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ABSTRACUT .

It 1s proposed that the basis of confidence judgments in choice
reaction time tasks is the distan;e between the initial and terminaging
values of a random walk decision process. Several qualitative predictions
and one important quantitative’ prediction about confidence are derivéd
from the model ahd‘tcsted in a "same-different” line leﬁgth discrimiﬁa—
tion reaction time task with two levels of response time deadline. In
the task, S simultaneouly indicates whether two sequentially presented
line lengths are the same length or different lengths and a level of
confidence associatdﬁﬁwith the choice response. The model predicts all
the major qualisative features of the data. _In-addition, a predicted
linear relationship between [P(correct)}- P(érror)] and the aqérage
"signed" confidence fits the data ;ery weLl. "

A second test 6( the model , using two deadlines and an “accuracy"
condition in which response time was unimport;nt, replicates boéh the
results of earlier experiménters and the results of the first experiment,
D;Spite a concensus in the literature to the contrary, confidence apd

response time are shown to be positively related.
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Qued enim mavult homo verum esse, id potids credit.

“( For whatever a man would prefer to be true,

he more readily believes. )

)

- Francis Bacon, 1561-1626
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An alm;st universal fe;ture of human decisions is the feeling
of some degree of certainty that ;ﬁe cor;eéi éhaicé has been made. These
fealings, cogmﬁn}y referred to as "confidence', are usually coﬁsideréd
to lie on a scale ranging from "complete confidence", associated with
unquestionably correct decisiﬁns, to "lack of confidence', associated
vith "wild guesses”. Beginning with Peirce and Jastrow (1884) attempts
have been made to relate confidence judiments to skill, task difficuley,
various personalogical variables, judgment time and accuracy. This
thesis 13'concerned with the development of a theoretical framework for
the ﬁflatioushipa between éonfidence, accuracy and judgment time.

Since confidence is an intfoapective variable, one would expect
it to be well q;fihed in the psychological literature. Unfortungtely, the
meaninglof confidence was considered too self evident for anyone to
bother to define 'it. Typically, subjects in the ;xperimental psychology
literature were simply instructed to rate their confidence on some a;bitrary.
scale, the endpoints of whiéh wert called "complete confidence'" and "no
confidence". The magnitude of the response was taken as a measure of the
magnitude of S's belief that the response chosen was correct. Confidence
will be defined; for purposes of this thesis, as a response which indicates

the intensity of an individual's belief in some state of affairs.

The confidence response is, in a sense, S'a estimate of ;be
probability that the choice response is correct. Data in chg confidence

B
literature gshow that these estimates are positively correlated with the G:W

"objective" probability that the choice response s correct. The problem



of. establishing a basis for these confidence responses will be the focus L ///

of this study. ¢

In_the past, :confidence has often(been investigated in the con-—
text of psychoph&sical.éiscriminnnion. The discrimination paradigm ..
allqwélpresentatiqn within a single .session of a wide range -of stimuli
which differ along one simple physical dimension. The relationship
between stimuli of various magnitudes on the physical dimension and.tn;
confidence with which responses to the stimuli are made 1s of general
interest and easily obtained, This thesis will examine confidence within
the f.oamework of the psychophysical discrimination experiment.

| Bayes (1743) developed the first normatiVe model for confidence
associated with a choicg judgment. "Everyone sees in general that
there is reason to expect an event with more or 1&58 confidence accord-
ingéO'thegreatathgr less number of times in which ... it has happened -

T,
without failing, but we here see-exactly what this reason 1s, on what

principles it is founded, and how we ought to regulate our expectations."
Bayes' model, roughly.stated, nroposcd that if a rnf%onal.individual
had no reason to believe that either of two possible mutually exclusive
canses of an event, e, is more likely than the other to be the actual

cause of e prior to the occurence of e, then following thergccurence of

TN

e, he should adjust his belief dependent uppn the actual event observed.
Intensity of belief that any particulnr cause, 6 (where i indexes

the set of possible causes,) 1is responsible for the value of e observed

ghould be:related to the prnportion of the total likelihood of the obs-

erved event which is assoclated with the cause 01. Given onlyﬁbbssible

causes, 8 nnd 02, if there is a large likelihood of e when 91‘19 oper-
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ating and a low likelihood of e whem 8, is oparating, the occurence

of e should intensify the belief that Gl was operating and decrease the

intensity of the ‘belief that 62 was opérating. This may be stated as
P(ele,) P(0))

!
P(Bile) - (1)
P(elOi)P(Bi) + P(e|ej)P(Bj)

where P(Bi|e)_is related to the intensity of belief that 6, caused the
observed event e, P(elei) is the likelihood of the event e when cause

0i is in effect and P(Bi) is the intensity of belief in the operation

of Bi prior to ihe occurence of e. If equal likelihoods are associated

with the occurence of e when cithet\ﬁl or 82 is operating then the
occurence of e doesn't affect the intensity of belief in the operation

of either cause.

Ay

Bayes' approach can be applied to a discrimination or cholice
¢

experiment to yigld predictions about confidence. Let there be two

stimuli, 8y and Bye On -each trial, 8y is presented with probability

P(sl); otherwise 52 is présented. Let each stimulus 81 have associated

with it a sensory random“variable wiﬁh a probability density function
fi(x), (1=1,2). Prior to each trial the intensity of belief in the,
occurence of s, on the trial should .be P(si). If ‘the sensory value X
occurs on a trial, the intensity of S's belief that s, was presented

should be‘given by

e

-

Px{s)) P(s)) : :
P(si|x) - s 1. ()
P(XIsi)P(si) + P(Xlsj)P(sj)

1



If eqﬁal likelihoods are associated with the two stimulus values
then (2) reduces to P(silx) = P(si) and the occurence of the sensory
value X-has no effect on belief. As the ratio of the likelihoods,
P(X|sj)/P(Xlsi), increases, the intensity of belief thgt s, was the
stimulus presented decreases toward zero. As the ratio of the likelihoods
decreases, the intensity of belief in By being the stimulus increases
toward one. If the stimuli 5y and S,y have similar sensory distributions
agsociated with them, (i.e., fl(x) = fzéc) for most x) then E[P(81|X)]
should be appro*imately_P(si). lbweQer, if the sensory distributions
associated with s, and s, are very different, then E[P(Bilx)]>P(Bi) for

1 2

correct responses and E[P(81|X)] <P(si) for errors. .

C. S. Peirce (1878), (mentor of Wm. James and John Dewey,)

appears to be the first to have considered the experimental study of

confidedce. He reasoned that a) 1ntensi£y of belief should vary with_i;,
t odds of an event (where odds are the ratio of the likelihood of"l
ffhe event to the likelihood of its~complement); b) an event which

occurs with absolute certainty should lead to an infinite belief;

P

¢) when there is an even chance ( 1.e., the odds équal one) intensity of

belief should be equal to zero; d) as the odds of an even£ decreasé

below 1,belief in its complement ahﬁuld strengthen to infinity; and

e) only the logarithm (log) of the odds has the required chtaracteristics

of intensity of bellef. Therefore, ;ntensity of belief (or confidehcc)

can be equated to a log(p/(1-p)), where p is the 11ke11hoo§ of the g;ent

{\ with which the belief is associated. -PeircF noted that Fechner's psychoi
physical law was a similar relationship in that the "intensity of any

gensation is proportional to the logarithﬁ of the external. force which
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produces it " (Peirce, 1878). 1In addition, the log of the odds has the
property that the belief fesulting from the occurence of both of two

independent events is the sum of the beliefs resulting from each event

separately. f”‘

The relationship between Peirce's Law and Bayes' Theorem can

be seen in the following,argument. The inverse of Peirce's Law 13
' i .

-cla) -1 ' (3)

p={(1l+e
P(elie) in Bayes' Theorem, (1), has been.called the "subjective
probability” of 6, (DeKlerk and Oppe, 1970). Replacing p in Peirce's

Law with P(61|e) yields for the case of two possible causes, ' hi
y .
P(8, |e) - P(e]|8)P(8,)
c = a logl L ] = alogl 1 1.
P(lee)

o

~1 . (&)
P(e]0,)P(8,)

Substituting the value of c¢ from (4) iato (3) yields

P(e]8.,) P(6.) - '
p =[¢C 2 2+ -
P(elal) P(8,)

L
P(elo,) P(8;)

Pef0)) P(8)) + P(e|6,) P(s,)

which 1s identical to Bayes' theorem.

Peirce's and Bayes' formulations of confildence agreed that
confidence and the likelihood of an event are related. Pgircé'sllaw
ﬁowever, was based uﬁon the idea that confidence was unbounded (an
",dds" statement) while Bayes felt that bounds were aﬁpropriata for a
measure of confidence and chose zero and one (for a "probability"” state-
ment). If the P(‘H,k) are "subjective probabilities"lin Bayes' model,

I/I‘
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then Peirce's c can be interpr?ted as the "subjective odds".
Peirce designed an experiment to demounstrate ghat the sensations

produced by a stimulus are normaliy distributed random variables q5e1rce
and Jastrow, 1884). Anticipating Thurstone (1927) he supposed that if

two stimuli are presented and the subject required to indicate whether

the second stimulus is8 greater or less in magnitudc than ;he first stim—

ulus, the subject should simply respond on the basis of the sign of tPe
difference between the two sensations that were agsociated with the tgo
stimulus values. éhe distrdbution of the sensation differences is normal
,if the distributions of ;Ensdcions are normal. The mean difference be-

tween aensationu should be the difference between the means of the sen-
sati?nu associated with each of the aéimuli. The proportion of “greater

than" responaeu‘should be the integral of the normal diutribufionlfrom

zerolto infinity (all po?sible positive values of the difference,) vhile e
the proportion of "less than" responses should be the integral of the /J/
normal distribution from zero to minus infinity. 'Oppoéed to his view

of fﬁe perceptual-decisign proc;ss was the Fechnerian differential thresh-

old’theo;y which claimed tha: for sensory differences below some "thresh-
old" the'probabiiity of a correct response would simply be one~half. 1In

, {
order to determine 1if stimulus differences vere above or below the thresh-

/
old, Ss' confidence respongses were recorded in addition to their choice
reapénaes. According to the Fechnerians, 1ittle or no confidence indi-
cated that the threshold had not becen exceeded. The proportion of errors

made with various levels of confidence were, therefore of primary interest.

. o '
Peirce proposed the relationship c = & log(igp) as an alternative to
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the threshold interpretation of the meaning of the confidence response.

) .. In order to test Peirce®s law, Peirce and Jastrow performed as
sﬁbjec;s in a tactile pressure discrimination task. A sequence of three
stimull was presented on each trial. On half the trials the stimulus was
a 250 g pressure applied to a finger followed by an increase in pressure
follg;ed by a return to 250.g. On the other half of the trials, the
stimulus was a pressure greater than 250 g followed by a decrease in
pressutre to 250 g followed by an increase to the original pressuré. The
250 g stimulus was talled the ﬁatandard". The "comparison" was fixed
for a block of 25 trials at one Af six pressures - 250.125, 250.2590,
250.750, 251.000, 251.500, and 252.000 g. S$s task was to determine which
type‘of tr%;l (increase-decrease or decrease~increase)lhad been pre-
aentgd on the:trial and to rate his confidence in his response on a four
point scgle (.0, 1, 2, 3 ). Data were'presented which showed a direct
relationship between confidence levels and the probability of a correct
response. Predictions of conéidence based upon the probabrilities of a
correct'res;onse were presented aéd showed close agreement with the data.
However, Peircé‘s ﬁethoda of parameter estimation areunclear. Since the
complete dat;'uere not présented, {ndependent parameter estimation needed
to test the adequacy of the model is impogsible. o |

Later, Fullerton and Cattell (1892) collected confidence ratings
on a four point (@, B, C, D) scale following each trial in a series of
intensity discrziination experiments.Succealively'presented stimuli

(brightness of lights in one experiment and lifted weights in anothe;,)

were used to determine the just noticeable difference (jnd) and .examine

~ .
» , )
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its relationship to stimulus difference. Following Peirce and Jastrow,
they used tg; confidence response as a %ay to combine two methods of
determining the jnd. In the first of these methods, S was required to
state vhether a comparison stirulus was greater than or less than some
standard stimulus, If the difference was too small to tell, a response
of "doubtful" was recorded. Fullerton and Cattell proposed that the
confidence response D was equivalent to a "doubtful™ response in this
method. It therefore indicated a‘"sub-threshold" difference between the

sensations on that trial. In the other'method, S was simply required

to state whether a particular stimulus difference was "Just noticeable"
P .

_or not. Since the meaning of "just noticeable” was somewhat imprecise,

Fullerton and Cattell proposed that a confidence judgment of B was equiv-

alent to the just noticeable response if a just noticeable differen;g waé
taken to mean that S "fecis some confidencc" that there s a difference,
while if a just noticeable difference meant that S was "gure" of a dif-
ference, then A corresponded to a just noticeable difference,.

The sensitivities of S8 as determined by the two methods were
compared and found to be unrelated. That 1is, a subject reporting a high
proﬁortion of Aor B respgnse; Sindic;ting the occurrence of many'supra-
threshold trials,) did Bot necessarily have a s-gl{ jnd as determined

by the proportion of right and wrong responses. fhey emphasized that

the meanings of category responses like "quite confident" (A), "less con-
o .

‘fident" (B), "uncertain" (C), and "doubtful" (D) were variable from onec
spbject to another (as were the judgments of "juat goticeable" with
which Fechner and Weber had determined th:esholda). Such responses,-they

stressed, should not be.relied upon to provide information about -a sub-

.
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ject's sensitivity. The proportion of correct responses associated
with each of the confidence responses, however, was directly related
to the degree of confidence and the propertion of high confidence
( A or B) responses was directly related to the stimulus difference.

Henmon (1911) studied the problem of the relationship between
judgment time and accuracy in a forced choice line length dis;riminatign
experiment. He hypothesized that there aré four differentbtypes of
judgment processes. Two of these processes generate "quick'" judgments
with high confidence and accuracy while the other two processes
generate longer judgments with "little confideace and reliability"&

Thus, Henmon expected that when judgments were timed and Ss
reported confidence judgments, confidence and accuracy would be associ-
ted with fast responses. Confidence and accuracy were expected to de-
crease in magnitude as judgment time incre;sed In oraef. to test this /
hypothesis, he collected, after each judgment of line length confidcnce
judgments on a four point (a;b,c,d) scale. Two horizontal lines were

S

presented simultaneously, 50 cm from S, horizontally separated by lOﬂFm;
until approximately 300 ms after S’made a judgment., In one half of the
sessions, S was required to press a key with the hand correspénding to
the longer line, while in the remaining sessions S was required to
indicate the shorter of the two lines. S5s were aware that their judgment
times were being Eecorded, bué there were no special instructions to
diécourage thcm/f;cm‘taking more time than was necessary to be correct.

Hemmon found that judgment times decreased as the cohfidence

{

decreased, and that the average time for érrord)uas longer than the aver-

.

age time: for correct regponses. Data were presented for 10 ss,. 3 of whom

- —_
\

L et
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were run for 1000.tr131;, whiie the remaining seﬁén were run for SQD
trials. Five subjecgs“pad judgment times which decreased with increas-
ing confidence while'the other five subjects' judgment times were
either 1ncreaslng or U-shaped functions of confidence. Five subjects
had faster average judgment times for their‘correét responses while
the other five subjects had faster average judgment times for their

) errors.‘Nqnetheless, it was Henmon's summary of his results (that as
confidence decreased, judgmenfv}Jmé increased and tﬁat errors take
longer on the average than correct responses) -rather than his amply
presented data which formed thg basis for subsequent ideas and invest-
igations of confidence.

Hemmon also found a direct relationship between confidence and

accuracy and a lack of reliability between Ss in the use of confidence

judgments. These relationships had been reported earlier by Fullertor
and Catéell (1892) and Peirce and Jastrow (1888), but Henmon was the
first investigator to exami;elthese relationships within & single value -
of stimulus difference.

Keliogg'(l931) argued that daeterminations of ghe relationship
between accurgcy , confidence and judgment time were marred by the fact
that the subj;cts knew thaf their judgments were being timed and may
have ndopted some "unﬁatural; gtrategies of response. He felt that
judgment -times should be recorded under "mormal" circumstances where the
"judgment‘itaelf and not the time factor ;a the primary consideration".
Subjetts were required to judgeé which half of a lighted disc (6° visual

angle, presenfed for one sq’dnd) was brighter. Judgments were indicated

by pressing keys and the time taken to do this after the onset of
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41luminationof the disc was recorded without the 'S's knowledge. On 3/7

of the trials the left half of the disc was brighter, on 3/7 of the trials
the right half was brighter and on the remaining 1/7 of the trials both
halves were equally illuminated. On two days 53 were required to judge
which half of the disc was brighter while on the remaining two days the
judgment "equally bright" was pe;mitted. After 42 trials Ss estimated

the proportion of-trials in the block on which they "felt sure of " tﬁeir
judgment. This proportion was recorded as the confidence.

Kellogg presente’.‘ﬁ‘.ponfidence averaged over blocks for each
day (118 trials in 4 blocks of 42 trials/block) for each S in both the
two—choice and three-choice conditions. The two-cholce day with the high-
er mean judgment time had the lower average confidence for only 2 of the
5 §g but the three-choice day .with the longer mean judgment time had the .
higher average confidence f;r all 5 Ss. Ome could hesitate to infer
any kind of relationship bgtwesgcgggg;ﬂence and judgmcnt time on the basis
of this somewhat meager evidence, but Kellogg concluded that "the time
of judgment is a better index of the confidence of Ss when their judg-
ments are permitted to vary among three categories than when they are
restricted to two'. i

The next major contribution to the confidence literature was made
by Volkmann (1934). He proposed a relationship between confidence and
judgment time of-the form T = YE%:I) . T was-judgnent time,\c wag some
measure of confidence and A was a constant, As c approaches .5, T
hpproaéhes infipityf- Confidence was measured on an 11;point Qcale rang~

ing from O to 1 where .5 indicated no confidence. Three observers made 3

"coﬁparative judgments upon\thc inclinations of lines visually
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presented using the categories greater or less . The data showed that

the “greater the difference in certainty between the twb categories,
the shorter the time éf judgment".,

Stimulated by Vollkmann, Johnson (1939) chose to describe the
by now "well known" inverse relationship between confidence and judgment
time by means of an equation of the form T = A eB(l-C). This equation
has the advantage over Volkmann's of pred%gting finite judgment times

N

for responses made with "no confidence" while still predicting a de-
celcrating decrease in judgement times as confidence increased. He
used comparative judgments of line lengths to examine the relatioﬁships
between a) confidence and magnitude of stimulus difference b) judgment

time and magnitude of stimulus difference and ¢} judgment time and

confidence. In order t6 control for attitudinal variables, which he

suggested might influence the subjects' set for speed or accuracy,
"attitude instructions” wére used. In one condition ("usual") attitude‘
was left uncontrolled, in a second condition ("speed") speed was em~ \
phasized over accuracy, and in a third condition ("accuracy") accuracy

‘was cmpﬁasized while spéed was unimportant. The stimulus was a hori-
zontal line with short vert;cal uprights at each end and 50 mm from the
left end. The line was thus divided into two segments, the left segment
("standard") always 50 sm long and the right segment ("comparison') was
one of 15 ranq_mly détemined fengths - SO m ¥ o0,2,3,4,6,8 or 10 mm.
Judgments of the comparison line as either shorter or longer than the
standard vere made by pressing one of two keys. Judgment time was .

recorded and then S made a confidence judgment on a 0 to 1.00 sgale.

Each of three Ss was run in blocks of 75 trials for 2 blocks per day for
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3 days. Within each block the attitude instructions were constant. For
all three Ss the squgncerof attitude condicions waslusu;l, usual, ac-
curacy, speed, speed, accuracy. A total of 10 judgments were made by
each S at each level‘of stimulus difference in each attifude condition.

The confidence judgments were averaged ;ithin each stimulus and
attitude condition. Confiéence judgments associate& with the judgment
"longer"were assigned positive values and thés assoclated with the
judgment "shorter" were assigned negative values. Wben plotted as a
function of stimulus diéference, the obtained average confidences were
found to approximate a normal ogive. (For a small numbér of trials the
average confidence can take on mAre different values than can the
egtimated probability of a correct response upon which estimates of
sensitivity were gased. Johnson proggbly saw this "confidence function
as the basis for a less time consuming and more convenient qetﬁod of
measuring sensitivity.)

Johnson examined the effecés of the attitude conditions on re-

sponse time, the confidence functions and the average confidence (when

all coqfidchce responaes‘uere given a positive sign). He found that the

attitude conditions gffected response times in the expected direction-
L]

average response fimes in the "accuracy" condition were longest followed
by those in the \usual” and "speed” conditions. There was, however, no
significant diffgrence between- the parameters of the normal ogivék fitted

to the confidghce functions determined separately for each of the atti-

tude conditions. 1In additioﬁ; although the average levels of confidence “

in the "speed" and "accuracy " conditions differed significantly from

each other, the effects of both the special conditions on the pverégc

'




confidence were in the same direction. For each of the five Ss the
average confidemte in the two special conditions were either both higher
or both lower than the average confidence in the usual condition. Fur-
thermore, although Johnson did ﬁot examine the effect of attitude in-
structions on ;ccuracy, the psychometric functions he presented did not
appear to differ between conditions.

Together, Johnson's results suggest that Ss in his experiment
delayed emitting responses for a peripd of time which they chose accord-
ing “to the requirements of the attitude condition., Average response
times ranged from 390 ms to 8,500 ms - quite a bit longer than would be
expected in a discrimination task of this nature.. They provide further
evidence for the hypothesis that the ?ttitude conditions aimply influ-
cnced the length of a delay period which preceeded S's emitting a response
rather than influencing S's attitude or the relative importance § attached
to speed and nccurac; . .

The fact that the attitude conditions were varied between blocks
is probpbly partly responsible for the lack of any effect of the atti-
tude conditions on the confidence levels. The criteria for confidence
responses appear to be unstable and depcndent upon the context in which
they are produced. A subject who responds with low levels of accuracy
may have maximum confidence ansociated with a stimulus judged correctly
only 90X of the time while the same subject in-an eagier task, whére-hia
performance is more accurate, might have a maximum confidence response
associated with a stimulusljudgcd:correctly 90 of the time.

Finally, Johnson demonstrated the relationship

eB(l—C)

T =A ("M
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by plotting the average judgment time for respenses whose confidence
(regardiess of the direction of judgment) fell into each of five 20-unit
categories (i.e.,, 0-20,21-40,ctc.) against the average confidence of

the responses falling into each category. The data were well described
by the equation (7) when separate parameters were estimated for each

of the attitude conditions. Johnson didn't reveal why the data had to
be analysed in this particular fashion to demonstrate the relationship
nor were the complete data presented. Consequently it is not possible _
to determine if a more detalled annlysis (e.g., separate analysis of -
correct and error responses) would have revealed departures from the

proposed confidence-decision time relationship.

Cartwright and Festinger (1943) proposed a topological model
of choice behavior having;implicntions for confidence. The response
cholce was determined by the vul;e of the rcsultant of a number of
ra;domly fluctuating vectors with lengths which depended upon the stim-
ulus presented and S's tendency to react or not react, Although the medel
was originally presented in topological terms, Vickers (1972) has recent-
ly constru;ted a simplified version of the theory (in tcfms of a strategy
of sequential sampling,) which will be presented here.
The sensory value associutéd with a presentation of a puréicular
stimulus was assumed to be a normally distributed random vgs!@ﬁfe, x,
_ . Th
which fluctuated in magnitude over time. The mean sensdry va}ue'waa
directly related to the stimulus value presented, In n&dition, a cri-

terion value,k, was a normally distributed random variable also fluctu-

ating in magnitude over time. The expected value of k is related to S's

.
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motivations ano ingtructions. S sampled values of x es long as they
continued"co fall in the interval -k>x>k When the value of x fir;f'feil
outside of the interval, sampling stopped and a response was generated.
The response Rl was generated if the final value of x>k, while the
response R, was'generated 1f the final value of x<-<k.

The "expected value of k was the mean “restraining force” in cLe
original formulation of the model. .It was negatively correlated to S's
‘“tendency to respond”. The iarger was the value of E(k), the less likely
it was that a given x value would meet the criteriafor a response to be

produced. Decision time was shown to be a positive linear function of

the probability that a given x did not produce a decision. Therefore,

the higher the value of E(k) , the longer were the decision times.
Confidence was related to the expected values of X based on the
sampled values prior.to the decision criteria beiné met. A large pos-
iCine stimulus diffefence, therefb;e. generated sensory-;alues ehich had
a 1arge mean value and which were likely to exceed the criterion for
a;él response, A majority of fast hig‘h confidence r.esponses wei:e expect-—
ed“to be associated with such a etimulus. _Similarly, a small stimulus
difference uould produce slow, low confidence responsea and more errora.
Festinger (1943) teated the model by requiring five Ss to make
comparative judgments of line lengtbs. Two vertical lines Beparated
horizontally by 9in., 130in. in front of S were preaentcd gimultaneously -
for 500 ms. Tha "atandard" (7 l/Z in.) line always appeared to S's left e
while a._ comparison" atimulua, always on S's right wvas quoomly selected

from 15 lengths (7 1/2 in. + 0,1,2,4,6,8,12,0r 16 sixteenths of an inch}.

Six hundred judgments were made in each of four separate Aattitude

~

T



conditions, 10 at each stimulus difference iﬁ‘each attitude condition.
Responses made verbally, were recorded via a voice k?; and timed from
the.aimultaneous onsct of the two lines. After each response, a con-
fidence judgment was reported on a 100”poin; scale., Using instructions
similér to Johnson's, all Ss were run with the usual iostructions first,
followed by the accuracy and then gpeed conditionsa.

The confidence functions for each attitude condition were
approximately normal ogives. As in Johnson's study, it was expected that
accuracy inséructions would 1néfease the precision of the ogive while
the speed 1nstrd;tions were expected to decrease the precision of the
confidence function. However, the'parametera of the ogives were not
affected in any systematic fashion by the attitude instructions. The
'precision of the relationship between the probability of a "1onger",:i:
response and stimulus difference was also not sjstematically affectcd:
by the.attitude_instructions; Since the spéed condition followed
the accuracy condition for all 5 Ss, Pestinger attributed the failure
of the instructions to influence the ogives in the predicted fashion

to a strong practice effect. A plausible alternative is that ( as in

‘:Johnson's study) Ss delayed emitting their responses after their de-

—_

cisions had.g&;eady been determined. Performance in allréﬁtéé;atti_
tude conditions would be based upon the same decision process but some
varying amount of non-processing time would be added oo to the "true"
judgmént time to satisfy the demands of the experimenter for speed in
the speéd condition and more “congidered" respouses in the accuracy
coqdition.' The generally high values of renpo;s; time ( 600 ms -2000 ms)

also tend to support this hypothesis.

a ' 17

-
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With the exception of Hermon's experiment, all of the studies
reviewed confounded stimulus difference and comfidence. It is clear that
there is a poaitivé relationship between average confidence and atimulus
difference while at the same time there is a negative relationship be-
&een average response time and stimulus differemce. The common approach
to the problem of the confidence- respo‘nse ‘tine relationship which was
based on average "signed" confidences aﬁd average response time results
obtained when stimulus difference \ms"vatigd, necessarily resulted in a
negative relationship. Hemmon's alternative of examining the relatfon-
ship within a single level of stimulus difference allows differentiation
of the confidence— response time relationship and the effects of stimulus
difference on the form of that relaticnship.

In addition, none of the prévious investigations included any
attempt to control th:"‘;'t'ime- n; which thet‘é;uffd;.ﬁe judgments were made.
The confidence judgments wef;z;/i'igy;ly reported after the choice response.
The time at which therconfidence response ocurred must,therefore, have
varied comi@grﬁ'ﬁy. Confidence responses are generally regarded as
"introsp "éi;re" res.ponses; S is alsuned.to be repurt:l.ni on the basis
of e feature of his judgment process. ' Since jd@mt processes are

/p;obably time dependent, a method of collecting confidence responses which
/ g ¢ontrols the time of the confidence response as well as the time of the
choice response is duirnb‘le for any investigatiom of confidence,choice

and judgment time.
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A THEORY OF CONFIDENCE

A class of decision—making models based upon Wald's (1947)
sequential sampling ﬁrocedures h;ve been suggested as a basis for human
performance in choice and discrimination tasks (Stbme, 1960; Edwards, 1965;
Laming, 1968; and Link & Heath, 1974).- It is assumed by all of these
models that assoclated with eagh étimulus value, ;k is a unique diszribution
of sensory.value%, fk(x). Subjects are assumed in-each ﬁoment of time, i,
(L =1, 2, ..., n} to sample sensory values, x5 which fluctuate 1n magni-
tude., The senso%x values may undergo a transformation to yi - g(xi) which
is added to a running total of the transforméd_sendbry values - t +

j where t, is the 1nitial value of the sum. A decision is generated

by the process when the value of ti falls outside the interval -T < 0 < T.

1f t, & =T then a response R

1 is generated; if t]

2 i
is generated Otherwise, an,&ﬁditionnl sensory value is sampled and the

> T then a response Rl

process continues with the decision rule being reapplied

The decision process is conveniently treated as‘a random walk
performed by ti in the interval -T < ;< T. The value of t, fluctuates as
additional sensory values are sampled, increasing with some samples and
decreasing with others until the process enés in a decision. After the
ith gensory value has been sampléd, the value t1 1s determined by adding
a randomly diatriﬁuted increment, y, to ti-1- The random walk continues
until ti.hitg or exceeds one of two absorbing toundaries at ~T and at T, as

{s 1llustrated in Figure 1. For example, assume that the function ¥y takes

the value 1 1f xy exceeds same criterion value, x, and the valuefrl
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otherwise. The probability that any Xy exceeds x, ia determined by

fk(x) and will be labelled Py- ,Thé probability that x idoes not exceed

X is then l-pk = q,: After ga?h sensory value is sampled, with probability
pk; the random walk takes a unit step in the positive direction, toward

the boundary value T and deciaion R,. With probabilicy q, 2 unit step

a

- 4 f
in the negative direction, towvard boundary value -T and decision R2' oCCurs.

When the number of poLitive ateps first exceeds the number of negative
steps by T—to or when the number of negative steps first exceeds the number

of positive steps by T+to, then the process terminates.

Confidence is related to the probability tﬁat once a decision

has becn generated by the process it is in fact the correct decision,
Applying the approach of Bayes, the larger the likclihood that the‘dccision
reached by the process would have been generated 1f 5, was presented
rélative to the likelihood that the same decision would have been generated
if s, was presented, the higher should be the confidence that s, vas
pre;cnted and the lower the confidence that 8, was prcseq;cd.‘ Thus
confidence should be directly related to the g_gosterio;i probability of
the stimulu? for which the decision that was made yould'Bc-corrcct.

In the class of random walk models, the a ‘posteriori probabilitj
of either stimulus 15; at .any moment in time, a function of the dietgnce
of the random walk from its sta;ting position. A sample value thaé drivea
the rando::alk tovard the positive boundary makes the belief that s, has
been presented more tenable, while a gfmplc that asycs the walk toward

the negative boundary increases the belief that an s, was presented, In

the case of the simple binomial random walk discussed above, (assuming
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t, = 0}, the current value of the process, ti consists of u positive and
w negative unit increments. The total number of steps taken equals 1
while the position of the random walk equals the number of positive steps,
u, wious the number of negative ateps, w. Thus
u+w=1 and u-w=rty .
—
Solving these equations ylelds u = (1 + ty)and w= (1 - ty) . Since each
2 P

increment is determined independently,
Pk ty/2
2 i
Y2y
&k
When there are only.two stimuli, 3y and So Bayes' Theorem permits

N u w
PCeds) =pq = (pa )

a simple calculation of the probability of the stimulus given the current

position of the random walk. For example, if P(sl) = P(szf—- 1/2, then

P
(pyap) (51 yt4/2
P(s,lt, ) = -
' P - P 2
(plql)ﬂz( El)tilz + (p2q2)112( Ez)til
P, 9 P,q 1
- (14 2 AHYE (ZL)e/2 L

Thus, for any given number of samples, 1, P( Sllti) is determined by ti.

When P, >p

1 then P(sl|t1) reaches itshmaximum at the smallest possible

. ‘\ .
‘value of t,, that is at - T;wvhen Py >Jpz'thgn P(sl|ti) reaches its

L
maximum at the largest ‘possible Yalde of t;, L.e., T.

It is an assumption of this thesis that the value t, reflects
S's expectation about which stimulus will be presenfed. Large values of
t, are chosen vhen § expects a, on the trial and wishes to both reducé Rl

respoﬁse time and increase the probabilify-of an R, response, Small values

of t reflect’ a similar expectation of 8y- Over a serles of trials S's
. a
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expectations may vary from trial to trial based upon the preceding sequence
of étimuli, responses, and reinforcements, giving rise to a distribution
of values of tr For simplicity it will be assumed that to is diatributed

symmetrically about its expected value E(to).

ey

The major proposal of this thesis is that confidence a linear
function of the difference between the final and initlal values of the
random Qalk process. For example a respogpe which is generated vheﬁ the
process terminates at a boyndary close to the‘atarting‘point of the proceas
should have little confidence while if the boundary at ;hich the process
stops ia far from the initial value the response will be made with greater

~

confidence,.

The initial value t,» therefore, simultameously sets the level
’

of confidence that will be associated with each of the two responses.
Increasing t, simultaneously decreases confidence in Rl responses and

increases confidence in Rz responses. Thus there 1s a tradeoff between

the confidence associated with an R1 response and the confidence associated

‘with an R, response as t varies.

~-

2
Traditionally confidence responses have been treated-in two

ways. The confidence response conﬁidered without regard to the choice
response has been called the "absolute" confidence, while if a negative sign
is asaigned to those confidence responses associated with a particular
choice response the resulting v;lueu have been called "signed" confidfnce.

' The propossal that confidence is a linear function of the distance

\In -t \ means that absolute confidence, |d =~ #|t - :J + b, vhere m and
)

b are pouintve constanta primarily determined by the scale on which the

confidence responsea are expreased, Figure 2 {llustrates how ‘c\ chnnges
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as'a function of tn - to' Note that the function is symmsetrical Qhout
the point LN 0 vhich is the value which scpat;ntea the choice
responses, Rl and RZ' Equal dietances between Initial and to;minating
values correspond to equal confidence lcvaiﬁ. i
When § is allqved only a finite number of confidénce responses,

the continuum of t - E: values may be divided by criterion values o
into discrete categories as shown in Pigu?e 2. In the example showm,
any trial on which L - t, falls into the interval -2T < €t - to < C1
generates a confidence response 1. When C1 <t - to < C2 the confidence
-reapoqse 2 1s generaied and so on. The values of cl and C2 are assumed
to be chosen such that the expected values of tn -t for adjacent categpries
within each choice response are separated by a comstant, 1/m. Thus, |
results of calculations based upon observed confidence responses may differ
only by a constant from the values that would be obtained 1f "true” ¢
were observed.

. Confidence responses have the property that the higher the
confidence, the higher is the ;;robability that an associated choice
regponse is correct. The g’ggnteriori P(Szlkz), wvhich is a correct choice,
is shown in Appendix I to be an increasing fq?ction ofrto, the initial
value of the process. Thus, as t 1increases, }T- tJ = T + t increases,
confidence associated with an R? response increases and the a posteriori
probability that given the occurrence of an R, response, the response is
correct, increases, It is also shown in Appendix T that a posteriori
P(Sll Rl) 1s a decreasing function of to. m?efom, as to increases,

T -'t_ decresses, confidence in an R, response decreases and the =

posteriori probability that, given an Rl respouse has occurred it is

o e
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Pigure 2- The relationship tetween distance travelled and confidence.
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. correct, decreasca. .

A series of discrimination trials can be conceived of as a series

of random walk decisiona where t, ts A random variable with probability

density function § (t) symmetric about (t) and fixed boundary values
T and -T. Several predictions have been pendix I} about
E(?tn - toi) for a series of decisions with these properties. These

predictions can be interpreted by using the linear function C -mltn - tJ.

-

+b in terms of absolute confidence.
1) The expected distance travelled to the -T bounduryaE(T+to{R2), \F
a decreasing function of the expected value of the increments, E(y), -
while the expected distance travelled to the boundary f.E(T - tolRl). is
an increasing function of E(j). Since |cf is linearly related to distance
travelled, average agsolutc confidence must be a‘decreasing function of
. -

E(Y) for R2 respongses and an increasing function of E(y) for R1 responses.
E(y) = f kox) « g(x) dx and is determined by the stimulus value 8.
1f the distributions of sensory values, fkﬂx) are considered in terms of

Thurstonian or Theory of Signal Detection .conceptions of sengory
representations (i.;., sensory value is positively related to stimulus
value plus ranaom noise) aéd 1f g(x) 18 a monqtonic incroasing function,

then E(y) is pasitively related to stimulus magnitude. Thus, an increcase

{n stimulus magnitude should lead to an increase in the .average absolute

‘confidence associated with Rl responaes and a decrcase in the avexage

' /
abgolute confidence associated with R, reaponses.

2} Average distnnée travelled, E([tn - tJ ) increases as T 1ncreaaLs.
1f S can be induced to systematically increase T, then the average absolute

.confidence should increase for all stimulus values. This increase
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in confidence should be accompanied by an increase in P(Ri|si) add&\;f
P(Rilai) v 1/2 , an increase in E(nlai). vhere n is the number of obs— .
ervations sampled prior to the termination of the process at ty=- tye

Therefore, average abaolute confidence, accuracy and mean deciaion times
should all increase for all stimulus values.

The signed confidence is equal to lc| when the response R, is
chosen and - k{ when the response Rz is chosen. This is illustrated
in Figure 2 by the dotted line which shows-the relationship between
values of t -t and confidence.

For any particular stimulus value and t value, the average
"gigned' confidence is given by

E(confidencels At ) = P(Rllaif\to)(m('l‘—to)+b) + PR, | ainto)(m(—T-to)"'b)-
Since P(R2|siot°) -] - P(Rllaiﬁto) then,
| _E(confidencelainto) - [2P(R1Isif\to) - 1] (mT+b) - mt_ .

To calculate E(confidencelsi) the last expression has to be multiplied:
by'¥(t°) and then integrated yith respeét to tof This 3ie1ds y
E(confidencels ) = [2P(Rjl8,) - 1) (=T +b) - mE(t) .

Thus average "aignéd“ confidence is a linear function of [ZP(Rl‘ai} - 1].
The slope of the linea; function. wT + b, a;d.the intercept, -mE(to);
have values which are lineariy realted to T and E(to). respectively, and

vhich are iyglependent of the stimulus value.




-A TEST OF THE MODEL

In:o:der for the model to be tested ;onfid;née responses must
be baped solely upon information atAthq-time.thn; the choice decision
is dete}mineg. Otﬁeruise/ confidence might be based upon an independent
process or by continuation of the random walk process to a second set
of"boundar? values T', -T', for example. An experiﬁent was proposed
in which two features ﬁere designed‘to attempt to influence S to base
both,the'confidgnce response and- choice response updn-tha result of a
single decieioh process. The predictions of the model about the
effects of ghanges'in_thé boundary value T, the initial value t, and

E(y) were examined within this experiment.

The first feature of the experimental design was the requirement

that S iﬁdicnte simultaneously, by the depression of a single key,
both the choiceﬂrgafonae and'therlevel.of confidence associated ;1th
the response. In order to maximize Ehe compatability between the
response keys and tﬂé‘correapohding theoretical events, the keys
indicating ea;h,responsa choice were grouped together. Within each

) .
group of ﬁéya the confidence‘asaignéd each key increased as the key was
rrfurthcr r:movcd from the alcarnative choice. Thua. from left to right
.the anues of Cn - io correaponding to each key (i) either increased
éonotqnically or decregsed ponoFonically, (dependingaupon the aasignment
of’Rl responses to the grbuﬁ of keys to éhe right or to,. the left,
-~ respectively). The keys i1=1, 6 corresponded to values of average

confidence for key 1 equal to -3, -2, -1, &, 2, 3, when Rl reaponsés

vere to the right, and 3, 2 1, ~1, -2, =3, when Rl wag on the left.

J LT . <
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The other way in which § was encouraged to adopt an appropriate
response strategy for tésting the model was by linitiﬁg the amount of
time allowed for each decision. This was accomplished by the |
imposition of response time deadlines similar to those employeh by
Pachella and Pew (1968) and Link (1971). 1In the deadline procedure S
is instructed to respond within an experimenter imposed time criterion.
Deadlines were chosen such that S had to extrac£ ag much information as
possible within a re{?tively short tiné. S was thereby discouraged
from ﬁsing secondary processes to generate the confidenée response.

There are three features which comglétely determine a random
walk process. These are the boundary values T, - T , the starting
value, tos and the distribution of increnénts to the walk F(y). The
experiment was designed to manipulate all three cﬁaracferisticé of the
process In order_to‘pr0vide a basis for comparison of fhe obfained
results with the predictions made from the model. ’

An attempt was made to control the boundary value, T, by
using two time criteria, one of which was chosen at random to be applied-
on each trial. Link (1971) has demonstrated the ability of practiced Ss
to alter discrimination reaction time perforuance to c?nform to deadline
conditions imposed om successive trials without signiflcant sequential
effe;ts. Deadlines;weée randonlz determined from trial to trial im
order fo ;void the practice and order effects which marred earlier studies ”
(Johnson, 1939 and Festinger, 1943a, b) using “attitude iﬁntructiong"

A longer deadline was employed to influence S to use a larger value of T.
The predictions of increased absolute confidence, increased response

times and more accurate perfornance were, therefore, conpared uith
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the results of the deadline manipulation.
| . The starting point of the process t is difficult to

regulate. At best S can be influenced, through payoffs and sequences

of reinforcement and/or stimuli, to increase or decrease the v;lue of

t, from trial to trial. The response keys, however, indicate for a fixed
\,TQ thaf a pqrticular range of to was used on the trial. High confidence

Rl Tesponses indigate small values of'to while high confidence R2 responses
indicate large valﬁes of t . The use of multiple\response keys thus
allowed the effect of changes in to to be studied.

Finally, the expected values of the distribut}ohs of increments

Ek(y) were manipulated through the use of four levels of stimulus

difference in a ?same-different" discrimination reaction time task. The

E(y) for a set pf increasing stimulus differences can be considered at
Jeést to be ‘ordered in the same way as the stimuli, For example, consider
the binomial distributions discugged in tﬁe example above. In the
Theory of Signal Detection concéption of distributions of sensory values,
increased stimulus differences genefate higher sensory values. Thus,
Pk - P (xi>-xc} increasesruith 1ncreas?d stimulug differeﬁce. E(y) theg_
which 1is equal to Py - dk' increases with increased stimulus differgnce}
. On each trial, the comparison line length was preceded By a’
presentation of a standard line length. 1In this way Spe criFerion S used
for the discrimination was kept stable over trials. The seq;ential
presentation also fixed the amount of time for which S could attend ‘to .
the standard as opposed to S sharing decision time between attending .'

to the standard and attending to the comparison,_as could ocecur with

the simultaneocus presentation of a gtandard and comparison stimulus. -
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One "same" { the same length as the standard, ) and three

levels of "different” stimul{ were chosen to cover a range from near
wd

chance to near perfect discrimination performance. The results of this
manipulation provided data with which to test the predictions of the
model that average "signed" confidence, average confidence in an R, re-

sponse and P(Rl\ai) should all increase and that average confidence in

an R2 response whould decrease as stimulus difference was increased.




anﬁﬁ‘\
/

. Two right handed university‘studentd with 20/20 vision (as
deﬁernined on a Snellen eye chart) were each paid $26.00 to serve as
subjects in five practice and eight expeiimentnl sesiions. A session
lasted approximately 40 min and consiasted of two blocks qf-316 trials
each, with a rest break of 5 min between blocks. Ss were inatructed fo
make their reaponses within E-determined time criteria.(indicaied to § at
the start of each trial), and éncouraged to "beat the deadlfne" while being

[N

.as accurate as possible.

On eacg trial S initiated the sequence of érial events by depressing
a trial initiation key (TIK). Immediately upon depreiaion of TIK the
characters R and 1 or R and 2 were presented on a computer controlled
calligraphic displa; {(Tektronix 602 P4 phosphor) for 700 msec. When tﬁe
digit 1 appeared in the ready display, a 350 msec RT deadline was in
effect on the trial. The digit 2 meant a 475 msec RT deadline was in
-effect. Immediately following the ready signal, the first of two
horirzontal line segments was presenied and displayed for 500 msec. A
200 msec interastimulus interval followed dﬁting u‘icﬁ the display screen
was blank. The second line segment was then presented untilfs made a
response by releasing TIK and the depressing of ooe of six (30 g)
microswitches arranged in an arc with 3 1/2 in separating the cen?er of
TIK from the center of each microswitch, and 1 1/2 in separating the
centers of adjacent microswitches. The six microswitches ;orreaponded

to (from left to right,) high confidence. in an Rl response, medium

confidence in an R1 response, low confidence in am ll response, low

34 .
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confidence in an R2 response, medium confidence in an R2 response and

high confidence in an R2 responsé. RTs were measured from the onset of
'the second line segment to the depreasion of one of the response mjcro-
switches. After responding, S was informed via the calligraphic display
as to whether the reséonse (Rl or Rz) was correct (YES or NO) and whether
the time deadliné for the trial had been etceeded (SPEED (K or TOO’SLOH).
Each of the fecedback displays lasted 500 msec and was followed by a

new trial when S next depressed TIK: If TIK was released before the -
presentation of the scc&nd iine segment the trial was terminated immediately

and was restarted by the next TIK depression. Figure 3 shows the sequence

of trial events. s

Four horizontal line segmé%ts, 2.0, %.9, 1.8, And 1.6 cm, {(Oas,

las, 2as, and 4as, respectively) presentca Epproximately 1 meter from 5,

were used throughout the experiment. The 2.0 cm line segment was always

used as a standard and presented as the first of the two l{hé scgments on

each grial. The deadline on each trial was selected randomly from two

deadl£nes - 350 and 475 msec. The second line segment or compariéon

stimulus on cagh trial was also randomly cho?en so that on one half of o
the trials the Oas stimulus was presented and the remaining stimuli

(1As, 24s, and 4As) were each presented on oné third of the reﬁnining

»

. trials. One S was required to respond Rl when the comparison stimulus

-

L
stimulus was OAs while the other was required to respond R2' At the
end of each block S was informed of the number of trials on which he

had exceeded the time criterion, and was encouraged to keep this number low.

The first ten trials of each block were discarded in the analysis

#

-
-

5
-~

- 4



Figure 3- The sequence of trial events.
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so that each day's session yielded ISOfOAn Erials at each of the two
deadlines, -and 50 kAs trials (k=1,2,4), at each of the two deadlines.
Since two S8 were run for 8 days, the total number of the trials wis
2x8x600=9,600. 2400 trials were run in each 04ds and deadline combination

and BOO trials in each kAs (k=1,2,4) and deadline combination.




RESULTS

Before the data frgi this experilent.can be considered in terms of
the confidence literaturelfi must first be established that the responses
Sa generated 1nLFhis experimental situation have the pfbperties ge?g;alf;
attributed to confidence responses collected by previous investigators.

The two major characteristics reported have been a(positive relationship
between the probability that a choice response is correct and the confidence
associated with the response, and & "confidence function” which has the

form of a normal ogive.

Table I shows the estimates of the probability that a choice
response was correct as.a function of the confidence-chﬁide response for
each of the two Ss. P;9babiiity correct 18 an increasing function of the
confidence aasocihted-:ith the response for all response a;d deadline
combinations.

Table II shows the average "s:ig:xeci"l confidence for each S at
each dead;ine as a function of atimulus_difference (vgere the numbers -3,
-2, ~1 were assigned to Ligh medium an; low confidence "same" resébnses.
respectively, and 3, 2, 1 were quigned to high medium and low confidence
"different" responses respectively). The results in this table cotrespond
to vhat Johnson (1939) and Festinger (1943a) have called the ' conf;dence
function" nnd which they supposed to have the form of a normal ogive.  Ogives
were, therefore, fit:ed to the data for each deadline by finding the best
fitting straight line relating stiunlus difference and the v:lue of a ‘
dummy variable z qu vhich the integral of a normal distribution from minus =

to z equals the confidence value transformed to a zero to one scale. The

estimated ogives fit the data about as vell as Festinger's data fit ogives.

39
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Y
Table I - Probability of a response being correct as a function of

the confidence.

deadline 475 =ms 350 ms |
subject response confidence P(c) ‘P{c)
same high .840 .763
| (990) . (520)
same : medium .B43 . . 684
(89) (215) -
same low .679 . 604
™ (81) (235)
diff low .566 .503
(196) . (530)
diff medium .818 ~ .641
. (610) (736)
diff high .903 .823
(434) (164)
sane high . 706 .656
- (947) (503)
sane medium .571 634
(247) (503)
same low .519 .478
1
EL (108) (341)
diff low © O .563 .551 :
_ (327) (768)
diff medium .697 .643
: (218) (367)
diff high’ 774 .782
(553) . (78)
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The predicted average confidence values and the parameters of the
ogives are also shown in Table II. It caﬁ be seen that there is a clear
effect of the épeed condition upon the estimated standard deviations
associated with the ogives. TFor both Sa the esti‘ated atandard‘deviation
18 considerably smaller in the 475 ms condition than the 350 ms condition.

Since confidence responses in this study do possess the fundamental
attributes of confiﬁence regsponses collected in the traditional manner
of earlier studies, comparisons with the confidénce'results of earlier
investigators, as well as analyses of previously unreported featufes A
of confidences responses;'will be of general interest. Among the latter
are analyses of the distribgtions of confidence responses as a function
of étimulug,rdeadline, and choite response.

The distributions of confidence responses are ghown in Table III
conditionalized upon presentation of eith;r a"same" (1.e. 0As) or "different”
(non-0a8) stimulus difference in each deadline condition. It should be‘ “
noted that these distributions are not of the form that is associated with
rating responses. The 350 ms 0As’ column, for exa-é;e. contains estimates
of the probability of each confid;nce-choice response which (looking from
high confidence "same" to high confidence "difference") decrease within the
"same" response category, 1ncreasé abr;ptly to a second peak at the low
confidence "differené" re;pbnae and then decrea;e within the "different”
response category. All four distributiaﬁs show a similar discontinuity
in the response di{stribution at the "same"-"different" response boundary
wvhich would not be expected in rftiqg response &ata. |
the ;ffect of the déndlin?_condition‘upon‘

-

the forms of the distribution of responses. The probability density for

--Inb1e IIT1 also shows

oot



Table III -

Response
Same
Same
Same
Digf
Diff

Diff

Probability of each confidence¢ response combination for "aame"

Y
and fornaiffereng.ltimuli

Stimulus oas ; ks (k # 0)

Deadline 475 350 &5 350

Conf

high .625 .259 182 .100

pedium .090 .194 050  .105
lov .046 .127 033 .113
lov .095 .236 123,305

medium .074 .165 271 .285

high .070 .019 342 .082

2




At

both stimulus conditions shifts away from the higher confidence responses
as the deadline is decreased. Thias shift is further exhioiced in the
regults of Table IV in which the average "absolute" confidence (where

the numbers 1, 2 and 3 were assigned to the low, medium and high confi-
dnece responaes, reapectivel}) associated with each stimulus is shown

to be lower for the ahorter deadline.

__Table IV shows that ‘the average confddence associated with "game"

.reaponses decreased and the average confidence associated with "different"

-

responses increased as stimulus difference was increased. .The average
"abooiute" confidence shows relatively little effect of changes in stimulus

difference.

2

P The observed increases in average confidence in the lohger deadline

-}
condition are an indicator of S$'s increased accura in that condition.

Table V shows that the longer deadline condition ia associated with a
T
higher proportion of correct responses for both Ss. This change 1in
-

accuracy and the observed shifts in nverage.conffdence both ogand in
marked contrast to the fnilurea of Festinger (1963a.b ) and Johnson
(1939) to infiuence either vnrinnle vith the attitude inscruciiona‘
used in their experimenta.

The relationship between confidence and response time 1s shown
in Figure 4 . Generally, mean reuponse times incteaaod as the confidence
in the response increnood. There was also an average difference of

approximately 75 ms between mean RTs for each confidence responae as

a rdsult of the deadline instructions. Figure & also shows the mean

X
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Table ¥ - ?robnbility of a correct response as a function of stimulus

. Subject

EL

difference for each deadline.

deadline

stim, difference

oA
1A
25

45

0A
1A
24

4a

475

.60

.92

.99

350

.59

.50

.57

74




Figure 4- Estimates of mean total response times, "movement"
times, and "decision" times as a function of con-

fidence rcspoﬂée for each choice response. (msecs).

*Kote— FPstimates of stundgrd errors for all mean RTs

: may be found in Appendix II.

T

-
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RTs separated into two components, the "decision time" (,or "release
time"), which is the time taken by S to release TIK following pre-
sentation of the comparison stimulus, and the "movement time', which
{s the time it took from the release of TIK to the depression of the
response key. The decision time functions retain the form of the total
RT fgnCCioni while the movement time functions are relatively flat.

In addition, the mean difference between the deciliﬁn times in each of
the two'deadline conditions is approximately 72 ms while the mean dif-
ference for the movement times is only 2 os. These data suggeat that
movement time factors played a relatively minor role in determining the
pattern of RT resulta.

-

The basic result, that within each of the deadline conditions -

high confidence was associated with long RTs, is contrary to the
concluasions of Hemmon (1911), Johnson (1939} and reatinger (1943a,b),
although 1t is oot clear from the data they each presented that their
. conclusions were justified. The results shown in Figure 4 are also ‘the
first reported instance of any effect of speed 1nstructionu upon the
level of confidence. In the'present study, the condition with.the longer

s

RTs also had higher levelu of confidenég
/ )

Table VI provides mote cvidencelfot the relatively minor con-
tribution of movement time factors to the RT results. On the average,
deadline had no effect upon the movement times as a function of stimulus
difference, although theé@ 1s a substantial effect of deadline on thel
decision time component of the RT. This table alsc shows that there wvas .
little if any effect of stimulus difference on mean RTs vhen péoled

over all responses. The effects of stimulus difference on the mean

r
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RTs are relatively small, varying considerably g;tween Ss and deadline
" conditions. Johgson (1939) and Festinger(1943b) have reported a decrease
in mean RT as a fpnction of stimulus difference, ‘
Figure 5 shows the mean RT for.each stimulas difference when
conditioned upon a "sgme" or a "different” response. There is a general
{ncrease in mean RTs for the "same" responses accompanied by a general

decrease in mean RTs for “"different” responses as stimulus difference
increases. This trade—off occurs in both of the deadline conditions.

In an earlier argument it was suggested that the effects of
spced Instruerions in the experiments of Johnson (1939) and Festinger
(1943a,b) weré\primarily to add non-processing time to a basic level of
processing time. The argument was based id part on the lack Qf any
inprovement in perﬁormance for the condttionﬁ requ;ring mérg emphasis
on accuracy. In the case of the data reporﬁed herein, however, evidence
has been presented for improved performance as a result of relaxed
spced requircments. There was also a difference in the effect §f<3he
speed instructions betweeri those parts of the resﬁon e time that are
primarily "non-decision making' time and those parts during which
“decision makingl" or stimulus processing is goimg on. Further evidence
of the control over processing time exerted by the deadline procedure
used here 15 presented in Figure 6. If the effect- of the longer deadline . /
was to add a constant deadtime to RT then the difference between the
mean RTs for any two conditjons within one deadline condition would
be the same as the ¢iéference between the RTs for the game two conditions
in the other deadline condition. In Figure 6, the difference between

the RTs for a “same" and a “different” response is shown for each stimu-

‘lus diffcrence in each deadline condition. Since these differences are



= ——

Figure 5- Estimates of mean response time as a function of

stimulus difference for "same" and "different"

re;%buﬁgz\}n\each deadline condition.

NG
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Figure 6- Differences between estimates of mean RT for "same

—

and "different" responses and between average ab-
solute confidences as a function of stimulus dif-

ference in each deadline condition.
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* different for the two deadlines, the hypothesis of a constant

- 1

T |
T
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additive effect of deadline on the RT ia not supported.

Figure 6 alaq shows the difference befuegn the average absolute
confidence for the.“aame" and "di{fferent" responses for each stimulus
difference in each deadline coﬁdition.' There iz no appreciable difference
ﬁetween the differences for the two deadline conditions despite an
effect of stimulus d;fference. Thus, the hypothesis of a constant add-
ttive effect of deadline on the average absolute coﬁfidence is supported.

The results of this experiment showed that confidence is

ively related to RT both between and within deadline conditioms.

Long RYs were associated with high confidence an& short RTs were assoc-
iated with 1;w confidence. The average coﬁfidence with which a
-"different” response was a made incréased and the average confidence
with which a "same" response was made decreased as stimulus difference

increased.




EVALUATION OF THE MODEL

One of the prinafy aasumptions upon vhich any evaluation of the
model rests is that the average increment of the random walk process,
E(y), vas positively related to stimulus difference. Specifically, it
vas assumeﬂ that the average increment was negative ;hen the 0As stim-
ulus wvas presented and as stimulus difference increased from l4s to 248
to 4As, the average increment became increaainglf positive. Evidence
in support of these assumptions is provided by the results shown in
Table IV. The majority of OAs stimulus presentations resulted in "game"

responses while the proportion of kAs (k=1, 2,°4) stimulus presentations

" which resulted in "“different” responses increased as stimulus difference

increased.

The confidence results shown in Table IV show that the average
confidence increased for "same" responses and decreased for "different"
responses as atinhlﬁs difference 1ncredsed. In addition, as the results

. ) i
shown in Figure 6 demounstrate, there i{s an almost constant effect of
deadline on the average confidence levela. These two sets of results
agree with-the predictions of the -ogel for the effects of changes in
the ni?e of the average increment of the ranﬂon walk and of a change in
the boundafy value T, respectively.

A quantitative test of the -model 1is pr;vided by the prediction
of allinear’xelatioﬁlhip betv;en [2?("diffarent"|li) --L f and the
average signed Qpnfidence. The slope of the function is {itself a 11n¢a£

function of T, the boundary value of the process, vhile the intercept

fs linearly rélated to the average initial pboition of the randoas walk,

-

3

57
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E(t ). Table VII shows that the values of avarage signed confidence
tpredicted by the model are in very close agreement with the observed
vulues. In addition, the estimated sloges for the predicting functions
are lnrgeF for the longer deadline condition for both Ss. This result
-.confirms thnt the effect of the deadlines, as was suggested by the
results of Table IV, was to induce ehanges in the boundary value T in
the random walk process. The average starting poaition of the proceaa;
on the other hand, appears to have remained unnff-cted by the deadlines. &
The response time datn showh in-Figure 4 are also consistent
with the predictions of the random walk model. Average RT for cach
regponse 1s positively related to the distnnce between the initial

Al

value and final MQE;EB of the process. This means that low confidence

responses (..whieh re aaepciated with small differences between t and
-t ,) should be fastar than high confidencc ronponses (, which are

associated with large values of Icn~ tol). The results in Figurc 4

" ghow that RT increased as confidcnce inbéeaaed within both "seme" and
"different" responses and both deadline conditiona In additdon, a#eragc
RT was longer for every response and confidence combination in the 475 ms
deadlinc condition than for the same response and confidence combination
4in the 350 ms condition. This is agein consgistent witn the interprctation.
of deadlines as controllers of the value of T; the boundary value. ,;

Although most of the results that have been examined here
are nnulyses‘of the datn t;at wvere not reported by previous inveatigators,
,there:nre'aome differences between the results obtnined in this exper- N

iment and thqee;thut hage?ﬁeen reported by other‘cxperimenters.. In par-

. . 4 .
ticular, the deadline procedure altered the form of the confidence

-
4

u . -
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functions }n this study while tﬁe attitude instryctions used by
Featinger (1943a) a@d Johnson (1939) had no ayltunitic effect on the

| confidence functions, Furthermore, while Johnson showed average

response times were a negative function of average absolute confidence,

the results qf this study showed confidence and response time to be

positively related.

Ir



PERFORMANCE UNDER "ACCURACY" CONDITIONS
3
It was suggested earlier in this thesis that the Ss in Johnson's

and Festinger's studies were always working with nccuraéy as a primary
consideratison, simply adding additiogal time to their 'true' response times
as they thought they were exfected to do by the experimental instructions.
Speed instructions required little or no additfonal time, usual instruc-
tions required some additional time and accuracy instructions implied
that still more time was expected to be taken before a response was made.

S £ ordcrkto I;veatigate the possibility of a difference between
Ss' pcrformnﬁces under deadline conditions and {n an "accuracy” conditjon,
a second group of Ss wda required to perform a tgsk'similar to that in
Experiment I, buf donnaining»twé deadline conditions and an accuracy
~condition. The relationship between RT and confidence was expected to
show the difference if any existed, between the bases of confidence
judgments in deadline and accuracy conditions. If therc was no appre-
ciable change in this relationship, then the accuracy condition wasg to

e
be a source of additional information about the effect of changes in

the boundary value, T, on performance.

61



METHOD 11

Four right handed uﬁivcrsity educated Ss w;th 20/20 vision (as
determined by a Snellen cyc‘chnrt) were cach paid $&B.Q9 to participate '
in eleven practice and th;rteen cﬁgerimcntal sessions. The procedure
was identical to that used in Experiment I except that on each trial
one of three equally likely instruction conditions was in effect.
lring the ready displhy, Rl indicated that a 350 ms deadline was in
effcct on the trial, R2 indicated a 475 ms deadline was tn effect and
R3 indicated that the accuracy condition wag in effect. In the
accuracy condition Ss were tnatructed to take as long a8 necessary for
thelr responees to be correct. No response time fcedback was given on

those trials on which thie accuracy condition was in effect.

Two Ss (NN and NW) were assigned to indicate "mame" responsnes

on. the left side of the response pancl while the other two. 58 (JS and RB)
were to indicate "different" responses on the left side of the response
panel. |

298 trials were prcsegth in each of two blocks in cach scsslon.
The firat ten trinla of each bldck‘wcre disc#rd&d {n the analysis, leaving
IQZplfinls in cach instruction condition in euch session. Each scssion

ntributcd 96 Qs triala in cach instruction condition and 32 kés

( k=1,2,4) in cnch ingtruction condition. For, each S the 13 cxpcrimcntﬁl
days yiclded a total of 7,488 trials- 1248 OAs trials and 416 kas trials

in each of the three instruction coddfzfons.
/
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RESULTS 11

It is nececessary, as in Experiment I, to ascertain that the

i
confidence responses which have been collected have the basic properties

of confidence responses collected‘in the past. Table VIII shows that
the cénfidence responses of three of the f;ur Ss (excluding JS) are
positively related to the probability that the résponae was correct,
The Qatn of the subject JS was anomalous in a numbér of respects nna
will not be included in further analvses.

Table IX shows the confidence functions and estimated parameters

of the best fitting normal ogives for each deadline for the confidence

data pooled over the thrée Sa NN, NW, and RB. The estimates of standard
deviation increase as the time allowed for a reﬁponse (by the instruction
condition) increased. These results again demonstrate that the speed
instryctions controlled the confidence with which Ss responded. The
result\is consistent with the results of Experiment 1 but again contrary

to the findings of Johnseon (1939) and Festinger (1943a,b).

Table X also shows that the instruction conditions had a clear
Effecf on ﬁhe average confldence agsociated with each of the responsces
'‘same" and "different', as well as the average absolutelconfidence
associated.with each level‘of stimulus difference. Stimulus difference,
however, had little cffect on the average absolute confidence, Further-
m?fc, Table X shows that, as in Experiment I, the average confidence

o
ascociated with "different” respanses increased end the average confidence

associated with "same' responaes decreased as stimulus difference was
: P

increased.
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Table VIII- Probabilicy of a response be;ng correct as a function of the confidence,

Sybject NN NW
peadlina Acc 475 350 Acc 475 350
Relponﬁf - Conf T ' .

. _

Same high .859  .784 779 .969  .883  .B10
(1148)  (827) (801) (1226) (282) (79)

Same medium  .827  .786 731 K}.ooo 856  -.722
' : (133)  (364) (427) (18)  (854) (126)
Same low .750 .508 400 1.000 .833 ,700
(8) (59) (100) (2)!  (6)  (989)

DIEF low 755 .652 302 0.000 .600 .668
(102)  (454) (504) 1) (5)  (871)
D{ff medium  .849  .822 799 .859  .787  .615
) (318)  (625) (542) (71)  (1177) (179)
Diff high - .907  .910 .910 975 .942  .829
(787)  (167) (122) L (1178)  (172)  (252)
Subject R B Js
Deadline Acc 475 aso - qcc 475 350
Response Conf
Same high .859  .600 .778 791 659  .575
: (1267) (15)  (9) (445)  (91)  (630)
Same medium  .400  .638 .565 780 .726  .726
(30)  (357) (267) C(41)  (317)  (179)
Same ' low .609  .618 554 728 .689  .660
(87)  (1137)  (1144) (302)  (660) (174)
\ .

DIfE low .700 .633 .s548 .602  .602  .505
‘ . (20)  (504) (693) (176)  (430)  (206)

DifE pedfum = .771  .742 .619 668 674,580
(35)  (469) (372) (563) (886) (578)

Diff high - .923  .BS7 .909 LI L7195 L592

(1057) (14) (11) “(669)  (112) (733)

.‘:’
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Table XI demonstrates that the increase in confidence associated
with the instruction cond}tions which allowed more-time for the response
is associated with an incréase in accuracy. Again, this finding 1is
consistent with those of Experiment I,

Estimates of mecan RT for each stimulus difference are shown in
Table XI;i In the accuracy coédition the effect of the stimulus differ-
ence is to incrcase mean RT as the "category boundary" (i.c., 1As) is
approached, This is the result_reported by Jolmson and Festingef and
upon which many of théir conciuﬁions about the confidence-RT relation-
ship were based. The mean RTs in the 475 ms an37350 ms deadline condi-
tions, howc#erl show little or no effect of stimulus hiffcrcncc. {Note
that the mean RT {in the 475 ms condition was 414 .ms and in the 350 ms
condition 342 ms. This again demonstrates the ability of Ss to closc&§__\“
contrel their RTs under deadline conditions.) The movement times reveal
another anomalous characteristic of the accuracy condition results.

The movement times in the two deadline conditions show little or no effect
of the dcddline differcnce but those in the accuracy condition are
conglderably longér than thoge obtained from thc two deadline conditions.

In Figure 7 the mean RTs for "same' and "different" responses are
plotted B;pnrntcly as a function of stimulus difference. The results
for the two deadline conditions are very similar to those of Experiment I.
Mearr RTe for "differe;t" responses tended to increase while those for
"gsame" responses decrcﬁsc as stimulus difference wvas increased. In the

"

accuracy condition, however, the RT functions for the fsame responses

are bgiij and parallel to that for "different” responses. Both functions



Table XI - Estimates of the probability of a correct response as a function

’

of stimulus difference.

a
Subject deadline agcuracy 475 ms 350 ms
y ‘ .
atim diff
caA : 0.968 .789 .679
MW 1a .909 .659 - .516
24 1.000 . 964 .769
4a 1.000 1.000 ' .B80
0a 924 .753 .635
RE 1A .553 L334 , L399
ZA . v933 -563 "L—' N .588
4o L959 .736 .603 R
0A .8831 .772 = «782
- 1a .601 . .505 - 469 -
N 24 .952 .834 . 762

4a .998 974 .923



[4 ¢4
802
602

1] &4

0st

92UT
91T
08¢

8L

Sty

08t

81IY

voYy

Ley

20Y

smy]l 2893y

g

AN
EET
1T

(A

0s¢

671

LA RS

%A

SET

SLy

941

881

BT

(428

20y

JWFL IUSWIAOK

7yg

7€

ove

vt

0st

soY

81Y

€z

€1y

SLYy

1¥ Te301

“T¥ 'MX ‘NN 8S 99173 3y3

9cs
909
TlL

619

20V

-

‘1

vy

vz

VI

90
uuww =y

auyTpeep

103 patood sawy) ISEAT21 pu® 2WJ) JuamdAom ‘IWI] asuodsal ueswm jOo @IIPWFIEFT - IIX ITqQElL




i

\\J

-

Figure 7- Estimates of mean response time as a functionm

of stimulus difference for "same" and "different"

respofises in each speed condition.
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decrcased as stimulus differencé changed from the."category .boundary"
(1A8). This.menns that in the accuracy condition erroré were faster
th;n correct responscs for the kas (k-l.i,k) stimuli but ertors were
slower than cqgggct»feaponses for the 0OaAs stfﬁulua.diffcrence: In
the deadline cdﬂh tions, on the other hand, errors were always faster '
than the corfg egponues on the average,

Figure B8 shows that eatimatcs of mean “releage time" tended to
increase as the confideqce nasocinted with a response increuaed The

functions which reprcscnt ‘the confidence-RT relationship for the two

deadline conditions arc similar to those obtained in Experiment 1.

They arc separated py approximately 66 ms on the average as compared with
a separation of 72 ms in Experiment ‘I, The function obtained from the
accuracy condiﬁion datu,'howtver,_is rather ;dd looking, duc,‘inlpért,
_to the paucity of data at the iow éonfidence rcsponsce.in this condition.
Generally, haowever, the positive relationship between level of confidence
and mean RT is retained,
TGQ results for the two deadline conditions rcplicnfcd those of

Fxperiment 1 while thc results from the accuracy condition were similar

in several rCSPCCtJ to thore rﬁportcd by Festinger and Johnson. The

speed instructions werc shown to influcncc not only RT but accuracy and

con{idence as well.



/”d_‘\\

- . .
‘ Figure 8- Estimates of mean "dgciaion" tima as a function

of confidence renponie for each cholice response.
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DISCUSSION AND CONCLUSIONS

The major features of the dntn'from the two deadline conditions

{n Experiment II replicated those found in Experiment 1. A U-shaped
function again related mean reaponse time and the confidc;co-choicc
responses and the 475 ms deadline condition agnin produced mcnanTs
roughly 65-70 ms 1oﬁger than the mean RTa in the 350 ms condition.
Stimulus difference had a relatively small effecct on average absolute
couf idence and mean RTa. lowever, when acparated into '"samc" and
“different” responses, average confidence and mean RT both {ncreased
for "different" responses while average confidence and mean RT Soth
decreased for "same" reaponses ae otimulus difference was increascd.

The rcsults from the accuracy condition appear to have some

features in common with the deadline conditions and other features
that are unique. .The relatively U-shaped relntionﬁhip between mean RT
and confidence-choice responses was rather irregular in form. It lacked
the symmetry associated with the functions obtained in the deodline
conditionas and was not parallel to thu'uthur two functions {(which were
pnr;]lcl to ehch other). Also in contrast to the resulta from the dead-
line conditions, mean RT for "aame" responscs agnd the mean RT for
"different" responses both decrcased ag atimulus difference increascd,while
the average confidence results, on the othcr hand, were conaistent with
"the results from the decadline conditiona. In ndditionm, marginal mcan
RTs were greatly affected by the stimulus difference in only the accuracy
condition. N

Table XI1T shows the observed values of average slgned gonfidpnce

compared to values predicted from a linear function of [2P("d1{fercnt“|sl)-1].

3
75
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Not only was there closc agreement between observed and predicted values

™~

of averapge conf {dence, buH\:E; alope of the functicna o%\nincd increased

as the time criterion was reXaxed., This again indicatces Ehnt the effect

of the speed criteria was to adjust the valucs of Ltj/boundnry value

T, in the random walk proccesa.
: Q
The data from this experiment generally support the proposed

model in the deadline conditionn, The resultws {rom the accuracy con-
dition appear to indicate that-n somewhat different mode of decinion
making might come {nto play when the control of response times
{a unimportant -to $. The Ss in the present study probably exhibited n
mixture of decision proccuses undgr accurncy instructions due to the
peneral "beat the deadline” set of the experiment. Se in Johnson's
(1939) and Festinger's (1943a,b) studies were probably using decinion
processcs of the “accuracy" type in all instructfon conditions.
Johnson reported that the average reaponac Limclnanouintcd
with high confidence remsponacs wag approximately oné-hnlf necomd while
for low cohfiduncc respongca, UVCrage responsc tlmvé of over cight
seconds were reportedl  These Ss were clearly not éonforncd'nhuut
response time in the waywe are {nclined to think of reaponse time today.
The kinda of decisfon making activitica that Johnson's Sa probably
enpaged in must be quite different from those employed by Sa in other

discrimination experiments (including the presenc ktpdy) where the

maximum RT rarely excecds two scconds for a ainglé response.

Johnson and Featinger both depended heaviily upon the averape

aigned confidence in formulating their conclunigns about the basin

of the confidence respoghse and Lta relationship to other features of

> |




the decision process. However, conclusions about confidence based
upon the average signed confideﬁcc are misleading. A stimulus which
gencrates high confidence "same" and high confidence ”diffcrent"
responses hag the same value og averagé signed confidence associated
with it as does a atim&%us which generates low confidence '"same" and
low confidenéc "diffcrént"ffzsponﬁcs if the proportion of responses of
cach type is equal for the two stimuli. The effects of experimental
manipulations upon ﬁhc conf{iencc with which responses are nctunily
made are buried within the q#eraée confidence value. Separate com-
putation of average confidence judgments for “same" and "différentﬁ

responses removed this distortion and revealed that the average confi-.

denée associated with each stimulus difference withid cach speed con-

dition resulted from n trade-off between the confidence associated
with "same" responses ( which decreased as stimulus incrcnséd) and the
confidence associated with "different” responses (which increased as
stimulus dif[ércnce increased). These analyses also rcvealéd the
constant effect of the deadline cnnditiops on confidence which could
never have been inferred from average signed coﬁfidence results,

The results support the idea that confidence is primarily

determined by non-stimulus factors which may have set the confidence
) . ;

levels even before the stimulus was presented. An amount of "confidence

stuff" or gewisshcitstoff (as might bave been preferred by Johnson

and Festinger) might be made available at the beginning of a trial

based upon past performaﬁce in the condition in effect or the trial or
/ .

based on the amount of time allowed fbr a response. If the condition

o~

;
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is one in whichS\Ens perfomed well in; the past more gewissheitatoff
might be allotted to the trial than if the céndition has proven to be
difficult. The gcuiaahuiﬁatoff 1s divided between the possible responses,
possibly on the basis of the preceding sequence of stimull and/or
responses and/or feedback, so that if the.trinl results in one response
_one level of confidence judgment is made, while if the trial produces
the alternative response ; confiacnce Judgment of a different lecvel 1s made.
Trial to trini variations in the proportions of gewissheitatoff allocated
to cach response combined with changes in the probabiliéf of a particular
response being made as a result of the stimulus difference presented,
lead to the patterns éf conf idénce rﬁsuits_obtaincd. In the model, the
boundary values of the random walk process determine how much gewissheit-
stoff asvailable on the trial. Tiic proportfon of confiécncc stuf{ which,
) PR

is allocated to each fesponsc 1s determined by the initial position of
the r ;dom walk; the nearer the inlitial value is to a pnrti;ular
boundatry the less gewissheitstoff is available to responses made at
that boundary and the more gewissheiﬁatoff is available to responsc made
at the 5ltcrnat1vc boundary.

Once the initial position and boundary values have been chosen,
the confidcﬁcc ;;\ﬁctermined completely by ghc response that the process
generates. The probability of cach of the responscs is determined

by the value of the stimulus difference presen}gﬂ‘on—thc trial. The

.
e

inftial value 6[ the random walk 1s assumed to be a random variable.
Therefore, the average confidence for any particular stimulus difference
and response is determined by the 1ikelihoods of the rcsponﬁb being

generated by the process starting at cach of the possible fnitial values

L
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and by the likelihoods of the various initial values. The effect of
stimuluu differeqat on the averagn confidence associated with a
given response is an effect based onn changes in the likelihoods of
the response being generated from each of the inftial valuea. On any
particular trial, S is equally confident in ; particular responae
regardless of stimulus difference._lt is the probability of observing
any particular level of confidence\uith each of the responaea that
differs fromlstimulua difference to at%mulua difference and which
causes the changes in average confidence that have been reported.
Further tests of the model should include more direct atCemptA
to control the initial Qalue of the random walk procesas. Possible ap-
proaches to coﬁtrolling the .initial ynlue include ﬁrial‘tq trial vari-
ations in the stimulus presentation probabilities, wvhere $ is informed
of the presentation probabilities prior to each trial, and prediction

of the stimulus by § before each trial.

——
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Appendix I- Theoretical development of the model.
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Laning (1968), Edwards (1965) and Sthne (1968) have presented

nodels of choice based upoﬁ Wald's (1947) sequentinl probability ratio
test. The models assume that S mskas a‘tnnponue on the basis of the
sum, €, of a stationary sequence of random variables, Y, (1t=1, 2,...,0)
whose distribution function Fk(’) is determined by the particular stimulus
presented, LD The sequencas {71} and {ti} are assumed to continue until
cither t, 2 T or t $ T where 9 < T. Hhun tn meets one of these conditions
the proccss generntya a relponsg-—kl if tn ; T and Rz‘if tn £ - T.

Laming (1968) suggested that the initial value of the ﬁroceal.
to, might be a random variable with distribution function Fo(t). tﬁa{YBrm
of uhicﬁhéould be determined by the processing of random noise in tha
nystcﬁ prior to the onset of the -hquencn {71}' Alternatively, Fo(t)
cod&d be based upon Se attempts to n&ximizn‘petformqnce by shifting toward
the value T or -T dcp;ﬂding on which stimulus he expects to receive next
in ths s;quence of stimulus presentations. A positive value of ty
-will é}creaso'the time it takecs to make a raesponsc Rl go an S oxpccting.
the a:I;;IQs to ba one which is pa;red with the Rl repsponse could increase
t, in order to nchievg this.

Increasing the value of to will alao have the cffect of decreasing

the a posteriori probability that a response R, was actually gcnernteg
by a utiﬁulds S1 and incroase the a gouteridfi probability that a fcnponsu
R2 wag nctunily generated by a stimu%gp,sz. The 1ikelihood that an Rl
response is corrcct (1f it occu;s) decreases while the likelihood that

an R, responsc {8 correct (if it occurs) increascs. 1f t_ 1s decreased
1"\\.

theh th; likelihood that an R, rcupbnsa {s corrcct if it occurs increases,

while the likelihood that an Rz rcsponse iy correct 1f it occurs decreascs.

red

Since confidence is ansocinted.yith the probability that a rosponse

>

- !
—
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.im correct}lt-would'be expected that the confidence associated wvith R

Lo
Note

- e
[ —

~ _ - e o .
I . ' 86
| 1
responses would be an inverse function of t while the confidence
o .

associited with R2 responses would be an increasing tunétion of t,-

Theorem Given nonotonic diltributions functions F (y) with nonent

_ -8
gemerating fuoctions Ey (e Y) (k= 1, 2).and E. 2 < 0 < E(y) deternining

the increments, Yy of the decision process, ti lnd fixed values T and -T
for the boundary values of the process, t » then the a Egatatiori proba-
bility P(Sllkl) is a decreasing function of t, and P(Szlkz) is an increas-

ing function of to. : . .

The starting point and boundary values of the random valkhproCe;n

can be changed by the addition of any constant value of c to define

another random walk space with starting value t and boundaries at A and

-B, vhere A=« T+ ¢, -Bw» -T+c, and t = ¢t +¢c. -A,r;ndou‘walk occurring
in‘tbc trnnaforu;d space has;exncfiy tﬂe sane chnractct;ntigl as a

random walk in the origin;l lpaég vith the same value of 6, vhere 8,

ia the non-zero rpot of the uo;cnt generating function Kk(e-Oy)' For
agveral of the following proofs it is convenient to éeal with-a :ran,fornéd
random walk space such tﬁat c = -E(to). Thus A =T ; E(to), B = =T - ﬁ(ﬁo),

t-to-E(to). o
-1

Proof: 1)* Pla|R,) = 1+ P(ﬁ1|sz) .
o T R
“d d_ |rerylsp " \"‘
— [P( )] =5 1 P(s,|R,)| . From
ac (PG |RD1 = 3¢ Tayep || 1™

ox and Miller(1965)

- . ¢ . -
d |rr |g1) - R L L e"28o BZA]

d dt | 62B_-8,t - _61B_-0jA
F "‘p(nl'r'z) 1e°2 -2 el e |




d 813 -elt - -
- 3c _B_ZB_—-E—z_t x (negative constant) ’
Sincé 6, < 0 and 528 7028 (o,
. .' . ',"

Then, letting 8, = 83 + k,

. ealﬁ_e-ﬁlt e(eri-k)B _ e-.(02+k)t “
- - r — a
QBZB "ezt . 0023 - e“ezt -- : —

LA

S0t _(((OHIB_ (874 (o o-02t)

dq _ (?28-a7%2%) (8400
I dt ;
- \ . . (0023 - e"ezc)z‘ "
~8,t ' ' '
2 o - !
o028 (o KE_KB) 4 1 o"KE (o028, ezc) ,

- 8
(eezll__-e—ﬁzt)Z 2

Si.nce the terms Outaide of the’ brack.tn are athy- positive

-

th'ey will be ignored. The terms within the bracuta sum to ‘zero-vhen -

t » -B.- The der ative of r.heaé terns w_it'.h respect to t will then tell

‘n

us the sign of __Q

[0,0° 2 (a7 5 -a"%) + & (e°2B 2%)

afe

¥

- ' - v

- L]
- ke Kt o) (7725’2

- 0 ke -kt 9t 028

3 0 for all 6,< 0

dt ‘ dt: "_d_i')_—‘
! \\ '
Y

!

R = —



N ' . 88
PQgIR) = [ 1+ (R, |8y o .
. P(Rz'lsz) 5
d (p(e [Ry)) = d | PRyl {P(s.,\ R ))2 )
dt 2v72 dat {s——<| * 22
, P(R2|sl\
4 leaen A BEULIROL
T 2|’g__ - 3t e_ A-B_g . x (negative constant)
P(Rzlsl) Ll - 1

Since 8, > 0 and 6'31’*_‘,613 <0

let 91 - 62 + K and then

aq_d o02A_,m02t .02t .

KA -Kt
- —— - 0 e
de dt -e—(ofK)A_e—(eszK)t; e-(ezﬂt)A_‘—(ezH()t 2

3-8 2A (e -

)

Againh the terms in brackets sum to, zero when t = A and the derivntivn of

(
the sum will give us the aign of %%

b

d_[o 2(3"e 2A (e_h-e-x,t) + Ke X (e7® 2A_ 02t ](/“
dt . ) .

- K(0 l)e"_“(e:'e 2t_e™® ZAt‘ \ '

.50f0r02<0 ' ’ | -

.
Pt

o960 am © P(:z“‘z) s 0 ant & PO2IRD s o
' ¢ ax

A given value of to '_thus,' corresponds to one .vslue of conlfitlencd
if the respounse R, occurs én the- trili and a di'ffel'er_xt value of confidence
if the lrespof:u Rz ocrcura.. If we ass;:ine that S's expectations about the

]
stimulus presentations are such that the distribution of £ is symmetrical
. _
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. . 89
dFo(t). :
about E(to) [1.e., fo(to) - —dc - " féZJ(to)-to)] then, E(t) = 0
and fo(t)'- £,(-0)
E(e e®15) ‘ :
B- E(eeit) BiA : f -1, 2 8{ ¢ 0
1) E((t+B)lR2)- -
- 2
} E{t™) -
o B - =5 i 6=0
-~
( A - E(t eeit) J .
;- "iA=1,2 © 0
2) E(A-D)[R) =
' : yJ
A - E_(_t._)- H e, =0
k B ¢ i

. A P(R,|s,) + B P( |s,) - 2E(te 1) | } . o
3) E(I tn-ti) - 1 ,1' R2 1 .ein;aeiA . _ i, 23 @ ¢

sl

A+B '

A PiRl[si) + B(P R2|'i) - 2E§c22 . g w0

Proof

A .
1) E(c+BlR2) = J f£4(0) (B+t)P(32|51) dt
-B

A
s fo(c)r(nzlsi) dt
-B

L

A, _ -9t dt
It fo(t)e de - Jf t fo(t)e . edo0

8 fo(t) dt - f fo(c)e““ dat

L -

-

But since fo(y) - £,(-t), chg:: E(t) -_Bf‘r. £ (t) de - o/'-- | ' X



.

30
E(te—et) '

a'a§ - E(e-et)

E(t+B|R,) = B -

CE(ee®)

- B
E(e®®) - e

ot )
oA Since E(e>") = E(e )

and E(teet) - -E(ce"at)

In the special case ~when § = 0, then
'
A .

' E(t+BlR2) =/ (3+t) fA-t) £ (¢) dt
- () % )
K At f(0) dt . \ :
S  A+B
N -B

=B - ESCZZ
A

-B . 840 -

3

-8t - 6B o
Jt fo(t)e dt Y\f t fo(t)e dt

r £ e tae - A €2, (o) at

-A - E(te'etz : ' ' . | (
) - B
E(. et) -ee - . ) r

“A-E®) . 940
GGB _ E(eec)




E(A.-tlll) - [ (A-t) h&\ fo(t}dt

1 wh
;.;'.'!‘E fo(t) dt en 8 =0
A¥B
2
- A - E(tT)
B

3 E(Je -t = E(A-t|R)) P(R,{s)) + B(c¥B|R,) P(nzlai")
. To- T

« AP [8) + B P(Ryls,) - 2B’ ‘o

8B -84
e -e

2
- 2{A-B - E(t7)] ] -
) = ; 0 =0

S,

w’ Tem E(A—t]kl) i{s an increasing function of & while E(B+t) 1s a

decreasing function of 8.°

-~

Proof Consider abinonial distribution

- ¢ with probabiiity = 1/2 AN
g, (v) - -
-t with probability = 1/2 -
t > 0. ' o
. ' R UL i
E*(A-t|R)) = A -t > '
‘ CU —ecﬂec)
2

and  d E*(A-t|R)) _2c

-~

OB 0t 02 o

de (2e
where C = 2 t2 + t[(B-t) O EH) _ (per) JSE0
| <0 $f 9<0
g_(oi - (Bz_tl).&B(GOtﬂ-et) . >0 4£06>0 N

-0 1f ¢=0

91
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When 6= 0, C reaches its minimum value = 0 and therefore

\ 5 axéiat] %))

T =3 0 for all 8,

Now let us consider any symmetric dinftibution to(t) as a iixtura of &

set of go(t) (0 < t'< Q; Q@ » min (A,B)).

-

I

; »QJ" o o
Then E(A-tiR,) = [ z*;a-clnln t)f_(t)de A
. 0 : . =
~
and d E(A-t|R,) ‘Q . o
—; - (J; d E (A-:laln t) £ (o) > 0

a6 = | y

Since E*(A-t|R,)
ds

> 0 for all € and all’t.

-

Similarly if we constder B?(B+t|kz) and g;(t), then

E*(p+e|R) = B - ¢ (oet-a'et B
2
. €30
- 4% ®
— - °
. . | - ’J -
a Ex(BrtlR,) = 2C vhere
| (26 -6 %ee™")? .
N e e Pee® ) - o T AD))-20)
" <01f 030 _
:_g - (A;-:z)n"m(c'&'—c&) : >04f 06 <0
-0df 80

and C = O when 6 = 0; therefore the maximum valus of C is O

and  d En (B4t R)
de.




o -
Again f_(t) is a mixture of g (t) (0¢t<Q)and

J e

de - 0 de

d E(B+t|R,) fQ d B‘i(ml“zn") f..(t‘) dt < 0

Since d E*(B+th2) .
40 < 0 for all 6 and all ¢.

~

Theorem E[(|tn-tol)|.1] is positively fela;éd'to tha boundary value, T.

Proof

E((fe_~t DIt ns) = (T+c) P(R,|s Nt ) + ('r—:o). PR, |s, At))

! -T - t°[2 P(il‘ll:i.into) - 1]

h]
Integrating over to yields -

B(({t-t_Dlsy) = T - [2 PRjlsp) - LIEC) \ N

d E((Jt -t Dls y
n o
aT t/)\\’fl} "

An {ncreass in the boundary values T, -T should lesad to

by
increased accuracy.

A

0 if B(ylli)" 0

Theofcn d.P(Rllsi)
T dT

v

A

od 4 P(lzlsi) 0 if E(y|s)) > 0

T - 0 1f E(y|s) < ©

v

Br

]

£ 0 1is alvays of the same sign as !(7"1)

-4

93



P(Rl| ) eT -ot,
_ s S .
ST )

dP(Blls) «[etoL“-e'r) o C
' L(ar -oT :

The quantity :l.n parentheses is alwvays positive. - Therefore the sign of

the product is %he same as the sign of . Since 8 is of the same

sign as E(y|a ), then d P(Rllni) b alno of thc ssme sign as E(y|a
~dT S .

r(_l2|-1) -1~ r(kl|-1)

d P(Rzl.i) i -4 P(‘1|l1)

L}
4

4T dT

Therefore, d 'P(Rzlni) is of the opposite sign to ﬁ(ylli)
dT

The aversgé duration of the process should also generally incresase

as T increases.

B

Theorea .. d E(“l‘i) . , :
T 3 0 for all s, vhen P(Correct decision) > P(error) ' (\/

where t_ is the last value of the random walk.

Proof It has been shown that .

~ \1 .
E(njs,) = br P(R,{s)) - '+ )] m .
4 l(nrli) 2 , -1
lnd PR [s)) + 2P |s,) -1j_1
dT —(—??—1—- ®alt _ lG'ﬁ

. | ', \



o | 2T PR, |0,) + (PR,}a) - PR e, | 1
+ Ryley) A‘z PN soEY TER

. In the case vhere !(yl-i) >0, d P(Rllli) >0 and -
e

P(Rllli) > P(R2||1)_hy assumption. The product pf the positive sum
inside the parentheses and the positive reciprocal of E(y|-1) 1s
positive as vell.

. I the case vhere E(y[w,) < 0, d P(R;|s,) < 0 and
: a7

-

P(R1|-1) < P(R2|li) by assumption. The sum of terms in parenthases is

negative. The product of tha nigativn sum and the negative reciprocal

term is positiv.."

—
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Appendix II - The raw data.
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