the firet letter in the higher-frequency digraph is itself a
higher or a lower frequency letter. As indicated in the second and
third rows of Table 4 , there 1is a sizable DFE in both cases, with the
difference insignificant.

Discussion

These analyses demonstrate that digraph frequency in the language
has a bearing on the interval between the typing of the two letters.
Words are probably not simply decomposed into individual letters.

An easy way to check whether the effect is due to physical factors
such as key and finger placement or is due to higher order units (as we
propose) is to examine how the Rumelhart and Norman typing simulation
model deals with these digraphs. Remember, the model successfully
accounts for the major phenomens of skilled typing, but it uses only
single letter response units. We therefore performed the same analyses
on the data for the same text genersted by the simulation model. The
model did not show any effect of digraph frequency (higher-frequency
pairs were an insignificant two msec slower).

We cannot absolutely attribute the frequency effect to performance
variables. Low-frequency digraphs tend to occur in low-frequency words,
and it could be that a differential ease of perception is involved.
However, our first study, as well as other studies of transcription typ-
ing (e.g., Gentner, Grudin, & Conway, 1980; Gentner, 198la) suggest that
limiting factors in typing are on the motor output side, not on the per-
ceptual side. Therefore, it 1s worth considering how motor facilitation
might occur.

Lundervold (1951) recorded EMGs in a typing task. He found that
motor activity typicsally begins proximally, or in muscles closer to the
body, and that finger motion begins later. Activity in postural suscles
of the back and shoulder precedes the upper ara auscle activity that
accompanies the keystroke. In addition, substantial, regular motor
activity follows each keystroke, as the finger and hand are retracted
from the key.

Lundervold did not extand his analysis to the level of individual
fingers. But handling wmulti-letter sequences as units could lead to
better coordination of postural adjustments and the sequencing of flex-
ion (keystroke) and extension (withdrawal) sctivity. Such increased
coordination would particularly aid in 2ZF sequences, where the movements
toward successive keys are most likely to conflict.

Table 5 presents the frequency data broken down to show the facili-
tation for IF, ¢, and 2R digraphs. The facilitation is stronger for 2F
digraphs overall, despite Typist 5, vhose atypical performance is die-
cussed belov. This is a further assurance that the frequancy effects
are motor, rather than perceptusl. There is no reason to expect a




Grudin and Larochelle

Digraph Frequency Effects

February 8, 1982 16
Table 5
Time Saved Typing Second Letter of Higher-Frequency Digraphs (msecs)
Typist
1 2 3 4 5 6 mean

2H
Digraphs 7.7 10.6* 4.6 16.6%*  12.0%* 5.0 9.4
(n = 70)

i .
Digraphs  27.5** 25.5% 22.2% 20.6** 2.9 16.3** 19,2
(n = 48)

1F
Digtlphl 801 3.2 "503 2700* 902 705 803
(a = 11)

* p<005 that the mean = 0.0
** p < .01
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perceptual effect to be influenced by the mapping between letters and
the hands that type them.

Videotape Analysis

Previous analyses of videotapes and a high-speed film of Typist 6
(Gentner, Grudin, and Conway, 1980; Gentner, 198la) showed that finger
movements toward successive keys frequently overlap in time, but that
there are large individual differeaces in several aspects of skilled
performance.

Informal viewing of the videotapes suggests how more efficient exe-
cution could arise from treating a sequence of two or more letters as a
unit. For example, a typist can twist or rotate the hand above the key-
board and accomplish two things simultaneously. In typing the sequence
at, a clockwise turning can 1lift the little finger from the a while
bringing the index finger toward the t.

The mechanism we focused on involves the retraction of the hand and
fingers following the striking of a key. Most accounts of skilled typ-
ing have not emphasized that approximately half of the movement involved
is that following the actual keystroke. For most typists the retraction
is usually stronger than the downstroke. The movement toward a key is
often initiated well in advance and carried out slowly. After the keys-
troke the finger and hand typically jerk sharply away from the keyboard.
In his elec tromyographic investigation of typewriting, Lundervold (1951)
recorded a great deal of activity in both postural muscles and in ex ten-
sor muscles of the arm following each keystroke. The videotapes confirm
this activity.

The regularity of the retraction suggests that it has a purpose.
Possibly the use of the extensors and inhibition of the flexor muscles
prevents perseverative activity by the finger that was just most active.
Never theless, a strong retraction can work against the typist. If suc-
cessive keys are being typed by the same hand, then when the hand pulls
up from the keyboard after the first keystroke, the finger descending
for the second must work against the upward movement of the hand. The
finger travels a greater distance than it would have had the hand not
retracted. We observed that some typists avoid this by not retracting
the first finger until after the second key has been atruck. This
seemed particularly clear in common ZF sequences such as er, re, ion,

zou.

To establish that this delay in retraction is occurring, we
selected sequences falling at the end of words, in particular ion and
let. The question asked was: When does the right middle finger puu up
froa the 1 key aftar striking it? 1In the sequence iet the right hand
need be in no hurry, since both ¢ and t are typed by the other hand.
(Ses Figure 1.) In the sequence i'on both letters following 1 are aleo
typed with the right hand.

YIS Y e S I e S WA ) T e
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STANDARD QWERTY KEYBOARD

\
Left Hand\ Right Hand

Home

Home

< little

Figure 1. The typewriter keyboard. The sequence ion is typed with .
the middle, ring, and index fingers of the right hand. The letters e and
&t are typed with the left hand. :

sy Hacka AR —riioy e T LRt R
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Me thod

The six typists were videotaped using a rotary shutter camera aimed
down at the keyboard from above and behind the typist. Two views of the
fingers were obtained by placing a mirror behind the keyboard at a 45
degree angle. By forming its image in less than two msec, the rotary
shutter ylelds an image quite free of blur. The video fields were seri-
ally numbered with an elec tronic video counter and analyzed using a Sony
video motion analyzer.

We looked at the first four instances of the typing of each
sequence by each typist. The instant at which a keystroke occurred was
indicated by a light-emitting diode on the keyboard, giving a time reso-
lution of 16 msec (one video field). Retraction was defined to be the
11fting of the finger from the key. (When withdrawal is delayed there
is often a barely perceptible upward movement of the hand, not suffi-
cient to lift the finger from the key.) The view across the top of the
keys shown by the mirror allowed the withdrawal of finger from key to be
determined to within one video field (16 msec).

hlulu

In the sequence ion, where retraction after typing the 1 might
delay typing of the o or n, the mean time to onset of retraction of the
middle finger is 135 msecs (8.1 videotape fields). The middle finger
usually stayed down until one or both of the next two keys were struck.
In the sequence iet the mean time to begin withdrawing the finger is 85
msec, or 5.1 fields (see Table 6).

There was relatively little within-typist variability. An analysis
of variance indicated that the retraction times for the two sequences
are different (F(1,5) = 9.2, p € .05). For four of the six typists, the
ranges of withdrawal times did not overlap for ion and iet. The vari-
ance among typists was significantly greater than the error variance
(F(5,30) = 11.7, p < .001).

Individual differences were, in fact, readily appareant from viewing
the tape. Typist 1 always kept her right middle finger on the { in fon
until the o and n were struck. Typist 5 1lifted that finger “and the
right hand “after the letter was typed independently of the context, and
she showed no effect at all. One typist kept the i finger down until
the 0 vas struck, but lifted it before the n, while the other three typ-
ists sometimes held it down through the -] and other times held it down
for both o and n. Typist 3, for c:nplo, was ex tremely regular in typ-
ing iet, rct:racting finger and hand within 50 msec. With ifon he held it
down around 75 msec half the time and for over 140 msec the other times.
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Table 6
) Mean Time to Initiation of "i" Finger Retraction (msecs)
: Typist
k . 1 2 3 4 5 6
] | _ letter sequence
: ion 200 150 117 104 71 167
iet 92 113 46 83 75 104

aidagic,
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Discussion

The examination of other sequences, as well as Lundervold’s (1951)
EMG data, indicate that retraction of a finger within 100 msecs is typi-
cal vwhen the hand is subsequently free. Thus, the delay observed in ion
for withdrawing the i finger apparently results from the anticipated
conflict such a movement would create with the striking of o and n.
This example demonstrates that coordination of a commonly encountered
sequence nmight improve perforamance.

It does not seem likely that the effect results from cancellation
of the upward movement of the hand (withdrawal from the 1) by the dowm-
ward motion toward the o. Three typists appear to vary " the number of
keystrokes for which the delay is maintained, and in addition withdrawal
is typically a stronger and more brief movement than that of striking a
key. It seems that one action is being suppressed to facilitate later
movement.

This is surely not the ouly means of coordinating multi-letter
sequences. The existence of a frequency effect for 2H digraphs suggests
that other factors are involved, and elsewhere we present evidence for
across~hand response units (Grudin, 1981). This example only emphasizes
that the digraph frequency effect can have motor origins, and suggests
an approach to identifying some wmulti-letter response units in tran-
scription typing.

Individual Differences

The major disparity among the typists is the performance of Typist
5. She shows the smallest frequency effects overall. She retracts her
hand quickly following each keystroke, independent of the context. And
unlike the other typists, she shows almost no facilitation for high-
frequency ZF digraphs.

These results ssy explain why this typist types ¥ and IF digraphs
at nesrly the saws speed (as reported by Gentner, 198la). By retracting
the hand following the first of two keystrokes on that hand, she delays
the arrival of the second keystroks.

Rumelhart and Norman (1982) compared the ocutput of their simulation
model with the intarstroks interval data of these six typists. Thair
model, based on single-letter raspoanse units, matches the performance of
Typist 5 better than it matches any other typist. And the wmodel is
poorest in predicting the performance of Typists 1 and 4, who seem o
show the strongest fraquenscy effects.

Although the model shows 80 frequency effects, it does incorporate
the effects of context and the physical coustraints of the hands and the
keyboard. 1Its generally good performsnce may reflect the rvelative
isportance of thess factors. For exasmple, when successive kays are
typed by different hands, thera can be greater overlapping of movement
(Gentner, Orudin, & Conway, 1980). Looking at 33 pairs of digraphs
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matched for frequency, we found that the interstroke interval for 2H
digraphs averaged 45.6 msecs less than the interstroke interval for 2F
digraphs. This is three times the magnitude of the frequency effects.

Implications

The video analysis suggests that the units of intermediate length
are not just decomposed into individual letter units. Frequent
sequences are not simply typed more frequently; adjustments are made
early to facilitate activity coming later. It seems likely that a
digraph or trigraph "unit” is not simply an association or strengthened
linking of components.

Nor is it that individual keypress schemata work in parallel, pro-
ducing coarticulation effects. In the suppressed retraction following a
keystroke, something was added to the multi-charac ter response unit that
was not part of the individual single-letter responses formed early in
the development of the skill. PExperience with frequent sequences occa-
sions the replacement of a small repertoire of simple response units by
a larger repertoire of more complex but more efficient response units.

Multi-letter response units are not as difficult a step for the
nervous system as it might seem. Lundervold’s (1951) EMG data indicate
that even a single keypress requires coordinated movement over more than
100 msecs, involving a number of postural muscles as well as those
directly responsible for the final motion. Extending this pattern of
activity to cover two or three keystrokes may not be difficult. First,
the total time span may not change much, since the experienced typist is
typing more rapidly. In addition, the postural ad justments that Lunder-
vold and others (Lee, 1980) found to be an integral part of movement,
often preceding overt action, may be simplified by considering a
sequence in its entirety.

A final consideration is the size of the multi-letter response
units. Although Terzuolo and Viviani (1980) argued that motor units
exist for entire words, Gentner (1981b) has shown that their findings
result in part from an artifact of their scaling procedure, and in gean-
eral fail to withstand statistical scrutiny. Nevertheless, some common
trigraphs and short function words very likely exist as response units.
However, there is some evidence that the two-character response unit is
the largest that is frequently employed.

In our first study, we found that performance in a discontinuous
typing task 1s not impaired for pseudowords relative to words if the
overall digraph frequency is unchanged. Overall trigraph frequency is
considerably lower for the pseudowords, yet typists are not affected.
However, if single-letter frequency is preserved but digraph frequency
lowered, performance deteriorates.
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Rabbitt (1978) asked typists to stop typing when they noticed mak-
ing an error and found that most typists sometimes type one additional
letter before stopping. A second additional letter is rarely typed.
Among the errors made by skilled typists, we find numerous two-letter
ingertions, omissions, and even substitutionms, but almost no three-
letter errors. Elsewhere, we note that when an error spans more than
two characters, it is usually of a nature to suggest an error across
units (Grudin, 1981).

The frequency effect suggests that multi-letter units develop with
practice, and fewer trigraphs than digraphs are encountered often.
There are 96 digraphs but only 20 trigraphs with a frequency of one in
every 100 words in the Mayzner and Tresselt (1965) corpus, and 156
digraphs and 67 trigraphs with a frequency of one in every 200 words.

Moreover, given that most of the advantage of high-frequency
digraphs is for 2F sequences, there would be diminishing benefit in
leng thening the motor sequences to form trigraphs. Only one-fourth of
all trigraphs are within-hand. Still, response units of three or more
letters may be formed -- the video evidence for the sequence ion sug-
gests that sometimes it is treated as a unit. And the timing data show
a small frequency effect for across-hand sequences, which could contri-
bute to the efficiency of other three-letter sequences.

In summary, the faster typing of higher-frequency digraphs is best
explained by the formation of mul ti-letter response units. Thege units
can be more than strengthened associations of individual letter response
sequences. Early movements are adjusted to facilitate later action in a
sequence. Thus, these longer output sequences may eventually supplement
or partially replace the initfial, single-letter motor patterns. The
presence of such units may explain much of the variability in typing
that is not accounted for by the constraints of context, keyboard lay-
out, and the hand.
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10.

11.
12.
13.

14.
15.

16.

17.
18.
19.
20.

21.
22,

23,
24,
25.
26.

27.

28,

29.

30.
31.

32.

33.

34,

35.

37.
38.

CHIP Technical Report List

David M. Green and William J. McGill. On the equivalence of detection probsbilities and well known statis-
tical quantities, October, 1969.

Donald A. Norman. Comments on the information structure of memory. October, 1969.
Norman H. Anderson. Functional measurement and psychophysical judgment. October, 1969.

James C. Shanteau. An additive decision-making model for sequential estimation and inference judgments.
October, 1969.

Norman H. Anderson. Averaging model applied to the size-weight illusion. October, 1969.
Norman H. Anderson.and James C. Shanteau. Information integration in risky decision making. November, 1969.

George Mandler, Richard H. Meltzer, Zena Pearlstone. The structure of recognition. Effects of list tags
and of acoustic and semantic confusion. November, 1969.

Dominic W. Massaro. Perceptual processes and forgetting in memory tasks. January, 1970.

Daniel Graboi. Searching for targets: The effects of specific practice. February, 1970.

James H. Patterson and David M. Green. Discrimination of transient signals having identical energy spectra.
February, 1970.

Donald A. Norman. Remembrance of things past. June, 1970.

Norman H. Anderson. Integration theory and attitude change. August, 1970.

A.D. Baddeley and J.R. Ecob. Reaction time and short-term memory: A trace strength alternative to the high-
speed exhaustive scanning hypothesis. November, 1970.

A.D. Baddeley. Retrieval rules and semantic coding in short-term memory. December, 1970.

Roy D. Patterson. Residue pitch as a function of the number and relative phase of the component sinusoids.
March, 1971.

George Mandler and Marilyn A. Borges. Effects of list differentiation, category membership and prior recall
on recognition. May, 1971.

David E. Rumelhart, Peter H. Lindsay, and Donald A. Norman. A process model for long-term memory. May, 1971.
David E. Rumelhart and Adele A. Abrahamson, Toward a theory of analogical reasoning. July, 1971.
Martin F. Kaplan. How response dispositions integrate with stimulus information. August, 1971.

Martin F. Kaplan and Norman H. Anderson. Comparison of information integration and reinforcement models for
interpersonal attraction. August, 1971,

David M. Green and R. Duncan Luce. Speed-accuracy tradeoff in auditory detection. September, 1971.

David E. Rumelhart. A multicomponent theory of confusion among briefly exposed alphabetic characters.
November, 1971.

Norman H. Anderson and Arthur J. Farkas. New light on order effects in attitude change. Marcﬁ, 1972,
Norman H. Anderson. Information integration theory: A brief survey. April, 1972.
Donald A. Norman. Memory, knowledge, and the answering of questions. May, 1972. -

David J. Weiss. Averaging: An empirical validity criterion for magnitude estimation.
Norman H. Anderson. Cross-task validation of functional measurement. June, 1972.

David E. Rumelhart and Patricia Siple. The process of recognizing tachistoscopically presented words.
August, 1972,

Ebbe B. Ebbesen and Richard Bowers. The effects of proportion of risky to conservative arguments in u
group discussion on risky shift. September, 1972.

Ebbe B. Ebbesen and Michael Haney. Flirting with death: Variables affecting risk taking on our nation's
highways. September, 1972.

Norman H. Anderson. Algebraic models in perception. November, 1972.

Norman H. Anderson. Cognitive algebra: Information integration spplied te¢ social attribution. December,
1972.

Jean M. Mandler and Nancy L. Stein. Recall recognition of pictures by children as s function of orgeniza-
tion and of distractor similarity. January, 1973.

pavid E. Rumelhart and Donald A. Norman. Active semantic networks as a model of human memory.
Marc Eisenstadt and Yaskov Kareev. Towards a model of humsn geme playing. June, 1973.

George Mandler. Memory storage and retrieval: Some limits on the reach of attention and consciousness.
July, 1973.

Kent L. Norman. A method of maximum 1ikelihood estimation for stimulus integration theory. August, 1973.
Yasskov Ksreev. A model of human game playing. August, 1973.

Donald A, Norman. Cognitive organization and learning. August, 1973.

The Center for Human Information Processing: A Five Year Report — 1968-78,
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39.
40.

41.
42.
43.
44.
45.
46.
47.

48.
49,
50.

S1.

52.
53.

54.

55.

56.
57.

58,
59.
60.
61.
62.
63.

64,

65.

66.

67.

67a.

68.
69,

70.

71.

72,
73,

74,
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Larry D. Rosen and J. Edward Russo. Binary processing in multi-alternative choice. October, 1973.

Samuel Himmelfarb and Norman H. Anderson. Integration theory analysis of opinion attribution. December,
1973.

George Mandler. Consciousness: Respectable, useful, and probably necessary. March, 1974.
Norman H. Anderson. The problem of change-of-meaning. June, 1974.

Norman H. Anderson. Methods for studying information integration. Jume, 1974,

Norman H. Anderson. Basic experiments in person perception. June, 1974.

Norman H. Anderson. Algebraic models for information integration. June, 1974.

Ebbe B. Ebbesen and Vladimir J. Kone¥ni. Cognitive algebra in legal decision making. September, 1974. i

Norman H. Anderson. Equity judgments as information integration.
Arthur J. Farkas and Norman H. Anderson. Input summation and equity summation in multi-cue equity judgments.
December, 1974.

George Mandler and Arthur Graesser Il. Dimensional analysis and the locus of organization. January, 197S.
James L. McClelland. Preliminary letter identification in the perception of words and nonwords. April, 1975.

Donald A. Norman and Daniel G. Bobrow. On the role of active memory processes in perception and cognition.
May, 1975.

J. Edward Russo. The value of unit price information. An information processing analysis of point-ofpurchase
decisions. June, 1975.

Elissa L. Newport. Motherese: The speech of mothers to young children. August, 1975.

Norman H. Anderson and Cheryl C. Graesser. An information integration analysis of attitude change in group
discussion. September, 1975.

Lynn A. Cooper. Demonstration of a mental analog of an external rotation.
Lynn A. Cooper and Peter Podgorny. Mental transformations and visual comparison processes: Effects of com-
plexity and similarity. October, 1975.

David E. Rumelhart and Andrew Ortony. The representation of knowledge in memory. January, 1976.
David E. Rumelhart. Toward an interactive model of reading. March, 1976.

Jean M. Mandler, Nancy S. Johnson, and Marsha DeForest. A structural analysis of stories and their recall:
From "Once upon a time" to "Happily ever after". March, 1976.

David E. Rumelhart. Understanding and summarizing brief stories. April, 1976.

Lynn A. Cooper and Roger N. Shepard. Transformations on representations of objects in space. April, 1976.
George Mandler. Some attempts to study the rotation and reversal of integrated motor patterns. May, 1976.
Norman H. Anderson. Problems in using analysis of variance in balance theory. June, 1976.

Norman H. Anderson. Social perception and cognition. July, 1976.

David E. Rumelhart and Donald A. Norman. Accretion, tuning and restructuring: Three modes of learning.
August, 1976.

George Mandler. Memory research reconsidered: A critical view of traditional methods and distinctions.
September, 1976.

Norman H. Anderson and Michael D. Klitzner. Measurement of motivation.

Michael D. Klitzner and Norman H. Anderson. Motivation x expectancy x value: A functional measurement ap-
proach. November, 1976.

Vladimir J. Kone¥ni. Some social, emotional, and cognitive determinants of aesthetic preference for melodies
in complexity. December, 1976.

Hugh Mehan, Courtney B. Cazden, LaDonna Coles, Sue Fisher, Nick Maroules. The social organization of class-
room lessons. December, 1976.

Hugh Mehan, Courtney B. Cazden, LaDonna Coles, Sue Fisher, Nick Maroules. Appendices to the social organiza-
tion of classroom lessons. December, 1976.

Norman H. Anderson. Integration theory applied to cognitive responses snd sttitudes. December, 1976.

Nor:;:;;l. Anderson and Diane 0. Cuneo. The height + width rule in children's judgments of quantity. June,

Norman H. Anderson and Clifford H. Butzin. Children's judgments of equity. June, 1977,

-Donald R. Gentner and Donald A. Norman. The FLOW tutor: Schemas for tutoring., June, 1977.

George Mandler. Organization and repstition: An extension of organizstionsl principles with special reference
to rote learning. May, 1977.

Manuel Leon. Coordination of intent and consequence information in children's moral judgements. August, 1977,

Ted Supalla and Blissa L. Newport. How many seats in a chair? The derivation of nouns and verbs in Amer
Sign Language. November, 1977. fean

Don:;«;#. Norman and Daniel G. Bobrow. Descriptions: A basis for memory scquisition and retrieval. Novesber, i
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75.
76,
77.

78.
79.
80.

81.
82.
83.

84.

85.
86.

87.
88.
89.

90.
9l.

92.

93.
94.

95.

96.
97.
98.

99.

100.
101.
102.

103.
104.
105.
106.

107.
108.
109.

110.

Note:

Michael D. Williams. The process of retrieval from very long term memory. September, 1978.
Jean M. Mandler. Categorical and schematic organization in memory. October, 1978,

James L. McClelland. On time relations of mental processes: A framework for analyzing processes in cascade.
October, 1978.

Jean M. Mandler and Marsha DeForest. Developmental invariance in story recall. November, 1978.
David E. Rumelhart. Schemata: The building blocks of cognition. December, 1978,

Nancy S. Johnson and Jean M. Mandler. A tale of two structures: Underlying and surface forms in stories.
January, 1979.

David E. Rumelhart. Analogical processes and procedural representations. February, 1979.
Ross A. Bott., A study of complex learning: Theory and methodologies. March, 1979.

Laboratory of Comparative Human Cognition. Toward a unified approach to problems of culture and cognition.
May, 1979.
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