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PREDICTING HUMAN PERYOR.MANCE IV

CUOICE REACTION TIME

Iý M10OYUCT!OM

This study is the fourth of a series which attempts to develop empirical

models or relationships for predicting human performance. In an earlier

study (Teichner and. Krehs, lQ72) we investigated simple "svitchinp" perfor-

manre, i.e., that performance which involves a discrete response to a single

stimulus. The present analysis is concerned witi, the more complex type of

sxitching task which involves more than one stimulus and more than one

response (cf., Teichner and Olson, 1971). The dependent measure, the choice

reaction time (CPT), is the time elapsing between the onset of a signal and

the initiation of a resnonse to it.

The present efforts, restricted to tas1vs using visual signals, investi-

gated the effects of the following specific variables: Number of different

alternative stimuli and responses, level of practice, stimulus probability,

lergth of foreperiod, stimulus-resnonse (S-R) codin& and/nr S-R compatibility,

and uneoual S-R manping. Although other variables, might also produce effects

on CRT, it was honed that their effects would be small, compared to the effects

of the variables studied, and that their contribution to the inter-experi-

mental error would he tolerable at the present stage of understandinR.

THEO'METICAL STP•.AR.Y

1ow man mal-es choices or decisions is a nuestion .ith roots it. philosophy

and is, perhaps, one of the major questions that man has asled about himself.

Scientific psychology has annroached the question by devising laboratory

arrangements in which the events about Yhich decisions are to be made (stimuli)

can be manipulated and the decisions (responses) can be observed. Some of

the observations made are of the correctness of the responses accordina to

Drecletermined criteria. nthers are observations of thi speed with which

decisions are made. The second, known as a disjunctive, or complex, or

choice reaction time experiment, has had a long, and still very active,

research interest. Tt is the choice reaction time experiment with ihich this

paper is concerned.

The hope of the CPT experimental model is that an analysis of decision

times -,ill helD isolate the processes which determine how decisions are made.

Proc".ra;: inuolvo Identification of the stimulus and selection of the
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response appropriate to it. Clearly, all of the problems studied by

psychologists are subsumed by these two interests. Our particular purpose

in this study was not to try to cope with all of those problems. but rather

to attempt to find basic empirical relationships in the CRT litnature which

can act as constraints on the theoretical models that might be developed

for them.

An early theoretical approach to the CRT tes'. tqas that of Donders (1868-

69)I (.ho proposed that the latency involved in choice reactions is the sum

of three temooral components: (1) Simple reaction time (RT) (2) The time

reauired for stimulus categorization, and (3) The time reouired for response

selection. These processes were hypothesized to he distinct, seauential and

non-overlapping. The a-reaction represents the sum of various neural trans-

mission lags, and for any stimilus energy conditior was assumed to be a

constant which could be estimated by RT. In order to assess the time required

for the other two orocesses, he developed two experimental paradigms. In one,

the b-reaction, each stimulus is associated with a response. This arrange-

ment is often referred to as the "choice reaction time" experiment. In the

other, the c-reaction, several stimuli are presented but response is required

only to one of them. This arrangement is often called a "selective reaction

time". The c-reaction requires only stimulus categorization since only one

response is involved, whereas the b-reaction renuires both stimulus categori--

zation and response selection. Donders proposed estimating the time taken

for resnonse selection by subtracting the c-reaction time from the b-reaction

time. ThIs subtractive logic, the constancy of RT, and the assumption of

non-overlappiJng, serial phases constitutes the essence of 'Donders's theory.

"lore recent theory tends to nursue the logic of Donders's model. In

fact, as Smith (1963) Points out, current theorists tend to push Donders's

logic even farther to include multiple stages or comparisons within each of

the three processes. Donders, himself, extended the a-reaction to include a

set of constant, neural and muscular lags in series. Christie and Luce(19561and

Sternberg (1969) have prorosed that stimulus categorization alone subsumes

several steps executed in serial order. In addition to stimulus categoriza-

tion and resnonse velection Velford (1960) has proposed an intermediate trans-

lation rtape.

1. 'For an Informative and amusing description of Donders's publication

historv and misforctnes see Brozek (1970)-
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Altliouvh which subhrocesses must be postulated is still an onen nuestion,

current theoretical interesc seems to be focused more on whether or not suc.h

orocesses or staves are executed in a narallel or serial fashior. A recent

model of sitnle reaction time Drnnosed 1v Teichner and ','re1-.s (1972) suggests

that even that comnarat.vely simple tasl' may reauire the assumption of three

component nrocesses onPratinp in a serial-parallel arrangement.

Phe more complex CrT models bave terded to concentrate on subprocesses

within a major staee. (If considerable interest has been the stimulus

cateporization stape about •.cl much of the serial-parallel debate has

centered. Oor examnle, "Ilcl"s (0"52) model 'Tiey.'s all stimulus identifica-

tion actf.viti.ks as a serleq of sul-decisions The-rea• Teisser (10• 3 ) favors a

model in v,,iich activitips associated tfth identif•,ing tbe stimulus are

carried out in r•.rallel.

Stimulus cateRorization models bave been of two major types, template-

matcvilin and feature-testing. L, &e template-matching model, the subject

consares replicas of the stimuli presented v,5th alternative stored renresen-

tations or templat-es. Uicl- (W51) considered various models by x-hich these

comparisons mipht he nerformed either seftially or in parallel. As Smith (1968)

notes, ho,,ever, little Is said in these madels about bov, the matching Process

might he carried out or what the nature of a template might he. In general

he reports t",at such miodels have been veal- in their ability to account for a

variety of exnerimental findings.

fne of the feature-testing models (Picl2, 1q52) proposes that the subject

stores lists of feature" associated witb each of the M. possible stimuli. When

a stinulus is presented, the subject mal-es a series of dAchotomous tests

related to one of the features. Each subdecision reduces the number of alter-

natives by half until the correct alternative is found. flonseouently, CRT

should be related to the. numher of possible stimulus alternatives in terms of

the amount of stimulus information. A second general type of feature-testing

model uses senuental stimulus samnling and/or statistical decision concepts

(Edtards, 1965: Fitts, P•66: Stone, 1960). While these models are relevant

to the develonment of a general theory of decision-making of which CRT may

be viewed as a part, they deal with more complex issues than those which we

,,is.h to consider here. That is, this study is concerned x-rth the temporal

characteristics of errorless choices. In general those choices have faster

CRTs than do error reactions although a sneed-accuracy trade-off is a criti-

cal factor (Fitts, 1966).
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Both kinds of stimulus categorization models are concerned with how the

subject !d.:t1fi.es or encodes the stimulus prior to response selection.

Neither model has been addressed to the problem of response selection, as

such, although in some elaborations which have been proposed (cf1 Norman,

1970), the problem is approached Eoually importavt, with regard to CRT,

no available form of either model appears to provide a basis for predicting

the actual latency stimulus categorization.

Additio,.i luantitative models of CRT have been suggested, the most

recent Ining or,, nroposed by Lappin and Disch (1972) who treat CRT within

•1e theory of signal detection. Vnile sucb apnroaches may provide fruitful

:esults, they have only a limited anilicability to the literature with which

we ;hall be concerned. Again, this is related to our interest in errorless

performance. In fact, most CPT studies have been concerned with the latency

of crruL free periormance, and have excluded error CRTs from their analyses.

INDlEPENDENT ýA1RIABL1PS

Fum'-h"r 4 ,i-'...native 1 timuli

T1- 0.-., as a measure reflecting decision-making phenomena, has been

of interest at least since Merkel (1885) demonstrated that CRT increases as

the number of possible alternative signals that could be presented (NA)

inrkeases. All of the theories discussed above would predict such an

increas' assuminn stimulus categorization to be a serial process or at least

some component of it to be sequential in naw.re. What has been unresolved

is the quantitative relationship beteen an increase in N• and the increase

In CRT, and, more specifically, ihether this relationship is linear or

logarithmic.

One of the earliest quantitative models was that of Pick (1952) who

proposed that:

Sa e2 0A + 1) (1)

where a is a constant representing simple PT and log, 1-A is the amount of

stimulus information assuming equiprobable alternatives. The +1 in the

equation is a correction added to 14' to account for uncertainty about the

time of occurrence of the signal (i.e., it represents the alternative of

"no signal"). 'Mote that .herr NA = 1, CM = a which is P.a

Enuation I has come to be lcnoi.n as Rick's lq. It assumes that the

gain in information transmitted t-etween stimulus and response is directly

proportional to the amount of stimulus Information (given a noiseless

transmission), and that the increase in CPT reflects that gain.
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An alternativo ecuation was suggested 1-y Miller (1951), Pyman (1Q53)

and RricIer (lQ55) who proposed that

CT - a + b log2 "A

-ihere a represents simple RT and b log2 fA' the time required for identifi-

cation and choice. In a comparison of the two formulas 'Welford (1968)

concluded that Eouation 1 vrovides a better spproximation of the available

data.

Stimulus-Response Corpatibility

While a number of Investigators have demonstrated an Ldcrease in CRT

as a function of increasing V A' the slope of this increase has been shown

to be sensitive to a number of factors. fOe of these is that retationship

betv'een stimuli and their associated responses which has been called "stimulus-

response compatibility" (?itte and qee•ta, 1953). Stimulus-response compat-

ibillty has been manipulates in a variety of ways. One such manipulation

involves the use of different opatial relationships between each 8 and its

R. Vor example, in a task where the subject Is ;wesented with two lights

and two )eys both arrangled horizontally so that the left light corresponds

to the left key, the relationship is assumed to be compatible. If the S-R

code Is reversed so that the left light is associated with the right key,

CRT tends to be larger. The second arrangement is considered to have less

comnatibility between S and It. The difference between the two arrangements

tend.q to diminish with practice suggesting that negative transfer from an

Accustoere! relationship produced the incompatibility, Smith (1968).

A second, theoretically more intere stine, type of compatibility problem

is associated with the nature of the nhyeical stimulus and the kind of

resoonse reouired to it. Brainard, Irby, Pitts and Alluisi (1962) Investi-

gated all possible combinations of two stimulus types (lights or digits) and

to responses (keypress or vocal). Their findings indicated that the

hiphest rates of Information transmission were obtained ,tyih the digit-

vocal condition and te loitest with the light-vocal condition. Results

for the other two conditions fell between these two extremes. According

to Welford (1960, 196S) this result points strongly to some type of trans-

lation mechanism or stage between the stimulus categorization and response

selection stages. ritts (1964),Fitts and Posner (106.7), and !-.elford (1968)

conclude that the slope relating. CMT to NA is a function of S-R compatibility.

The stronger the S-R relationship, the shorter the time required for the
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translation stage and, thus, the higher the rate of information transfer.

Compatibility, in turn, is assumed to have developed from pre-laboratory

experience- that is, namiing digits is a more familiar task than pressing

keys in response to lights.

Iffects of Practice

At any given level of NA, one effect of practice is to reduce CRT.

Such effects have been found to continue even after extensive practice. Seibel

(1962) found continued reductions in a 5--choice tas1 after more than 20,000

trials as did 'Pale (1q69) in a 3-choice task. Mowbray and Rboades (1959)

found a continuing nractice effect through 45,A0O trials for both 2- and 4-

choice conditions. As would be expected, the largest drop in CRT occurred

early in practice with smaller improvements occurring later in the extended

series. lielford (196•) has suggested that the Dractice gains reported were

due to inadeauate control of the number of responses made Der signal in most

studies which have varied both NA and NT. The question of an MA x IT inter-

action is still apparently open.

Fitts (1964) has noted an interactive effect between practice and S-R

compatibility on the reduction of the slope of the N A function. An assump-

tion that has been made (e.g., Broadbent and Gregory, 1965) is that compati-

bility of particular S-R relationships reflects prior practice and thus

these tWo variables are essentially reflecting the same process. One problem

is that compatibility has been defined typically in terms of events which
occur prior to the investigation, and which are, therefore, uncontrolled and

difficult to study. This is demonstrated in the results of an experiment

renorted by xorin and Forrin (1965) which was designed to test the hypothesis

that comnatibility is the result of practice. Two groups of children, first

and third graders, were tested on a numeral-naming task. The assumption was

that the older proup !ould bave bad more pre-experimental experience than the

younger one at this task and, thus, that the slope of CRT vs NA would be smal-

ler. The results show.ed nearly a zero slope betveen CRT and NA for both

groups, suggesting that their hypothesis was incorrect. There was a large

dearee of variability in the results, however, which implies that grade level

may not be a direct index of practice. Such findings suggest that assumptions

regarding pre-laboratory exnerience may rot be particularly valid in any

specific instance.

Welford (1968) suggests that it is the translatlon mechanism betwyeen S
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and R which is influenced most by familiarity. If the translation process

is minimized so that the association between each S and its appropriate R

becomes "wired in", the effect of increasing NA should •'e reduced and even-

tually, with enough practice, be reduced to zero. This argument suggests

a series of parallel channels which can be preset to await a stimulus event.

Any given event would activate only one of these channels. Thus, the subject

would he performing a set of simple reaction time tasks In parallel. The

only effect of increasing NA would be to increase the temporal uncertainty

of any particular S-R subset.

Differential S-R Mapping

In Ponders's (1863) original model, the selective reaction paradigm

involved the preaentation of several different stimuli in a task where the

subject was required to respond only to one of them. This many-to-one mapping

procedure was designed to provide a measure of stimulus categorization time.

Such selective respouding tasks have been employed by many investigators (e.g.,

Nicl-erson and Feehrer, 1964: Brebner and Gordon, 1962, 1964; Broadbent and

Gregory, 1965) to study the process of stimulus categorization. The general

results indicate that as the number of different stimuli is increased, CRT

increases even though no response selection is involved in such a task. One

implication of such findings is that stimulus factors play the primary role

in the CRT vs N A relationship. In contradiction, a study by Forrin and

Morin (1966) comparing choice and selective reactions reported the latter

to be even lonsyer than the choice reaction. The suggestion was made by

them that response inhibition to the non-critical items had an effect on
response to the critical one. If so, then response factors must play a more
important role then has been supposed. Other investigators, (e.g., Mowbray,

lq64; Taylor, 1966) have not found sunportiDp, results except when NA was

eight or more.

A variation of the selective reaction is the paradigm in which all

signals are critical (i.e., are responded to) but in which there are fewer

kinds of responses than signals. 'Morin, Forrin, and Archer (1961) varying

the S-R ratio from 4-1 through 4-4, obtained results which suggested that

the primary factor was number of responses. The results of an experiment by

La Berge and Tweedy (1964) suggested that it is the probabilitV of particular

S-R relationships *.ich influences CPRT. Using 3:2 mapping, but varying the

relative probab-11ty of each of the three stimuli, they found that CRT depended
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uDon the probabilities of individual signals even though the frequency of

the two responses was equal.

Another indication of the imnortance of stimulus factors in the many-few
mapping tasi' is provided by Hinrlchs and Yrainz (1970). Prior to each trial
the subjects were asked to predict vhich stimulus would occur. In situations
where the predicted stimulus occurred, response times were faster than in
the case where the prediction was incorrect. An interesting finding in this
latter situation was that equal CRTs were found even when the actual stimulus

was associated with the same resnonse as the incorrectly predicted one. Such
results imply that even when the subject is set to make a particular response,

stimulus factors may exert an overriding influence.

Stimulus Probability

fne interpretation of the increase in CP.T w3th 'A is related to the
decrease in the probability of occurrence of any one stimulus as NA increases
if, as in most studies, all stimuli appear with eaual. frequency for any given

level of NA. Studies in which stimulus nrobability was maninulated (e.g.,

lyman, 1953! Bertelson and Barzelle, 1960; Mowbray, 1964; Lamb and YAufman,
1965, Kaufman, Lamb and Walter, 1970; Kaufman and .evy, 1966) have demonstra-

ted that, for a constant NA., higher probability stimuli are associated with
smaller CRTs than those occurring with lower probability. The notion that the
effects of stimulus probability are independent of the relationship between N A
and CRT is questionable considerinl the results of Broadbent and Gregory (1965)
who showed that CRT to a stimulus occurring on 75 per cent of the trials Yas
greater when it was part of a four-alternative set than when it was part of a

twlo-alternative set.

Effects of Foreperiod Length
In general, increases in the lenqth of the foreperiod (i.e., the interval

beti.een a warning signal and stimulus onset) have been considered to result
in an increase in CRT. Pick (1952) attributed this to uncertainty concernirng

the time of arrival of the signal. le theorized that temporal uncertainty
effectively added one to the number of alternatives in terms of its effect on

CRT. The literature is not completeiv consistent in its findings about this
variable, however. Brainard, Irby, Fitts and Alluisi (1962) found essentially
no differences in performance between a CRT task in which the foreneriod was
two seconds and a self-paced task in which the next stimulus was presented

0.15 second following a response. Those differences which were present seemed

- ~. - ~ ~ -~-
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to occur mostly at lower levels of N A (i.e., 2) rather than at higher levels

(i.e., 8). They found that CRT ,ias slightly longer for the longer foreperiod

at lower levels of FA. These results were reversed for the B-choice condition.

Gottsdanker and Way (1966) studied the effects of both random and constant

foreperiods ranging from l.05 to l.8n second. Over this limited range they

found little effect for the random foreperiod, but a consistent increase in

CRT as foreneriod increased under the constant condition. In fact, the mean

CPT for the random condition was less than for the constant interval. Such

results are contrary to what might be expected from Hick's (1952) temporal

uncertainty hynothesis. The variable condition should result in more uncer-

tainty, not less, and, accordingly, CRTs should have been longer.

Foreperiods x;hich are very short, esnecially those which are c~ose to

zero as in self-paced tasks, have been found to result in slightly longer

CRTs. Borger (1963) discussed this in terms of the psychological refractory

period such that two stimuli which occur too close in time are more difficult

to separate as distinct. Welford (1960) also suggests that such effects

are related to a minimal processing time for the separation of two events.

Physical Parameters of the Stimulus

Little attention has been Daid to the effects of duration, siza, and

intensity of the signals in CRT tasks. In most studies the signal is termin-

ated by the response and the stimulus energy characteristics are not even

soecified. One study by Christ (197n) in which duration of the stimulus was

varied from 5n to 15n msec. found no significant difference in CRT across these

durations. Another (Kaswan and Voung, lqf5) reported that CRT varies with

stimulus intensity. This variation and the lack of variation due to stimulus

duration are attributable to the interactive effects of intensity and dura-

tion on the simple reaction time component (Teichner and Krebs, 1972). We

see no basis for expecting a decrease in either the choice reaction or selec-

tive reaction as well. Nowever, important variations in CRT among studies

could be due to energy factors and, therefore, should be controlled.

'4ETFM1

A literature search was conducted of the studies published since 1950

which reported CPT as the dependent measure. A few important papers published

earlier than 1Q50 tere also included. These studies were then evaluated 4

according to the followIng criteria before they were accepted for further use:

1. Stimuli had to be presented visually.
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2. The stimulus situation contained no visual noise or other masking

or distracting elements.

3. Only simnle, higbly overlearned signals could be used as stimuli.

Stimuli falling within this category inclvded single light flashes, single

digits or letters, colors, and common geometric chapes (e.g., circle, triangle

or scuare).

4. Response had to be interded to the onset of the signal and CRT

measured from the initiation of the signal to the initiation of the response.

If a keypress or other manual response was used, the movement required either

bad to be minimal (e.g., the subject's fingers rested on the response keys)
or data bad to be provided wnich allowed CRT to be corrected for movement

time.
5. Viewing of the stimulus display was restricted to central binocular

vision.

6. Position uncertainty was acceptable within visual limits if the

signals were position-coded, and if the subject was always aware of the code.

7. The subjects were young normal adults.

8. CRTs of incorrect responses vere excluded.

9. The procedures and general experimental design were acceptable.

On the basis of these criteria, 59 studies were accented as providing data

for further analysis.

Data Handling

Information descrip'tive of the physical characteristics of the stimulus

and resnonse apparatus as well as the procedural aspects of the study was

recorded. In addition, the data from each study, as reported by the author,

were extracted. All information and data were cornverted to common units of

measurement: CRT, foreperiod dubation, and stimulus duration in seconds,

absolute number of stimuli and responses (rather than e.g., bits), target

luminance in millilamberts, an- stimulus size in degrees of visual angle.

The following Information was coded and placed on punched cards:

1. identifying code numbar of the study.

2. Number of different stimuli.
-4

3. Type of stimulus.

4. Tyne of resoonse.

5. LengGt if foreperiod.

6. Loglo total number of trials.

7. Stimulus probability.
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R. An indication of vhether all stimuli vere enually probable.

'). T)Te of tasl- (serial or discrete).

i•. Results.

A separate card vas used to record each data noint reported in each

studv. The only exception to this was in the case where data for individual

subject'; x'er. renorted separately. 'hese data rere averag'!ed and reported as

a sinqle measure.

Favinq, organized tie data and descr._nt.ve information in thi-6 way per-

mitted considerable flexibility in analyzing the results by computer. Any

particular subset of data al!i-e in specified i.avs could 'e selected and

analyzed aoart from the other data. Comparisors related, for example, to the

effects of particular S-'? combinations could be made merely by specifyine

tvyo digits indicating the code for that com!.ination. An additional advan-

tape of using the computer i'as that it was possible to generate computer

plots and thus have access to rapid end accurate graphic displays of the

data.

As in previous efforts within this series, the apnroach used in handling

the data !4as an iterative one. The first step vas to plot all data on a

corwon Rranb, the initial vorkinp hypothesis beinp that only one major vari-

abRle was svstematically related to the dependent measure, CPT. This graph

was then examined for trends suggesting the influence of other major vari-

ables. Such examination led to a series of suhseauent hypotheses which were

tien teste1 hv Dlottin-, subsets of the data. A variable tas considered to be

important (i.e., a major variable) only to the extent that it nroduced a trend

across studies conducted at d.ifferent parametric values. Such an approach

does not of course exclhde the possibility tlat other sources of variability

ex.ist ,'hlch e.r.1 er have not heen specified or have not been varied Daramet-

rically.

PESUL'gC Amn I)M~~UMS!f

A rather lar.e disnersion of points was fTin? in the initial plot of CRT

vs iTA" That variability aDneared to be influenced importanti- y factors:

3.) an extremely iride range of practice across studies, i.e., from 64 trials

ner subject in a study hy Taylor (1966), to 63,onn trials Der subject in one

1-y Leonardi (195q)- 2) the Particular ty~pe of stinulus-response (S-R) relation-

Four different S-P combinations have been used extensively- (1) the

-A 2

:4
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subject is presented with a digit (sometimes a letter) and responds by
Identifying the dipit aloud, thus tripoering a voice key, (2) the subject
responds to a Oigit by deprersirn one of 4overal buttons or Veys manually;
(3) the subject is presented with an atray of lights and required to respond
kv lepressinp the appropriate Wey: (4" the subject responds to an array of

Possible lights by vocally identif7nR the position of the lipht in the array.
Of these four combinations (diWit-voice, d1lit-key, light-voice, light-key)
only the diglt-1hey and light-key have been studied over a wide range of
practice l.vels. That being the case, it vas nossible to compare the effects

of the four .s-, combinations oKly at relatively low practice levels. Such

an evaluation is urovided In Virur. I whicb presents the nean of the CRTS
of. different studies Wihch have used the four arrangements. The lines in
the fio.ure are intended only to illustrate th,; average trend.

Fivure 1 suggests that the light-pey combination tends to produce the
shortest CRT, at least at relatively low nractice levels, and for M A 4.
Vor N A 5, the digit-voles combination apoears superior on the average. In
fact, the digit-voice combination appears to be indepiendent of NA, whereas

the other combinations appear to be directly proportional to lo02 MA. These
results are in peneral agreewent with Pitt's (1064) analysis of the portion
of the data xhich he used and except for the higher CRlT at lover N of the
digit-volce combination, with the conclusions of Welford (lQ68).

Digit (or letter)-namint is highly develoned in the adult population.
"'e see little basis f•r assuming that the differences among the other three

combinations reflect familiarity differences. There do appear to he dif-
ferences among them in reard to dItfIerentlal F and A coding. The light-key

combination uses the same code (position) for both S and P. In a sense the
subject has only to touch an extension of the position-coded light. an the
other hand the diit-key conbination reouires a translation from a verbal
to a nosition code and the ligbt-volce from a position to a verbal code.
The advantape of the dRiit-key over the latter is nresumably due to the
fact that the subject already Inows the (verbal, numeric) code. This

exnlanation NOWlie• an S-4 incompatibility defined on the basis of S-P.

coding eifferences. Presumably, the fewer translations reauired, the better
the werformance, at least at the relativelv low levels of practice represented

In Vi.lure 1.

:7u7.e 2 Presents CRT for the digit-key combination as a logarithmic

function of p, ..rIce trials (Ql,) with NA as a parameter. The lines are
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least-snuare fits. They are acceptable first aDproximations considering

the variability disnlaved. It is suegested by the trends that at a suf-

ficient level of practice each NA curve will asymDtote at the same minimal

CRT. We have ari-itrarily selected the minimum as .20 second. The suggestion

of an eventual independence between CRT and 11 is supported by our previous

observations of Figure I.

Figure 2 shows that t',e C'.T function can be expressed in general as-

CPT = K log,, NT + a (3)

where 74T is the number of trials,K is the slope constant, and a is the Y-

intercent.

Vor the digit-key lines of Figure 2 at the indicated"

NA = 2, CRT = -. 099 logl0 MT + .725 (3a)

NA = 3, CRT - -. 156 login IT + l.n5n (3b)

wa = 4, CRT = -. 169 log10 NT + 1.145 (3c)

AA = 8, CRT = -. 217 login 17T + 1.540 (3d)

It is clear that both the slope and intercept constants are functions of

NA. Figure 3 nresents Dlots of the intercept constant as a function of NA

and of log2 NA. The curves, fitted by eye, are reasonable. The loarithmic

relatlonsbiD is:

a = .425 lo2 \ NA + .2°- (4)

From -hich, when N A = 1, a = .293 which is an estimate of simple reaction

time when NT, = 1.

Figure 4 Dresents a fit of the slope constant of EQuation 3. The function

is"

K = -. P7 1092 NA -. 029 (5)

nne implication of Eouation 5 is that when ? = 1, K is very close to zero, a

desirable result. Using Equations 4 and 5 to obtain parameters for Equation

3 provides the follor-,ing estimates of the sinple reaction time: NT = 1, ".T

.705! NT = 10n,n00, '.T = .15n. These are acceptable estimates.

Figure 3 presents CPT as a functiov, of; Draztice for the light-I-6V, combin-

ation. An imnortant libertv -.as taken with the data of Seibel (1962) in

developing this figure. In comparison to the rest of the data in the litera-

ture, Seibel's CRTs were consistently far less than even the two-choice result-.

Since the trend of his data is similar, and since as 'igure 4 shows, the slope

of that trend is similar to the other trends, we assumed a constant error (or
,'Toe mCansirive elirnment?) in bhs data of .22 second. Correction 1- that



FIGURE 1

Choice reaction time as a function of log2 NA

(i.e. bits) for equiprobable alternatives at low

practice levels. Data points are the mean of the

indicated studies.
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FIGME 2

Choice reaction time as a function of practice

for the digit-key task. The parameter is the number

of equiprobable alternatives.
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FIGURE 3

Intercept constants (a) of Equations 3a - 3d as

a fun'mtion of NA and of log2 NA for the digit-key task.
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MIGURE 4

Slope constants (k) of Equations 3a - 3d as a

function of NA and of log2 NA for the digit-key

task.
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FIGURE 5

Choice reaction time as a function of practice

for the light-key task. The parameter is the number

of equiprobable alternatives.
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amount provided for a trend which also accounted for the data point from
Leonard (1958). Other than this, all other data in this and all other figures

are as otiginally reDorted.

SComparison of Figure 5 wich Figure 2 shows that the slopes of Figure 5

are less steep. This is consiitent with the expectation of a lesser practice
effect for this combination. (n the other hand, although performance is

better with the light-key over ,most of the trials range, extrapolation shows

that there will be a reversal of the CRTs of the two conbinations before they

reach their common limit.

The eouations for the light-Pey lines of Figure 5 are:

17A = 2, CR•T = -. 01S loglo V T + .335 (3e)

NA - 4, CRT = -. 035 lo.in fNT + .460 (3f)

NA = 5, CRT = -. 042 loglNT + .62n (30)

NA = 8, CRT - -. 050 lglO 11, + .720 (3h)
Plots of a and of X each vs NA are presented in Figures 6 and 7. A

major difference between these plots and Figures 3 and 4 is that the constant,
a, appears to be linear with NA. The most divergent point is that which is
weighted heavily by Seibel's data, however. nuplicating our previous analysis,

the equation for the intercept constant is:

a= .19 log2 NA + .14 (6)

and for the slope constant

-.017 log2 t -.001 (7)
According to Enuation 3, when N1 = 1, the sirple reaction time for this

combination is .14 and when N = 10n,000, RT =.135. The effect of practice
T

in this case is negligible. Further, .14 second is roughly the minimal
possible simple visual reactican time to a light. It is also appreciably lower

than that prcdic-:ed for the digit-key task at lower Practice levels. In fact,
the simple reaction time would not be expected to be muct, affected by practicze

(Teichner, !P54) excent, perhons, in a context In which the signal contained

rore than sensory attributes in ,hich case the response criterion would be

high (rrice, 1968; Teichner and Krebs, 1972). 2•
1 'i.ure 8 provides a family of theoretical curves relating CRT for the

Aigit-Itey comb-ination to FA with $1, as a Parameter. The figure may be derived

with the use of !-ouations 3, 4, and 5 or bv reading values from Figure 2.
Wigure 8 shTws, as noted above, that wltb sufficient practice, CRT should be

in'ependent -3 NA, at least within the range of 4A used. According to the
L A
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FIGURE 6

Intercept constants (a) of Equations 3e - 3h

as a function of NA and log2 NA for the light-key

task.
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FIGURE 7

Slope constants (k) of Equations 3e - 3h as a

function of NA and log2 NA for the light-key task.
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FIGURE 8

Derived choice reaction time for the digit-key

task as a function of the number of equiprobable

alternatives with the number of practice trials as

a parameter.
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figure, for this S-R combination, that point would be reached in over one

million trials. While this may seem unreasonable at first, especially

since Vowbray and Rhoades (1959) achieved it in 45,000 trials with the light-

key combination, it should be borne In mind that the prediction is based

upon an arbitrarily-selected limit of .20 second and that a different S-R

relationship is involved.

I'uch of the current theoretical approach to CRT is based upon the early

efforts of Pickc. Pick (1952) varied NA using a light-key combination and

approximately 8,000 practice trials. Since Pick's (1952) data were not used

to develoD any of the above formulations, it is anDropr-ate to evaluate the

differences betw-7een them and his results. TPhis is done in Figure 9, which

presents CRT as a function of log, NA The line ir the figure was calculated

with Eauations 3, 6, and 7 setting NT = R,000. The maximum deviation if any

Doint from the line is .03 second. Considering the possible errors to which

the eauetions are liable, and that Hick's data are from one subject, the re-

sult is probably incredibly good luck. On the other hand, it supports and

encourages the general approach.

lie •.1re able to evaluate the effects of signal probability only for a

constant NA = 2, and then only to a limited degree. Figure 10 shows this

attempt. As can be seen, the difficulty lies with the large differences in

S-R combinations used and the differences in NT. Primarily the data report

again the importance of practice and S-R combination. The smooth lines,

drawm by eye, are of significance only in showing that in every study, CRT

decreased with Increasing stimulus probability. Accordinglv, CRT should be

a function of amount of information for unecual probability alternatives as

well as for equal probability ones as already showm. The results of Hyman

(1953),Lamb and Kaufman (1965) and Kaufman, Lamb, and Walter (1970) support

that expectation, t .t due to the confound.ngs noted in Figure 10, 're were

not able to test it.

The range of change of CRT ,ithin every study of Figure i0 is small,

esnecially as compared to the changes associated with changes in NA. Thus,

even though it may be possible to express the function in uncertainty terms,

until more definitive data are available, it would seem wisest to do that only

for eruftrobable signal sources which differ in N.A. The probability auestion

needs further investigation in this regard, although in general, the signal

probability effect looks snall.



FIGURE 9

Choice reaction time vs number of equiprobable

alternatives for the light-key task after 8000 trials.

Data from Hick (1952); line calculated with Equations

3, 6 and 7.
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FIGURE 10

Choice reaction time as a function of stimulus

probability for the tw:o-choice case with varying S-R

task combinations. The number of trials employed is

indicated as NT.
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FIGURE 11

Choice reaction tirae related to foreperiod

duration for the digit-key task.
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So far i.'e have discussed signal uncertainty in relation to N' and to

signal probability. Hick's law (Equation 1) attempts to deal ,l-h temporal

uncertainty. Such uncertainty is introduced into the CPT experiment via

the foreperiod, i.e., the time between a warning signal and the critical

stimulus. Figure 11 is a plot of the effects of foreperiod duration at

different NA for the digit-l-ey combination. The data available are not

extensive in number, but suggested trends indicate that the effects of fore-

Deriod are v,'ýry small and complete in less than one second. Figure 12 is a

similar plot for the light-key arrangement. Any possible effect is even

harder to discern in this case. We conclude that temnoral uncertaintV is not

an important consideration and that the need for Pick's correction is not

supported. The model represented by Equations 2 and 3 Is to be preferred,
therefore, since it allows for an independent determiriati'.- of the slope

and of the simple reaction time. 'loreover, without the corrective constant,

PT - nl ,ahn N = 1 in Equation I and this is clearly untenable.

It will be recalled that the selective reaction type of experiment
provides inequality between the number of signals and the number of resnonses.

'tore recently such studies have been described as many-to-few mapping experi-

ments. In the simpler case, the subject makes only one response and that to

just the critical one of various stimuli that are presented. For example, he

may respond only when he sees the numeral, 2, in a senuence of different

digits. !lore complex arrangements require the same response(s) to more than

one critical event.

Tn certain ways this experimental arrangement is also a searching or

monitoring task since the subject seeks the arrival of a critical event. It
differs from the choice reaction Paradigm not only in not having one-to-one

naonina, but in that not every stimulus event is associated x7ith a CRT.

Thus, sequences of events may contain important experimental variables all of

which are hard to define in terms of practice trials. This is particularly

true of the many-to-few experiments. Unfortunately, the sequences that have

been reported in the literature iere too varied for us to put them all into

any consistent framework.

,e -ere able to find four studies of the many-to-one type which we could

describe as generally similar in practice level and S-R combinations and to

relate their data to the probability of the critical signal. That result is
show- in Figure 13 where it may be seen that, as *.ith the choice reaction,

7-



FIGURE 12

Choice reaction time realted to foreperiod

duration for the light-key task.
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FIGURE 13

Choice reaction time for different selective

reaction tasks as a function of the probability of

the critical signal.
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si!,,nal probability has a consistent, but very small effect. The difference

in trend ray or mpy not be significant. It should be noted that the figure

represents a relat'vely low practice level. Our impression of the results of

individual studies of this sort is that the effects of practice appear much

le-,t sytematic than those shown above. For this reason we vonder again if

this type of experimeiut belongs in the CRT category or whether it is not more

appropriate to think of it as a searching or scanning study. Welford (1968)

has also noted the similarity between this experimental paradigm and scannin.-

It is interesting that if it does belong more properly in that class of study,

the relationships involved can be described nicely in information-theoretic

terms (Teichner and Krebs, 1972-a).

ON DONDER' S LAW
Donders's law states that

CRT = a + b + c (8)

where a is the simple reaction time, a constant

b is the time required for stimulus categorization

c is the time required for response selection

and the order of events is in the sequence indicated. If an S-P. translational

stage were required, as proposed by Welford (1960), it would be intermediate

between the b- and c-components.

Comparing the digit-key and the light-key tasks in these terms, it is

apparent for any NA ; 2 that the two tasks are equal in r _ard to response

selection. Thus, c in Eouction 8 is not a variable to take into account in

this comnarison. What must he invoked to account for different effects of the

tasks on CRT are differences In stimulus processing, i.e., stimulus categori-

zing or coding, and translation. In the digit-key case, the stimuli are pre-

sented in a numeric code. They must then be translated to a position code.

It is as If the subject sees a stimulus, names it, and then translates the

number named to its corresponding response key position. On the other hand,

no translation.al activity appears to be invol-yed in the light-key case since

the only possible names that can be given to the lights as stimuli are those %

for the response nosition code. Little categorization is involved; nor is

there any translation to perform. Presumably, improvements with practice

represent improvements in response relection, and only to a -very small extent

do they represent changes in stimulus processing. Those same response selec-

tion Inproverients umast also be present in the digit-key tas',. It seems, tbere-

_ " - r -• " " ' "" • •- .. . .. t _ , I ! I -- '



fore, that the digit-Rey task has a larger CP.T because it requires both a

stimulus coding and a translational stage.. whereas the li~ht-l-ev tas.k requires

only stimulus coding.

Donders assumed that no stimulus coding is involved in the a-component,,

that RT is a constant. Yet, at least a codina of energy levels Is implied

1Fy recent resnonse criterion models of simple reaction time (Grice, 1969;

Teichner and Yrebs, 1972). Furthermore, Grice has shown within the context

of the model that learning and other factors influence the response criterion

and, conseouently, VT. Tt may be, therefore, that the a-component in Donders's

law is not constant, and that it includes some of the time reouired for

stimulus codino. If so, the PT portions of CRT should be different for dif-

ferently-coded stimuli. If they are not different, then 'Donders's assumption

,ould appear to have been apnronriate. To investigate this hyDothesis,

Euations 3, 4, 5. 6, and 7 were used to obtain estimates of '.T, i.e., CRT

at V!, = 1. Figure 14 nresents plots of the two simple reaction times as a

function of M.

It is clear from Figure 14 that the slopes of the two functions are

very different. As pcinted out earlier, and shown here, the digit-key task

depends imnortantly on Dractice, whereas the liptht-key task shows little or no

practice effect. Figure 14 suggests that changet in P.T with practice at the

digit-key tasi- account for a considerable amount of the CIRT practice effect.

If 9 T reflects a stimulus coding process, then Figure 14 also suggests

almost no such activity for lights, but a fair amount of such activitv with

the digits. The implication for 'nonders's law is that the a-comnonent is

not a constant, hut that it contains the sun of a constant (transmission lag)

and a variable cuantitv vhich is the time used to code the stimulus. The

coding activity may be Part o the simple reaction time even though the subject

has no need for it, .. e., even though all he is renuired to do is to respond

to the stimulus as pure energy. Furthermore, the above result suggests that

the duration of time renuireA for the coding process denends on the nature of

the code and on nract.ce.

Situations are corceivable In uhich it Is necessary to translate from

one stimulus code to another. For examnle, colored lights are used as

signals for automobile drivers. T.e color, itself, may "-e thought of as a

primary code which is processed during the a-component, whereas "stop"

as.oclated with red may he thought of as a secondary stimulus code. Or, if L
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FIGURE 14

Derived simple reaction time as a function of

practice.
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the signal is the word, stop, the letters may be thought of as primary and

the word as a secondary code. Conceivably, a situation could have a sequence

of stimulus codes each but the first of which requires a translation time as

well as a coding time. A modification of Donders's law to incorporate this
could include the first or primary coding in the a-comuonent and could assign

the other stimulus coding activities to the b-component. 1he translation

bet%-,een stimulus codes would also be expressed, as should be any requirement I
for a translation beti.Teen stimulus and resPonse codes, e.g., between numerals

and spatial positions in the digit-1cev task. Finally, similar coding apd

translational activities may be involved on the response side in addition

to response selection. We will not attempt to speculate on them, hoxever.

With those considerations in mind, Donders's law may be re-formulated

as follows-

CRT - a + b + TSR+ c (9)
Where: a = aS + a. = RT; a. is that portion of RT associated with primary

stimulus encoding; a,, is a constant portion of RT required for

neural transmiss.on at a given stimulus energy level,

b b S + Ts_ b q is that time required for the use of stimulus codes

i.hich might follow a primary encodine; T is the time requireds-sfor translations between stimulus codes,

T time required to translate from the final stimulus code to the
5-R

response code,

c - total time required for all activities associated with response

selection.

Tf v.,e evaluate the digit-key task in the terms of Equation 0, it would

appear that numeral-naming is the only stimulus-coding activity required

and the translation from that code to the position code used for response-

identification is the only translational activity. Accordingly, if the

first or primary stimulus-coding activity is part of the a-compoihent, and If

no other stimulus codes are involved, the digit-key task may be described as: k_

CRT-a + T + c (10)

Letting R T - a, and re-arranging,

T +c =CRT -'RT (10-a)S-R.
Consideration of the light-Vey task in the same terms indicates that

the stimulus is coded by eosition as is the response. If there is a one-to-

one relationsbip between the position codes, as is the case in all of the
studies reported here, then there is no S-R translational activity. The only
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activities are stiaulus-coding and response-selection. Accordingly, Eor the

light-key task,

CRT = a + c (i!)

and c = CRT - RT (11-a)

It follows that,

TSR = (Equation l1.-a) - (Ecuation 11-a) (12)

so that !f RT can be estimated, the other components may be derived empiri-

cally from a comparison of digit-key and light-key performance as obtained

from the choice reaction experiment rather than from the difference between

the choice and selective reaction experiments as proposed by Donders.

It should also be noted that the light-key task with one-to-one S-R

position coding is a compatible S-R arrangement, whereas the digit-key task

has some degree of S-R incompatibility since a translation is required

between stimulus and response codes. Consequently, we can define the degree

of S-R incompatibility inherent in a task as the proportion of the CRT '-'hich

is attributable to the S-R translation time, i.e., TS' /CRT. Thus, a method

apoears feasible for both the exoerimental manipulation of stimulus and

response coding processes and for the practical evaluation of the degree of

S-R Incompatibility in a task by using the one-to-one light-key task as a

reference situation and applying Equation 12. To achieve that empirically,

would renuire simple RT experiments with which PT estimates may be obtained.

Or for RT for single numerals or nosition-lights, the present formulation

orovides a theoretical estimate.

As an illustration, using NA = 4, Eauations in-a and 11-a were developed

with Enuations 3-7. The results are showm in Figure 15. The left-hand side

of the figure shows RT subtracted from CRT for each task: on the right-hand

side they are not subtracted. According to Eouations 10-a and 11-a, the

left side of the figure represents response selection in terms of the light-

key line and resoonse selection plus S-R translation time in terms of the

digit-key line. Both sides are plotted as a function of practice trials.

Figure 15 shows that with the a-component removed, the two CPTs are

closer and, in fact, eoual with sufficient practice. Ie assume a discontin-

uity after the lines meet, i.e., that all other components of CRT remain

constant at that intersection value. The figure also shows that there ia a

greater gain in the translational sneed from practice than in that associated

with response selection since on the left side of the figure %he initial



FIGURE 15

Derived cl•oir:e reaction time as a function of

practice for NIA - 4 with and wi.ti-Mir substraction

of derived simple reaction time.
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difference beteen the two tasks is large and then the digit-key practice

curve droos faster.

Figure 16 is a nlot of TS_R obtained for NA = 4 by subtracting as in-

dicated in Eauation 12. It may be seen that this translational activity

represents an imoortant part of CRT and that the time required for it de.-

creases with practice. To evaluate its relative importance and that of the

other components, each was determined as a percentage of the total digit-key

CRT at different levels of practice. The percentage of the CRT due to trans-

lation of the numeric code to the position code (T••) x.as obtained by
T-S R I -L -.

dividiug& as of Eouation40 by the digit-leey CRT. The percentage due to

the a-component was obtained as RT/CRT for the digit-key task.

Por the illustration we have assumed arbitrarily that a, = .1 second and

subtracted that constant from RT to obtain aS . VTe were then able to calculate

the percentage that each of the variable components is of CRT at different

levels of practice. These results are sbown along with % RT in Figure 17.

The quantity, % a., is represented by the difference between the curves

for % a-component and % a .

Figure 17 shows that the most important of the three isolated variable

processes is that due to response suletticn factors. Except for the initial
portion of practice, this component accounts for more of the total CRT than

any other and its relative importance increases in a positively accelerated

manner as practica continues. At the Jame time the translational activity
starts as the most important component, but loses importance over the trial

series so that by about 56,000 trials it is no longer a factor. It can also
be seen that the effect of subtracting the constant from RT was to produce

an essentially horizontal line. The values of the residual stimulus coding

component ranged frow 17.0 per cent at log1 0 T = 0 co 16.7 per.cent at

logl 0 NT 5. Thus, for the coda involved, stimuius coding, as defined, is
theoretically the least 4mportant factor, without extensive practice, and,
although the absolute cod tng t!me decreases with practice, as described above,

its relative contribution does not change. This seems quite reasonable for

digit-naming in the adult population.

We recognize that the results presented rest upoi a variety of assump-

tions. On the other hand, they are derived from the data available and they
anpear to make sense. Accordinply, we propose that nonders's law be modified

in the manner described by Ecuation 9 a:id that estimates of stimults categori-



FIGURE 16

Theoretical S-R translation time for the digit-key

task as a function of practice; NA 4.
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FIGURE 17

Theoretical percentage of CRT component times

for the digit-key task related to practice; N A
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zation be obtained f:om iubtractions across exDeriments having different S-R

compatibility arrangements rather than in the manner proposed by Donders.

Using the suggested approach appears to provide an experimental method for

investigating the stimulus encoding and translational processes. Those

processes may often be considerably more important than suggested by the

present analysis which was based on highly familiar, simple codes.

SI•M4ARY DISCUSSION

In terms of their influence on CRT, the Lhree most important variables

appear to be: level of practice (NT), number of different possible S-R

pairs (NA), and the particular S-P combination used. These variables operate

Jointly. Thus, while Dractice serves to reduce the slope of the curve relat-

ing CRT to 11A, the slope itself is dependent on the S-R code.

It was found that the light-key condition produced faster CRTs at all

levels of practice studied and also a smaller slope across NA as compared

to the digit-key combination, The consistent superiority of the light-key

task might be attributed to intensive differences betreen the two stimuli

az used experimentally. There is some indication in the literature (Brainard,

Irby, Fitts and Alluisi, 1962) that the luminance o4: the light in the light-

key task has been greater than that of the digit !n Zhe digit-key task.

However, this would not account for the superiority of the digit-voice

task over the light-voice task. It seems more reasonable to relate the dif-

ferences produced by different tasks to differences in coding and translation

requirements.

The smaller slope observed for the light-key task has been hypothesized

to be the result of a minimal translation process or stage (Fitts, 1964;

Welford, 1968). In effect, the response set is a simple extension of the

stimulus set since the position code for each is in direct correspondence.

It -,as suggested that such a task might eventually be performed as a multiple

series of simple RT tasks carried out in parallel. The digit-key task, on

the other hand, requires translation from a numeric code to a position code.

While the numeric code may be well-learned through pre-laboratory experience,

the translation to an appropriate response is a process which must be learned

in the experimental setting. The relationship is not as direct as in the

light-key task.

Where, then, does practice exert its major effect on the CRT? In the

corvarison of the digit-Irey vs the light-key tas!ks, our analysis suggests
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that the most important effect of practice is on the S-R translation stage

since that process appears to be the one which shows a decreasing importance

to the CRT with increasing practice. This is not to say that stimulus coding

and response selection are not importantly affected by practice, because we

have shown that they are, but that the relatively greatest practice effect is

on the translation stage. In fact, as a consequence, it is response selection

which becomes relatively the most inportant process determining CRT after

practice. This gain in importance is initiated in about. 25 trials in the

digit-key task From that point it continues to increase as the subject

at::ains further performance experience. This is a'paftitulatlyinteresting

result in light of the relatively small amount of research attention that

has been given to the process of response selection as compared to that of'

stimulus information processing. On the other hand, stimulus processing may

have a much greater significance in more complex situations than those con-

sidered here. If so, the level, and perhaps the slope, of the a-component

of Figure 17 might be different, and the number of trials to an intersection

of TSR and c in Figure 17 might be considerably greater. Nevertheless, the

results suggest that ultimately the factors of greatest relative importance

in a decision-making situation will be those which determine which response

is selected and not those associated with coding and translational activities.

If our treatment of Donders's law, and our proposed comparisons between

tasks having different stimulus codes and translational activities are

acceptable, an experimental method is implied for the study of the stimulus

encoding process. That is, a systematic comparison of different S-R task

combinations in the CRT experiment may provide a methodological approach

to the problem.

The results also suggest that Hick's law holds to the extent that CRT

is a linear function of the amount of stimulus information for equiprobable

alternatives. The law holds without Hick's corrective factor, and in the

form proposed by Hynan and others. The law holds, however, only up to some

limited amount of practice after which CRT is independent of NA, at least for

NA < 10.

Finally, the results suggest that stimulus categorization or coding takes

place during the a-component, or simple RT, portion of CRT. This is account-

able in terms of a response criterion model. It is not consistent with

Donders's law as originally proposed, and as used since. As a result we have

proposed revisions of the law.

14... a - - - -o r . z---
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