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IRTRODUCTION

Several current models of behavior in signal detection and recog-
nition experimenté represent the observer's choice on each trial as
jointly determined by two distinét hypothetical mechanisms (Atkinsoﬁ,
Carterette, and Kinchla, 1962; Luce, 1963; Swets, Ténnér, end Birdsall,
1961). The first mechanism characterizes the effects of psychorhysical
variables by defining a set of hypotheticel sensory states, one of which
is activated on each frialn This mechanism is referfed to as the sen-
sory process. The second mechanism, tThe decision process, is affected
by learning varilables such as the relative frequency of the various
signal events on previous triéls. The decision procéss is usually con-
ceived as converting the currently activated sensory state into an
overt decision through appiication of arbias mechanism.

Althoﬁgh the starting point of some theories (and experiments to
test them) is the existence of the appropriate sensory and decision
processes'(eago, Fox, 1953), others have emphasized the formal similarity
‘between choice behavior in detection tésks and choicerbehavior in simple
prediction experiments (Atkinson, Bower, and Crothers, 1965; Bush, Luce,
and Rose, 1964). In fact, models developed in the latter context for
simple detection experiments usually reduce to models appropriate for
brobability learning under certain limiting conditiouns.

Probabilistic diserimination learning is an extension of probability
learning in which every trial is inifiated‘by one 6f a set of cues, each
with a distinct probability distribution over the set of possible out-

comes (Popper and Atkinson, 1958; Atkinson, Bogertz, and Turner, 1959).
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'If, given a particular cue, not all the posslble outecome events are
.equally likely, that cue is said to be correlated with the outcome. Thus,
each cue 1s assoclated with its own ron-contingent reinforcement schedule
and a subject can learn to use the cue-outcome correlations to help him
make an outcome prediction on each trial. |

Just as a simple recognition or detection situastion is formally
similar to a simple probability learning experiment, so we may'develop a
paychophysical analogue to the probabilistic discrimination experiment.
The resulting paradigm, which we refer to as a cued-detection or cued-
recognition task, associates with each ofra set of cues a particular
probabllity distribution over the set of signal evenis. In addition,
Teedback corresponding to the outcome in the prediction experimehts
usually concludes each trisl by informing the subject which signal event
actually occurred on that trial; The results of.probabilistic discrimi-~
nation learning experiments suggest that correlated cues éhould come to
control behavior in a cued-detection or recogﬁition task; i,é., a subject
will come to hold several respoﬁse biases simultansoﬁsly, with the effec-
tive blas on & gilven trial being determined by the cue on that trialo'

This possibilitj was recently investigated in the context of an
auditory two-interval forced-choice détection task involving fhree visual
cues (Kinchla, Townsend, Yellott, and Atkinson, 1966). The cues were
shown to hawve the predietea effect on the subjects' iesponée behavior
and the results generally supported a finite-state detection model sug-
gested by Atkinson and Kinchla (1965). |

In this paper, cued-recognition behavior is studied in an experi-

mental setting developed by Estes and Taylor (1964). A model that‘cén

2



be interpreted as a generalization of the Atkinson-Kinchla detection
model. (Atkinson and Kinchla, 1965; Atkinson, 1963) and as having close
ties with the Estes serial-processing model (Estes and Taylor, 196k;
Estes and Taylor,_1965).is presented and applied to the experimentf It
will be seen that under raﬁher general assumptions about the hias mech-
anism, the experimental results stringently delimit those cases of the

general model that can explain the data.



Genersl Characterization of Experimental Procedure

Tﬁe present study deals with a visual récognition situation in
which one of two types of silmull is briefly exposed on every tfial, and
the sﬁbject's tesk 1s to respond by indicating the stimulus type that
occurred. We shall refer to the two £ypes of stimull as _Sl and Se and

to thelr relasted responses as Al and A2, respectively., A reinforce-

ment event that informs the subject which stimulus type was presented

terminates the trial. The information event that denotes an 8, occur-

1

rence will be called an El’ and the event that denctes an SE gecurrence

will be celled E In the ex@eriment reported here, correct information

e
was always given to the subjgcts.

Each stimulus is in the form.of a matrix and consists of & fixed
number, D - 1, of conscnant letters from the English alphabet, plus
one of two other symbo%s {which are not‘drawn from the English aipha-
”abet){ Thus, gaqh_stimulus display'cqntainé D symbols. Wé'shall L
call the consonants nolse symbols and refer to any member of thisICLass

of symbols as 2 In addition, we shall designate the other symbol'

o
present In the display as a signal symbdl or simply a signal. It is the

signal embedded in the arrangement which specifies the stimulus type. De-

noting one of these signals as Zl and the other as 2 we specify an

2)

Sl by the presence of =& Zl in the display and an 8, by the presence

2
of a 22 in the display. Thus an Si mey be thought of as a stimulus

display consisting of a-signal Zi cmbedded in an array of ZO symbols.



in the experiment to be reported,-'Zl was a clrele with a‘vertical bar,
0] and Z, was a circle with a horizontel bar, 63;

A feature of the psychophysical task under'cbnsideration
is thet every trial is initiated by one of four éues; in the present
case, one of four differently coclored lights. Let us denote these
cue events Cl, Cg,_Cj, and - Ch' Each cpe has an equal likelihood
“of dccurrénce; hoﬁever, every cue is assoclated with a different
probaebility distribution for the two types of stimulus presentation,
Sl and 52. Tet the probability of an Sl presentation, condi-

tional upon the initiation of the trial by cue C be referred toras

h’

P(s;[¢) =7, (h=1,2,34).

_If 71 = 72 = 75 =-74’ thé cues a?e uncorfeiated with the signal events}
otherwise the schédule is said to be cue dependent cr correlated.

In the cued-recognition situaticn specified above, the following
variables can be manipulated: (a) physical parameters of.the stimalus
displays such as stimulus exposure duration, {b) presentation schedule
of Sl and 82 for each of the cues, and (c) the ocutcome structure that
specifies the payoffs associated with correct and incorrect responses.

. The theory that will be.developed will describe performance as a function
of variables relating to (a) and (b) above, but the experiment reported
here involved only manipulation of the presentation schedules assocciated

with the various cue events. The notation developed above may be summa-

rized in the following glossary:



The events
a)
b)

c)

d)

one ‘of the four cues that, initlate each trial (h = 1,2,3,h).

stimulus type 1 contains one signal, Z, and a set of ZO

i
symbols of size D-1.

response by which the subject indicates an occurrence of
.stimulus 'sj (5 = 1,2).

feedback event iﬁfofming the subject that stimuius 'Sk |
.occurred (k = 1,2); | 7
a noiée sjmbol.

signal l: specifies an Sl stimilus.
signal 2: specifies an S2 stimulus.

the number of symbols in each stimulus display.

probability that an 5,

(h = 1,2,3,k4).

15 displayed following initiation

of the trial by Ch

of a trial occur in the following sequence!

Presentation of cue C, (h = 1,2,3,4).

h
Brief exposure of stimulus 8, (1 = 1,2).
Subject makes response AJ (3 = 1,2).

Trial terminates with information event E,.

'In the present experiment the subject was iﬁstructed to make s correct re-

sponse as

often as possible, and each trial terminated with an information

event which told him whether he was correct or incorreet. There were no

monetary payoffs or penalties for correct or incorrect responses.



The major dependent variable is the probability of ah Aj

given that stimulus Si occurred following Ch. This quantity is. denoted

response,

as P(Ajlsich). The subject's performance on a trial initiated by Ch

can be described by the stochastic matrix

A Ay
P(h) _ 8, P(Allslch) P(AnglCh)

8, P(Allsgch) P(AEISgch)

The reader should note that the probabilities P(Allslch)_ and P(Allsech)
completely specify the matrix P(h), which we shall refer to &s the per-
formance matrix associated with cue C, -

Other gquantities of interest can be defined in terms of P(AlISlCh)
and P(Ailsgch). Frequently we want to know_the probabl;lty of an Al

response independent of the stimulus event;;namely,
P(4 ]c,) = P(A |80 )y, + P(Allsgch)(l—jh)
Also of interest'iﬁ-the probability of a correct response (denoted c):
P(clch) = P(Al{slch)yh + P(A2|820h)(l—7h)'.-

An incorrect response will be denoted c.

Another important dependént varlable 1s the subject's response time
Qr laténcyf We will refer to his average latency, given response Aj’
as |

stimulus 8 and cue C

i’ h’

E(L]AjSiCh) ;

where L 1is the random varlable representing the latency on a trial, and

4



E may be thought of as the expectation or averaging operator. Note that
“in contrast to the cond_itional response probshilities, the four -latencies
specified by E(LIAjSiCh) for each cue are independent. Hovever, as 1s
the case with the performance p:o'babilities, we can define  certain mar-

ginal quantities of interest in terms of E(LlAjSiCh). In fact,

E(L|8,C,) - B(L|a 80, )P(4 |5.0, ) + B(L]AS,C )R(A,]8,C))

is the average latency conditionai"on_a Ch and 'Si' Next,
E(L]Ajch) = E(;[SlAjch)zh + E(L]SEAjCh)(l-yh)

~1is the average latency conditional on aﬁ_ AJ. . response and C Also of.

h L]
:I.nterest are

' . E(LISlAlCh)P(Ai|$lCh)7h +.E(LlSaAQCh)P(AASQCh)(l-Vh)_
E(Llcch) = . P(AllSlCh)'yh +'P(A2|820h)(l-yh)

-}'a‘.-nd.
E(n|8,A.C, )P(AS]8,C, )7, + E(LlSEAICh)P(AilSéch)(l-yh)
P(a,]8,C )y + PAI8,0 ) (7)) 7

| 'E(L[Ech) =

which are the expressions for the average latency given a correct and in-

correct response respectively for cue Ch.A Finelly,
E(plch) = E(LISlCh)yh + E(L]SECh)(l—rh}

is the overall latency for cue Ch.



DEVELOPMENT OF THE RECOGNITION-CONFUSION MODEL

In this section, a model for the experimental. situation ie presen~
ted and some predictions are derived. Two cases of the general model
that seem germane to the present experiment are examined, and several
aspects of the subject's performance are derived. Finally, a few com-
ments will be made concerning the relationship of the model suggestéd
here, to other current formulations.

Throughout the theoretical section we-shall drop the subscripts
and superscripts referrding to cue lighte, since these sre Important only
in defining the result of & manipulation of the blas psrameter in the
models considered here. Theoretically, all the points generated by
menipulation of the subject's bias should lie on the same ROC (receiver-
operating characteristic) curve.

We will now state the axioms of the general model in a verbal
faghion and then explicate them through the use of matrices.

Axioms:
1. At the instant of the stimulus offset, a random sample, S, of-the
| symbols in the display_is registered by the subject. The sample-is
of fixed size d. |
2a._The subJject processes, or scans,_these symbols sequéntially in a ran-
:dom order. Each symbol scannéd'is relegated.to one of three classés,
the assignment of which is represented by the following.hypothetiéal
state: |

S 4) 8q

the state corresponding to an assigmment of the scanned
symbol to the class of noise symbols,

9



ii) s, the state corresponding to an 8, assignment, and

iii) s the stape corresponding to an S,  assignment.

27 2

Tt is assumed thet the processing time for each symbol is &%, a
constant over time and symbolspl
b. The probability that s; (1=0,1,2) 1is activated when Z (J = 0,1,2)
"~ is processed is, in general, determined by: 1) when the symbol is
processed relative to the other symbols in the sample .S, 2) the
particular class to which the symbol belongs.

Fa. 1T 8, or s, is activated, processing of the sample terminates and

the subject makes the appropriate response (A1 for s; and A,

for 52).

3b. If S5 is activated, processing continues. We refer to this im~

plicit "response" by the subject as Ay
3¢. If the subject processes all d of the sample :symbols Without_acti-.-

vatihg either of the states s or s he guesses, responding A

1 2’ L

with scme fixed probability g. The quantity g will be referred to
as the bias parameter. The value of this parameter will depend on

the cue light that initiates the triali..

i/ The legitimacy of the assumption that the processing time is identieal
for.all the symbols depends on the extent to which the subject uses the
same number of observing cr testing responses on each symbol. I'or example,
a2 subJect may be able to lock for the joint occurrence of a circle and s
horizontal or vertieal bar in one AOt. If he "sees" either of these joint
events, &, oOr =S is activated; otherwise s is activated. In this
case the At constancy over symbols would be Justified. )

However, it may be that the subject looks first for circularity; if
he detects circularity, he locks to see if a horizontal or vertical bar
lieg within the eirele. If circularity is absent, an s is activated.
If eirewlarity is present and the next observing responsé leads to the
detection of a vertical or horizontal bar, s, or S respectively, is
activated; otherwise s is activated. - In t%is_instance, some 2. sym-
bols wouid be processed faster than a Zl or 22 and the assumption
would require modification. - SR -

10



We may represent these axioms by several matrices which explicate
the properties of the axioms.from the moment.of sfimulus presentation to
the time of the subject's respouse. |

First, we relate the stimulus display to the type of symbpl pfocessed

at time iAt, conditional on no s or s activation ocecurring prior

1 2
Cto  diAt,
Zq 2y Z5
D=1 1
5101 b ©
S S
2 D I);

where, as before, D is the number of symbols in the display. Note that
M 1is not a funetion of 1i.
The matrix relating the type of symbol scanned at iAt  to the

identification or hypothetical activation state is

s 5] s

70 1 2
ZO l-»xiwyi Xy Yy
N, = % l-ai?bi 8, bi 5
Z2 l—ai—bi b; ai.

where sj denotes the hypothetical state corresponding to the assignment

of a symbol to the Sj class. MNote that Ni is undefined for the ith

step in the scan on a particular trial given that an 51 or 55 has al-
ready occurred, and its entries are functions of 1.

The axioms further state that the identification state Sj Cis

related to the subject's responses by the matrix:

A A A

_ 0 1T
54 L 0 0

Q@ = s |0 1 ol .
8, C 0 1

1L



Since the axioms posit that the result of procéssing'g symbol Zi
ié always éither an actiﬁaﬁion of state S. (reéognition) or one of -
the other two hypothetical stagtes (confusion), ﬁe may refer té any model"
that satisfies the axioms as a récognition-cénfusion model. |
ROC Curves

A characteristic of thg subject's performance that is of consii—
erable interest is his ROC curve. The abbreviation ROC signifies receiver
operatiné characteristic; the ROC curve relates the;qgantity P(AlISl)
to the quantity P(Al]sg) when the stimulus conditions are fixed and
; learning variables are allowed to vary. In the present study, it is expec-
ted that manipulétion of 7h over the four cue lights will generate-aﬁ
ROC curve for each subject. The blas parameter associated with cue C

h

should reflect the Va;ue.

In this secﬁion, we shall develop the ROC curve for the general case
in a functiocnal form snd then explicitly for the model that is defined by
' letting the entries in the matrix Ni be constants.

An Al can feollow presentation of Sl in essentially three ways:!

by improper activation of s by a ZO; by proper activation of s

1 1

.(i.e., activation of 'sl by Zl); or by guessing. PFurther, the form of
the funetion P(Ai|sl) will depend. on whether or not the signal was in-
cluded in the sample. IHence, we conditicnalize on each of these events
and then take the expectation with respect to these events; this yields
" the marginal P(Al|Sl).

Let P(Allsl,zl,i). be defined as the probability of an A, re-
sponse,‘conditional upon the lceation of Zl at position i in the

‘sample S. Then,



i1 Jff : %ﬂ%
P(A,|8,,2,,1) = ) x,. || (L-x -y, ) + (1-x,-v.)a
A 1802 ST T T

11 -
+ .Eg(l—xj-yj)(l-ai-bi)

d Ji-1

Ly

X 1-x. 8, -y B
jr=al thii+l( Wy Ty

a

1-1
+ El(l—xfj "yJ- )(l"ai"bl) j Ilz—[i.i.l(l-xj 1 “yj t )g

= 4, +Ba, + Ci(l-aimbi) + Dy (1-a,-b, )z ,

h &
whers 3t ‘{l otherwise,

]

end x. = Yo = 0.

0
Similarly,
-5 il
P(a|8,,2,,1) = Y x, (L-x, -y, ) + |l (1-x.-y,)p!
Al 2772 Jﬂ_Jkﬂ) kX Yk j=1 J q i

i-1

.
J

l-x . -y.){1l-a!-b!
| Qo aagn))

d J'-1

.
Z X ll.(l-xa'l-ya‘l)
370041 9 geigy KT TR

i-1 d
v L ey )0magey) [ (exgevs
j=1 jr=i+l

L= 1 ! —al.h! .
A, + BB+ Ci(l a} bi) + Di(l a} bi)g

If the signal is not in the sample, and 1f we let P(Allsl’zl ¢ 8) be the

probability of an Al response conditional on Zl not being in the sample,
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then
P(Allsl,zldaSF_ H(:L-x ) + f[ JOSREINER
J=

The corresponding expression for P(Alisa,Zglé S) is the same.

Next,

1l

P(a,]5) Ei{PtAI\Sl,Zl,i)} + B(A,2, ¢ 8fs))

n

P(A|8,) = B (P(A|8,,2,,1)) + P(A),Z, ¢ 8|S,) ,

where Ei denotes the expectation with respect to i, the position on
which the signal happens to fall within S and’ P(Al Z ¢ S[s ) =

(1 - —)P(Al]Sl,Zl 3 S) Thus,_rP(Allsl) E, (4, +B, al +Ci(l-ay-b,) +
Di(l—ai-bi)g] +E + Fg, vhere E'= (I - 2 ZixJ éﬂi (1-x-yy ) and

d
F = (l=e'g}‘ .II(I-X.,—y.,). A similar expression holds for P(A |S ).
s -D lel J J 1 2

Solving the expressions for P(Allsl) ‘and P(AlJSé) for g and
setting'the resultant formulae equal to one another, we can write
P(Allsl)_ &s a function of P(Alisa);

E.[D.(1-a,-b.)] + F |
P(a]8,) = Ei[Di(l_ai_bi)]+ i (P(ayls,) - Bylay +3,0) + € (1-a)-b1)] - E)

+ B, [A +B.a, +C{l-a,-b, )] +E.
1 1 i1 1 3 1

Since the coefficients are independent of g, it follows that P(Allsl)
is a linear function of E(Alisg) as the bias parameter g varies. That
. Ei[Di(lrai#bi)] + F

is, the ROC curve is a straight line whose slope is Ei[Di(l"ai’bi)J T

1k




For this model, a necessary and sufficient .condition for the line +o be
. . - _ ! ) , _
of slope 1 is that E,[D (1 2, b )] Ei[Di(l a}-b i)] The y inter
cept is given by

E.[A, + B
1 1

12 F Ci(l-ai—bi)] + E

2, [D, (1-2,-D,)]
" E,ID,(T-a}-b7 )]

i 1 ol ht +
(,{a; +B;b] + C,(1-aj~bj)}] + E}

The linearity of the ROC curve follows from the fact that both P(A1|Sl)_

and P(Aé]SE) are linear functions of g. The intuition behind the slope,

Ei[Di(l-ai—bi)] + F
ol _ht 2
Ei[pi(l al bi)] + F

is that if 8, +Db, 1is, on the average, small relative to ai + bi, the

subJject uses hils guessing bias more on Sl triasls than on 82 trials;

hence, if g increases under these conditions, P(AlISl) changes more
than does P(A1|82) and the slope is greater than one. If ay + bi is
large relative to ai + b;, the reverse holds.

On the other hand, the effect of processing a ZO is the same on

the average for 8. and 82 trials and therefore does not affect the

1
slope.

When the activation process is assumed to be invariant over time,

0 1 2
ZO 1-x-y X ¥ %
N, =N =2 | 1-a-b a b | .
i 1 .
t
22 l-a'-b' bt a'}
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The ROC curve can ageln be developed by First deriving

X [d _ l-(l—x—y)d] +a l—flux—y)d

By [P(All Sl’zl’l)] - D J[x_ﬁ Xty x+y

1-(1-x-3)Y a(Lex-y)dh -1
..+ (l-—a-b)x[ (X_;)g .« ;_g; J+d(l-—a-b)g(l—x—y§1 1

It should now be evident that Ei[P(Allsa,Zgi)] is of exactly the same
form except that a' and b' are substituted for a and b respec-
‘tively. The terms P(Ay, 2y ¢ s|sl) and P(A,,7Z, ¢ s1sl) are devel-
oped as before and combined With Ei[P(AJ_IS}_’Zl’i)] and Ei[P(AllSE’ZE’l)]'
respectively to obtain P(All'sl) cand P(A1|82). Solving for P(Allsl)

in terms of P(Al|S2) yields

1-2(a+b) - (1-9')(x+y‘)

.--P Als ) = P(a. s xa %
(8,18) = 1- %( ot )-(1-5 4y (x+y) { (41%) - § iy - (xty)?
a
. '[l-(l-—x-«:y) ] o [l_(l K= y) ] + (l a'-b' ) (X+y) [l"(l;}i;ry)
= a(1ex-y)3 {!} - [1-(Lx-y)d
xy. } x+y (x+y)2 ( XZY‘) 1

| Y S
+ ;% [1-(L-x-v)%] + (L-a-b) o [l“(;‘; y)© a(1-x-y)% 1]} )
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Specizl Cases

We next consider two speclal cases of Ni that are of particular
experimenfal interest:

s 5

0 1 2
Zy (v (1-w)qg (1-u)(1-q)
Case 1 ,i = Zl O 1 0
Z, |0 0 : 1
e 51 S
I ' i 1 |
Zy |v a(l-v)T (1-v)(1-q)
Case 2 N, = Z O 1 0
i 1 .
Z, Lo 0. 1 ]

We see that the basic structure of these cases is the samé, inclu~
ding the number of parameters; the difference is that cne is a functicn
of 1 aﬁd the other is constant. An important property common to both
is that whenever the subject processes a signal symbol, he recognizes it
with probebility one. Case 1 implies a constant probability over time of

an s, or 5 activation by Zb, but Case 2 implies that the likelihocd

o

of an improper activation increases over time. The first would hold if
the subject 1s able somehow %o recharge his "image" or trace of the sample
§ until all d symbols are processed. The second would apply if the mem—
befs of the sample were fading geometrically éo that, say, after time 1A%
the gquantity vy represented the proportioh of the symbol remaining for
the éubject to process. It should be df interest to compare pfedictions

for these two ¢ases for some commonly measured dependent variables.

L7



The expressions for each case for P(Allsl), P(Al‘sz)’ and ‘the
- ROC function will be presented. These will be followed by development
of four conditicnal latencies: E(L]Alsl), E(LiAlsE),, E(L[Azsl) and
E(L!Agsg)' As indicated earlier, other guantities may be easily derived,
once the expressions for these basic quantities are known. Following the
procedure developed above, we can easily find _P(Al}Sl), P(Allsg), and

the ROC curve for Case 1.

i
rof-
+
o+
~
|_.J
1
1
St
c

P(4,!8)) =

I

: a
R(a]8,) = 5 - g5 1+ (1-DuMen)
P(Allsl)r= P(4 |8

Similarly,'for Case 2:

g iE-1) a a+1)
_p(Al[sl) = -é- + El")ﬁ ‘Zlv 2 (l_g)v- 2 (g%) ’
1=
i(i-1 a(da+l)
11 & 2 2 1
P(A]8,) =5~ & _glv + (1=5)v (8-3) ,
| | | dA i(i-1)
P(A |5,) = P(a,]8,) +%~ ‘Z],v 2
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Let us begin the latency derivations by assuming that L =
(1 + &)t + t, where L is the total latency or response time, 7 is
a variable which represents the time in .At units to arrive at a guess-

‘o b 1 if guessing occurs;
ing decision, © ='{ g & ’

O otherwise, . 4 is the random component

representing the processing time in At units, and to is the duration
contributed by the subject's motor response. When- g is noticeably
greater than %, it mey he that the associated guessing time is shorter
for Al than for AQ, and when g is less than %, ﬁhe guessing time
for A, may be longer than that for A4, (see Friedman, Burke, Cole,
Keller, Millward, and BEstes, 1964). In order to take account of this
possible difference in the guessing latency component due to a difference
in guessing bias, we suppose that two guessing latencies exist, one for
the preferred response (bias parameter greater thﬁn %) and one for the
non-pfeferred response (bias parameter less than 3). We will distinguish
the two latency components by appending subscripts to T. When we are
comparing theoretical predictions for latencies conditionalized on Al
and A2 regponses; we shall append the subscripte 1 and 2, respec-
tively, to allow for the possibiiity that when g # %, T £ Tpe In
" general, the preferred response guessing latency will be denoted Tp
an@ that of the non-preferred guessing latency will be denoted T?,g

For our purposes, the time required to process one symbol (At)
and the motor response time (to) can be considered ss constants to be

estimated from the data. Hence, our latency results will be derived in

terms of # and 7.
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For Case 1, the conditional latencies of interest can be written

d
'E(ﬂ+6'r\Als ) = E%.%u){l%] + (l-%)[dud(g_%) + gud-r]
1

d 2
1. 1 1-u &y d, 1
2t Tt (phv(eg)

-(1+u)(:L u ) d,(]_+u }

a
. . B (l"%){% %%E-)— * dud(g‘%) + o)
E(£+BT]A152) _ _2p(1- ) A ,
| % - é%'%__— +'(l-%)ud(g-%)

0 0 + 0Dt + o)

3 - ,
1.1 1-u oy dl
i T (e (F-e)

E(£+5¢1A282)

d a
-(;;?ifi;; a gé%{?ﬁ% * (2 ){é %“E_ dud(%‘g) + (1g)ir)

E(-ﬂﬁTlAES

1l

—
1 1l 1-u d,L
3o Er t Aph(ge)

The latency expressions for Case 2 are similar in structure to their
parallels in Case Ll

B(4+57|A,S, ) |
a | g Ali-1) - oalan)
ey s Lo Dbty ©
Loz vy 7ol % (a3

i=1
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E(B+ST]A182)

a 1(1-1 | a(a+l)
o5 - ToTp T E w2 s-Dlateg)eely 2
o i 1 & ii%fél o T -
27 Egiv + (g)v (g~3)
E(£+07|A8,)
1-v" ' L1 2 .El%gil dypal ;EQ%ELl
) Sy 5 TeTs) * Sy * 27 + (1-pla(G-g)+{1-g)rly
g g B Ag
275 iglv + (L-g)v (5-2)
E(£+57[A S, )
1=y v a 1 & éi%iil o a(d+1)
'E(i"?)[l i g o2 ZD(1-v) ~ 2D iZiiV + (L-g)lda(z-g)+(1-g)rlv
i 1 1 2 Al o G 1 |
ERl= i + (1-5)v (5-8)

It 1s appropriate to mention a few properties common to both models,
For convenlence, these properties will be presented in terms of the para-
meters of Case 1.

For y =1 and d <D, the latency E(£+5T{Alsl) is an increasing
function of the bias parameter g, but E(E+51|A282) is a decreasing
functién of g. The quantities E(ﬂ+5TlA182) and E(£+51]A28l) are inde-
pendent of g when u = 1. When 0 <u<1, d <D, it is expected that
the latencies conditiohal on an A, resporise are lncreasing functions of

1

g since guesses always occur after all d of the sampled'symbels are



PR

processed and hence are associatéd“yith the lonéest lﬁténéies. Increasiﬁg

g saugments the proportion of Al latencies that are assccisted with

I

guessing responses; it causes'a-decrement in the proportion of A,
tencies that are assbciatedrwith a guessing response., The theorem that

laf

Al latencies are increasing functions of g but AE

creasing functions of g for all u ‘when 4 < D, has not been proved.

latencies are de-

However, calculation of the conditilonal latencies on a computer for wvarious
values of the parameters has shown this to be true.

- To compare the relations among the cohditional lateﬁcies, subécripts
are appended to- T ﬁhich serve 1o indiéate the assoclated guessing re-
sponse. It will be assumed for simpliciﬁy that d > 1.

When u =0, all four of the latencies reduce to
B(2 +Bryfas) =1,
but when u =1,

(L + 6T2|A25l) =d+1,,

E(£ + 6Tl]AlSE) =4+,

QL%%;A.+ (1-Sglarr ]

d d
5t (1-5)8

n

E(Z + arl[Alsl)

2

and

U) 4 (1-3)(1-g)[av,]

E(Z + 01 |A.5.)
. 21807 a a
_ 5+ (1-5)(1-2)



It can be shown in this case (u = 1) that
B(£ + 51, |A)8,) 2 E(4 + STllAlsl) ’
E(L + 812[A281) > E(4 + 6«;2|A252) ,

and equality holds among all four when d = 1, Ty = 0 (k = 1,2), Also,
it can be seen that under the condition u = 1, the Ty magnitudes
as well as g determine the ordering of two latencies conditionalized

on different responses. If T =T, and W =1, then

E(£ + BTIAlsa) E(4 + 5T|A281) s

and

]

E(4 +767|A181) E(4 + 5T|A282)

Note that an increasg in g may be expected to iead to an increase
in E(L + ETIAISI) and E(2 + BTlAlSE) unless g goes from less than &
to greafer than %; in this case if Tp > Tnp’ the direction of change
will depénd on the relative magnitudesof TP,TPT an@ &

When d=D>1(0<u< 1),
E(4 +8t|A8,) = E(4 +B1|A8,) <B(L + B1{AS,) = E(4 + Br[A,8)

Note that in this case the incorrect latehcies are shorter than the cor-
rect latencies.
When & = 1, all the conditional latencies E{£ + 5T|A181),

“E(4 + ST]Alsg), B(L + 6T|A232), E(£ + BTIAQSl) assume the value 1.
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Recognition-Confusion Model in Relation to Cther Current Models

One way to exhibit similarities ameng models of behavior is to con-
sider a moré general modél and e#amine:the conditions under which the
genersl model reduceé to the various special cases. In this section we

"shall use this method to bring out resemblances among the present model,
the serial processing model (Estes and Taylor, l96ﬁ,ror Estes and Taylor,
1965), and a finite-state detection model (Atkinson, 1963, or Atkinson
and Kinchla, 1965). | | | |

It is necessary to modify twoc aspects of the recognition-confusion
model in order to obtazin the appropriate generalization. First, the
activation matrix N, is expénd_ed to include an additional state called

the uncertaln state. Thus,

5] 35 S

e 1 2 3
Zo | %0 - Goo 200 203 |
|-
N2 5y %0 8y ®10 YR
Z a a a a
2 20 21 22 23
h -
where s5 represents the uncertain state. The ajk entry refers to the

probability bf activating state S0 given that Zj is processed at
time i,

The resulﬁ of activating 55 at ié¢ is assumed to be a continu-
étion of processing, AO, unless the activation cccurs at &bk, 41in which
case the subjeect is presumed to guess. Uhdé; these assumpﬁions the effect
- of eitherlan 8y OF ss_ activation is the same, and hence the matrix Ni

in the'recognition-confusion model presented earlier can be interpreted

88 a collapsed version of Ni.

2l



The second modification is that of allowing for the .possibility
fhat processing of the symbols can be brought tc a halt due to a drop
below threshold of 2ll the symbol traces; when this occurs, we postu-
late that the subject responds by guessing.
The serial processing model {Estes and Taylor, 1964; Estes and Taylor,

1965) can now be obtained from the above formulation by stipulating that

4 =D,
24 84 ) S, 53
-
Zy |1 0 0 0
N =2 |0 1 0 of,
Z, .O 0 1 0

and that m symbcls are processed with probability 1 (during the stimulus
on-time) after which there exists a constant probability s on each suc-
ceeding Ot thet the trace of the symbols will féll below threshcld.
Although easily extended to more complex situations, the Atklnson
detection model (1965) was designed basically for application to simple
two-alternative forced-choice and yes-no gignal detection experiments.
Since the forced-cheice model can be developed from_the yes~no type of
situation that occurs in each positiion or interval, we may examine the -
activation matrix as it would appear for the presentation of one of two

stimuli:

Sl 52 35
R Rkl f2 TRt
5 a a
2 {"21

20 -8, -8,



Previous experimentation had shown that Bip ¥ 85y = 0 so'that ¥ was-

reduced to

1 2 3
w1 | ° =0y
s, | o o, 10,

One way of obtaining N" from more primitive considerations that are
compatible with the present discussion is to assume that on each trial

s sample 8 of stimulus elements (of size di) 1g drawn from the

display. Then, using the established notation- Zj to refer to a stim-

ulus element; N" follows from the activation matrix:

54 s, 5, .§5
2, 0 0
Ni = Zl 1 0
-z, 0 1
Under this interpretation, o, = dj/D; that is, if the signal element is

contained in the sample, the proper hypothetical state is activated, other-
wise the subject 1s presumed to be in the uncertain state and therefore
responds by using his guessing bias. Note that here stimulus conditions
ére assumed.to be such that the trace remains above threshold uniil the

sample is processed.
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METHOD

Apparatus

The experimental apparatus employed was an automated two-field dual
tachistogcope at the Institute for Mathematleal Studles in the Socisl
Seiences, Stanford Unlversity. The display terminus of the apparatus
was located in & sound-proofed, air-conditioned room. It sat on a 50-in.
high table and eppeared as a wooden box 5 f£t. 7 in. long, 4 f£t. 1 in. wide,
end 2 4. 4 in. high, on four 8 in. legs. At each of the two ends was a
subject sfation, which was formed by recessing a full-height 8 in. wide
panel 10 in. inte the box. In thils panel was mounted a ground-glass
rear-projection screen, 8 in. wide and 6 g'in. high, centered vertically.
Behind the sereen was a black metal plate bearing six lights and a large
circular aperture, neither of which was visible unless illuminated. A
plastic eyepiece was mounted flush with the outer face of the box, 10 in.
in front of the scfeen, allgned in height with the cireular aperture.
Below each ¢observation station was suspended a response panel, at lap
height, 12 in. wide and 10 in. deep. This bore a vertical array of four
rectangular buttons, each of which was 1 in. Dy % in., and a horizontal
array of two buttons of identicel size.

Displays were projected onto the screen through the large aperture,
providing an illuminated cirele 2 fg in, in diameter. Stimuli were dis-
played in a random-access slide projector (Spindler & Sauppe model SLX-T750)
modified to mount a special light source (Sylvania electronic tube #R1131C)
" characterized by rise time within 0.05 msec. and decay time within 0.025
“msec. A second projector, optically identical to the first but holding a

single slide, served to jlluminate the screen between stimulus exposures.
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BOth projectors were concealed within the display box.

“ . On bbtﬁ response panels, the four buttons arrayed vertically on
the left were used Tor confidence-rating choices} the possible ratings
were 1, 2, 3, and 4, with 1 being the topmost, 2 the second from the top,
down to & at the bottom. OFf the two buttons arrayed horizontally, the
left one was employed as the Al reéponse for Station 1 and for ‘AE
at'Statiqn 23 and the right one was employed as the A2 response at
Station 1 and és the Al ,responsé at Station 2.

Of the six peripheral lights behind the screen, the two outer

lights served to provide information feedback, E, or E,. They appeared

1 2
as yellow % in. circles containing a black slash which was Verticél for f
El’ horizontal for E2. The right/left position of El' and E2_ on

the screen corresponded at each station ¢ the right/left agsignment of
Al and AE on tﬁe response panel. The four lnner lights sppeared at
both stations as‘f% in. ecircles that were colored, from left to right,
blue-greén, orange, lighf green, and red, roughly matched for apparent
brightness. They were functionally ordered Cl, C2, 05, and Cu' across

the screen, with Cl on the side corresponding to A, =and El'

1
Each subject station was equipped with an intercom unit connected with
a master unit in the control room. - The‘control system of the apparatus was

iocated in an adjacent room, visually and acoustically isolated from the

'display roomt. The control system, developed by Iconix Incorporated, of

Menlo Park, California, read in the program statement of a trial,'set up
the control functions, stepped through the cycle, and recorded gubjeet infor-

mation such as latency, response type, and confidence rating as well as the

@ .

trial statement, and then stepped to the next program statement.
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Programmed variables‘for the present experiment included the slide
to be shown, the feedback eliernative, and the cue lights to initiatg
the trials.

Stimulus program tapes were generated by a FDP-1 digital computer
which rendomized the trial séquences under the constraints mentioned 1in
the procedure sectioh. Thesé program tapes were read into the control
system by a Teletype BRPE high-speed mechanical reader (100 lines per
second). The subject's response information, after being stored briefly
in a buffer, was read out to a Teletype Model 33 unit, which yilelded
simultaneous print-out and punched paper tape. The print-out wes em-
ployed primerily for calibrating the equipment during the twe days of
practice and for monitcring the subject's output on a day-to-day basis.
Data reduction, on thé other hand, was accomplished by transferring the
paper tape information tc magnetic tape, where it was accessible to_

processing by an IBM 7050.




Procedure

As mentioned earlier, each trial of the experiment was initi#ted
by one of the four cues: Cl, 02, 03, or Ch.' The four cues were colored
lights arranged in a horizontal row. After the cue light had been on
for 3 sec., a white pre-stimuius field appeared and remained on untll
the stimulus was displayed 2A$eé. létéf} A warning click sounded over
the iﬁtercom~% sec. before the stimulus dispiay was exposed. Thé‘stim—
ulus durafion x was determined fbr each palr of subjects during a two-
day practice period and was then held constant for the remasinder of the
experiment. When the stimulus field was turned éff, & white post-stim-
ulus field, id§ntical to the pfeAstimulus field in size and intensity
‘was turned on; its duration (3 sec.) delimited the response intervel for
the subjeét. During this interval, h? had to makg ag Aj response and
then a response that reflected his confidence in his ﬁéréeption of the '
stimulus display. We will refer{ﬁo a.confidence ra£ing k as .CRk'
(k = 1,2,3,4). The final 4 see. of each trial contained the feedback to
the subject indicating the proper reé?oﬁsé for that trial. The events
of a complete trial and thelr témporai order are shpﬁﬁ in Fig. l..

The stimulus field consisted of an array of 15 uppe;—case consonants asg
ZO symbolé and elither Zl or ZE’ but ﬁever bothi 1In tefms qf the notas
tion developed earlier, D = 16. Sixteen suchiq;réys were congtructed by
arrangihé a squére mat£ix of lé consonants under the constraint that every
" letter should appear exactly oﬁce in every positlon; other#ise the arrange-
ment was random. Then, each Sl array was constructed by replacing a con-

sodant with Z,, leaving the remsining nolse symbols unchanged. The Z
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wag substituted for a differently positioned noise symbol in each array,

resulting in sixteen Sl stimuli. The S2 arrays were formed in the

replaced the various consconants. Thus,

same manner except that a Z2

the result was sixteen Sl stimulus arrays and sixteen 82 stifiulus

arrays. The symbcl )] was chosen as 4, and 63 was chosen as &

1 2"

The actual arrays, before introduction of the eignzl’ symbols, are shown
in Table 1. Each array was,reprodﬁééd on a glass siide for use in.the
random-access slide projector.

Twenty-Tour subjects, divided into twelve pairs_cﬁ_subjects, were
used for the experiment. The subjects weré_run for twp practice days for
the purpose pf adjusting_the stimﬁlus duration 50 thgt bot@ subjects per~

formed with less than perfect accuracy but_ét better than chance perfor-

monce. The best a subject could do by chance for C ‘was P(e) = 7, if

y. > and P(e) =1 -7y if 7y, < L, and the worst was P(e) = 1 - 7

h n

if 7y, > % and P(ec) = 7, if 7y < 1. The simple threshold model spec=-

ifled by the expressioms:

P(Alxslch) o, + (10 )g, ,

P(ay|8.C) = (-9, )g, 5

wag used to estimate the subjectis accurac& af pefception (specified by Uh)
and his guessing bias (gh), To ensure that, under this simple model, a
subject was performing between'chance and perféct accuracy, it was suffi-

cient to manipulate the stimulus display duration so that O < ¢, < 1

h

an estimate of C© was oObtained from the expression d, = P(Al|S

P(Allsech)n2 Of course, no prespecified level of accuracy could be

h

v

2/ lNote that when 1 - X, - ¥y =8; =a; =1 in the recognition-confusion

model, the simple threshold model outlined above is cbtained with Gh = d/Do
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Tablé 1

Stimulus Arrays
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obtained since the two subjects in a pair often were not egually sen-
sitive to the type of stimulus displayeqn

An additional reascon for the two déys' rractice was to acquaint
the subjects with the presentation frequencies (7h) and to familiarize
them with 63 and q) before beginning the test phase. This practice.
with the actual presentation fréquencies, together with instructions
that there existed a correlation of the cues with the presentation
frequencies of the signals, was meant to minimize cue learning during
the test phase. The test phase'which foilcwed required six additional
days. |

rThe four cues each occurred on one-foﬁrth of the trials, and
each cue was associgted with a particular schedule of the two signals.
One subject in ezch pair of sﬁbjects reéeivéd the following cﬁe-to-
color assignment: C red; C

green; C yellows and Ch’ blue.

13 2} 5?

The other subject received the assignmentﬁ' C blueg; C yellow;

1’ 2’

CB’ green; and Ch’ red. During the test phase 240 trials were run
per day with a constrained randomization for both cue and signal fre-
quencies. After 160 trials the subjects were given a 1 min. rest
break. Within‘an 80-trial block, each of the cues appeared 20 times;

15 of the C, trials were always 5, trials (71 = .75), Y, X 20

75 x 20 of the 03 trials

were Sl trials, and five of the Cu trials were always Sl trials

of the 02 trials were Sl trials,

‘Cﬂ.= .25). An important characteristic of the experimental design

was the symmetry in vy, that is, 7y = 1- Yo and 73 =1 = Voo
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Thus, the subjects obtained the same number of Sl and S2 trials

in an 80-trial block despite the cue-dependent schedule. For half ihe
subjects, 12 = .60; we designated this set of subjects as Group 1.
The other one-half of the subjects had a 75 value of .90; we
designated this set of subjects as Group 2. Group 1 and Group 2 were
each composed of twelve subjects. A tabular summary of the presentation
schedule is presented in Table 2.

One-half of the subjects randomly selected in each group, were
rux on a schedule that included a completely new randqmization for
each day of practice and each day of the experimental phase. The other
half of the subjects in each group were run on a random permutation
of the first schedule. TFor thie second set of subjects, the pool
consisting of the randomizations for each of the eight days used for
the first set was rearranged in a random fashion.

The subjects were run two at a time on the apparatus; each always
had the same partner and the same statlon at the apparatus. The two
subjects were placed at opposite ends of the tachistoscope, and neither
could see the other or the experimenter, who was in the control room
adjacent to the test room. Each subject had in front of him a panel
equipped with buttons for his Aj response and four buttons which
he used to indicate his confidence as to how clearly he saw the signal
. that he reported. While the experiment was in progress, the subject

pressed his face to a viewing hood. The cue lights, stimulus display,
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“Taﬂie 2

Presentation Schedule

Sl freguencies 8. frequencies

per 80- per 80-

Ch 7, trial block trial block
Cl : f?5 15 p,
Group 1 02 -60 12 . 8
12 subjects o 40 8 12

3
Ch o .25 5 15
_Cl 15 15 p
Group 2 o C2 +90 18 2
12 subjects o 10 2 18
3 g :

C) .25 P 15

56



and feedback lights appeared at the proper.time on a vertical screen
Whiqh was grey until one of the lights was turned on behind it. The
stimuli were p?esented with the same duration tco beth of the subjects
in a subject-pair. The intensities of the tachistoscopic fields are
given in Table 3. 'The ambient light level was unmeasurably low
on the screens but provided 0.009 and 0.065 foot-candles illumi~
nation on the response panels at Statiog 1 and Station 2 respectively.
The stimulus array, when displayed, subtendéd a visual angle of 5°101,
A single symbol in the display subtended a visuzl angle of about 1°.
A vertical schematic éf the physical arrangement of.the apparatus
and the subjects' positions with respect to it are shown in Fig. 2.
On day 1 of the experiment, each of the two subjects in a pair
was arbitrarily assigned to one of the stations at the apparetus. A
statement was read to the subjects concerning their cbligations under
the terms of the experiment and the conditions of remuneration. If
both subjects agreed to these ferms, they were given printed instruc-
tions which contained their ac¢tual tasks in the experiment. These

instructions read as follows:
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" Table 3
Brightness. of the Tachistoscopic Fields

. (Measured in foot-candles)

_ , Station 1 Station 2
Pre-stimulus : _
} L.43 1.51
Post-stimulus

Stimulus 2,45 1.80
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Figure 2. Display and Response Apparatus.
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Instructions Eé Subjeets

This is a device for pre;énting visual stimuli fof brief intéé?é;s
of time. | N

Periodically you will be presented a visual display.. Each disﬁlay
will contain 15 letters and, in addition, either the symﬁol E}.or the
symbol O Your task will be to ascertsin tolthe best of your ability
which of these two.syﬁbols ié present on each trial, and to push the but-
ton'corrésponding to‘this cﬁoice.' |

It is not to be expected that you will see the symbol with perfect
clarity every ;rial. To help you in ybur perf&rmance, four cblored lights
have been placed above the display panel. These lights are partially |
cdrrelaﬁed With the f:equency of appearaﬁce of the'two'symbols e and
OD. on each frial, one of pheSe colored lights wili precede the presenta-
tion display. The symbol you see og_the left respoﬁse button is more

likely to be preceded by one of the two colored lights on the left, while

the symbol on the right response button is more likely to be preceded by e

one of the two cé%ofed lights on the right. Purthermore, of the two
‘,colored lights oﬁ fhe right, one 1s even more iikely to precede the symbol .
on the right'than.the other; and of the two colored lightsron the left,
oné is even more likely to precede the symbol on the left than the other.
' You may be able to improve your performance by using these colored lights
along with your visual observation of the displéy.

At the beginning of every trial,.the index finger of the right hand
is to be placed over the right syﬁﬁdl response button and the.indexrfinger
of the left Qand should be ove: the left‘symbol regponse button. Make |

your symbol response with these fingers.

ko



In addition to pushing the button of the symbol you think was con-
tained in the display, you are to push one of the four buttons you see
on the left; after making the other response. This will serve to show
your degree of confidence in what you saw. If you are absolutely sure
of what you saw, then push the "1" button; w%en you are relatively sure,
push the "2" button; the "3" button when you are relatively unsure; and ‘
push the "4" button when you absolutely unsure, that is, guessing at
random. ﬁo not allow the coﬁfidenée-rating process to interfere with
the primary task of making a symbol Giﬂl) Judgment; accomplish the lat-
ter flrst and then decide how sure you were of what you saw. Note that
your confidence rating is to be based on your evaluation of your visual
accuracy each trial, not your assurance of being correct. This ié in
spite of the fact that your primary responsibility wiph respect to the
symbol response is to do as well as possible using both your visual im-
pressions and the colored lights. |

You have approximately three seconds after the display vanishes to
make your responses; bé sure to make a EB/G) response and a confidence-
rating response on each trial. Immediately after you'have_madé your
response, a sign indieating which symbol appeared in the display will
flash on; if EB was presented, then a sién representing this symbol will
come orn, and similarly for a G) symbol.

You can see an intercom phone on the apparatus. This is to be used
to communicate with the experimenter if thére appears to be a:malfunction
- in the eguipment; this shouldxbe used only in the event that something

seems to be wrong in the trial sequence or presentation of the materials.

b1



.The

intercom also serves the purpose of sounding & click Just before thel.

dispiay 1is presented. Accompanying this eclick will be a bright disk on

which you may fixaté and on which the display will be presented.

1.

Let us then reiterate a complete trial seguence:

Your right index finger is placed. on the right symbol button and the
left index finger is placed on the left symbol button. 2

. A colored light will come on and stay on for the whole trial

Shortly after this, the bright disk will come on.

Next, a.click indicating the display_is about to be presented will
sound.

The symbol dlsplay will appear where the brlght disk is, for a Very
short time. '

Shortly after this, the bright disk will go off.

You will 1mmedlately mzke your decision ag to which symbol you thlnk
appeared in the display and make the approprlate response with the
left or right index finger. You need not wait for the bright disk

to vanish. Get as many correct as you can, using what you saw and

the colored lights. !

. You Ffollow this with a rating of your confidence by pushing the con-~

fideﬁce-rating button which corresponds to your evaluation of the
accuracy with which you saw the symbol presented in the display.
Make the previous itwe respenses on every trial, even 1f you have to
guess.

A sign will flash on indicating which symbol actually was in the
display for that trial. '

End of trial. Beginning of next trial.

Please keep your face pressed comfortably against the hood except

" when you need to check the position of the response buttons when making

your responses or during the briefl rest period.



Any questions the subjects may have had after reading-the instruec-
tions were answered by referring them to the appropriate secﬁion of the
instructions. When the subjects were satisfied that they understocd the .
experimental procedure, the, ambient light level in the.experimental room
was lowered, the subjects were seated in comfortable, adjusfable chairs-
at their respective stations, and thé experiment began.

-Each day, before beginning the session, the sdbje;ts were encour-
aged to_réfresh'their memories by referring to the instructions if they

felt uncertain about any aspect of the procedure.

Subjects

Group 1 and Group 2 each consisted of twelve subjects drawn from the
Stanford University and Foothill College communities. -All were students
or wives of students between the ages df eighteen and thirty who were
paid for their services. Visual‘acuity wag required to be at least 20/20
after cérrecticn, but no subject had to be rejected on this criterion..
English was the native language of all the subjects, Group assignment

was on a random basis.



~ RESULTS

Cue Differentiation_

| The average proportion of Al- responses given to each of the four
cues for. each day 0f the test phase 1s presented in‘Fig..5; the fesults o
for Group 1 are given in Fig. 3a and for Group 2 in Fig. 3b. The order-
ing of_wP(Alfch) corresponds-to the. ordering of"Th for both groups. |
Thps, maﬂipulation of' Th wag asgocliated with differences in the frequen-
~cles.of Al responses.

WE may present the results in Fig. 3 in a way that shows that the
more ¥, deviates from %, the more extreme are the assoclated response
frequencies. In Fig. b the result of aversging P(Ai[Cl)'.and P(Aélcu)
canrﬁe compared'ﬁith the reéult’bf éﬁéraging P(A1{Céj and ?(Aelc5)' for
Groupé 1 and 2. .As is éxpéctéd, in Gfoup 1 where the oufside cues ”(Cl

| and 5. frequencies than -

1 2
are the middle cues (CE and 'Cé),"the average of P(Allcl) and 'P(Aelch)

and"Ch) are hore highly'correléted with 8

is greater than the average of 'P(Allce) and 'P(AEICB). In Group 2 the
average of P(Al]Cl) and P(Azlcu) is smaller than the average of
P(AIICE) .and P(A2|C3)) since for that group the middle cues were more

highly correlated with the S, and 82 preseﬁtations than were the out-

1
side cues.

Since 7lr and 1 -~ 7h ‘were .75 for Groups 1 and 2, and 72 and 75
- were different for the two groups, it is pertinent to ask if P(Allcl) and

P(Allch) are affected-Dy these differences in 7, and 7 As noted

5"
earlier, in both groups 71 and 72 were greater than 1/2 and 73 and

7h were less than 1/2; furthermore, Cl and 02 were juktaposed on one

L



LOO

~N o W
[} o Q

52}
(e

PROPORTION OF A, RESPONSES
om oW b ¢ : ¢
S © 6 © o

O

. L.OQ

N4 o W
d o o

o)
o

. PROPORTION OF A, RESPONSES
[ R S TP S ¢
(&) (=] (@ o

o o

I T ! !
T I/_{Q | 7=.75
C, —| 72=.80
. — 73 =40
- I ’
i 1 _I_\HCZ,
p . . — 74 =25
1 - + 3 $Ca
| I | I | |
! 2 3 4 5 6
| DAYS
Figure 3a. P(AlICh) for Group 1.
? I
—{ 7,90
AN
1 7,=25
2 3 o
: * t——d—Jc, — 730
I I | | I |

DAYS

Figure 3b. P(AlIch) for Group 2.

45



ot

S0 E— T I I r
’ HA,‘C;""P{AziCa}
2

GROUPZ] y,=1-73=.90
N R PIA|ICI HP(ALIC,) s {GROUP 2 )

B0 — O o ; . 2 ‘
O\OM — 7, 51-7,=.75
PUA, IC;) 4 P(A,IC,)

PLAIC)H+P(ALIC,) P(AIC, )+ PA,IC,)

20 L - eroup | | (GROUPS 1 82)
.60 — L .-—__‘\'_ — P{A,1C ):(m n ya:l—ys=.60
1 2_2 223 group | | {GROUP 1 )
.50_
o
. .40 -
(0N

ESTIMATES OF
o
I

I’ L L1 | | |
3 4 5 6
DAYS

N

Figure 4. Proportion of Al Responses to fHigh and Low Correlated Cues.



end of the array of cue lighta, and C and CllL were Jjuxtaposed on the

3
other end. This arrangement should enhance generalization between Cl
ahd 02 and between C5 and Cl+° If generalization was an important
factor in the subjects' behavior, P(Alicl) should be larger in Group 2
than in Group 1, and P(Al\Cu) should be smaller in Group 2 than in Group

l. This prediction stems from the fact that TE > 71, Y, < 74 for Group

3

2 and 72 < 71, Y, > 74 for Group 1. Table 4 presents cobserved values of

3
P(Allcl) and P(Alich) for both groups. A t-test was performed on
P(Allcl) for the two groups, and a separate test was performed on P(Allch)u
Then, the average of P(AllCl) and P(A2|Cu) for each subject was ob-
tained and a_t-tes% run on the difference in this quantity for the two
groups. All of these tests led to an acceptance of the hypothesis that
P(Allcl) and P(Allch) were unaffected by manipulation of 7, and Vs

The overall P(Al) averaged over cues and subjects in each of the
groups is shown for each test day in Fig. 5. A large deviation from %
would indicate a tendency for the subjects to make one of' the responses more
than the other, in spite of the symmetry of the schedule [71+72+73*7u)/” =31,
In terms of the models discussed earlier (Cases 1 and 2), a Tinding of this
nature might be due to %(gl+g2+g5+gu) #% or to ¢ #%. There appears to
be a small but fairly consistent tendency to respond 4, more frequenitly

2
than Al' All but three subjects out of 24 made Al regponses less than
hslf of the time, and the marginal P(Al) averaged over days was .47 for
both groups. This result does not seem to follow from an initial greater

Tfamiliarity of the subjects with © since the two Practice sessions should

have brought equality in this respect.
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Table k4.
Observed Values of P(Al[Cl) and P(Allcu)

For Groups 1 and 2.

p(afc,) P4 [0,)

" Subjects Group.lru Group 2 Group 1  Group
1 .90 .8 .52 16
2 T T .15 LT
3 .63 .93 .27 10"

L .18 . .65' ' 2k e
-5 .91 .81 .27 .15
6 .59 el .15 .26

T .74 T3 .25 23
8 .66 76 19 .9

9 -T1 .70 .23 .10
10 .87 L6 .07 .21
1i .91 .82 .23 .i8
12 67 | .65 .22 19

Average e | 76 .22 17
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Sensitivity as Affected by Presentation Schedule
| In the general model, when 8, = ai =1, an index 5% a subject's
sensitivity mey be obtained by subtracting the proportion of incorrect
A, responses from the proportion of correct A resbonses [P(Allsl) -
‘P(Allsa)]. This index (a funetion of d and 1 - X, - yi) expresses
the average likelihcod that_the-Subjeét oprocesses the signal when 1t is
.contained in the sample of d symbols. We shall cgll this index ¢.
Thé possibility has been suggested that with high cue-stimuius
;orrelations, estimates ¢of & subject's ¢ might be lower than estimates
of his ¢ with lower cue-stimulus correlations (Atkinson, 1963).. The
reasoning 1s that since the subject can do quite well simply by appro-
priately biasing his responses when \7h 1 isllarge, he may be in-

Guced to relax his attentién on those trials initiated by a cue having a

L
Figure 6 shows daily estimates of the average ¢ for the relatively

high correlation with 8. or 8

o

low corrélated cues (02 and ¢ for Group 1, and ¢ and 0J+ for

3 1
Group 2) along with daily estimates of the average € for the relatively

high correlated cues. Call the average of ¢

1 and du, _Ul,h and_the
avgrage of o, and 03, 02’5. Cues Cl and Cu were the high correla-
ted cues in Group 1, but C2 ~and C5 were the high correlated cues in

Group 2. A palred t-test showed that O was sigrnificantly different

2,3
- Pom - 9 Tor Group L but not for Group 2. A paired t-test over both
2 .
groups on the difference between ¢ for the highly correlated cues and 0
for the low correlated cues was nonsigﬁificant. On the other hand, there

seems to be a suggestionlin the data that ¢ 1s larger for the middle cues

than for the outer cues since 02 3 tends to be greater than Ul b for
. ’ 2
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both groups. This problem will be treated further in the following section

and in the discussion.

ROC Curves: One Parameter Fits

Previous work with a cued-detectlon task in an auditory setting
has shown that the ROC curves for subjects performing in this type of
- task can be well described b& straight lines of sliope 1 (Kinchia, Townsénd,
Yellott,'Atkinson, 1966). Recall that this situation obtains for the pres-

ent model when Ei(l -8y -b) = Ei(l -al -b').

i) i i

The theory of signél detectability provides an alternative formuQ
lation which ineludes predictiﬁn of cufvilinear ROC curves. Under this
theory, the effect of an Sl or S2 presentation could be represented by
a vector in k-space. Associated with Sl and 82 are two k-dimensional

probability distributioﬁs.l The subject behaves as if he knew the twq dis-
tributions associated with the presentatlon of an Sl or 82, and employs

these distributions to consiruct a likelihood ratic on eaéh trial of the : '
probablillity densities associatéd with the current veétor. The subjeet is |
supposed to have established a cut-point on an axis of fhe logarithm of

the likelihood ratios; when the logrof the likelihcod ratio which afises on
a Particular trial exceeds that cutfpoint} he makes a speéified response,
énd if the log-likelihcod ratio falls below the cut-point, he makes the

" other response.

The probability density functions of the log-likelihood ratios are
usually assumed to be normal and the normalized distance between the means
of the density functions 1s denoted d'. The quantities P(Al[Sl) and

‘E(A1FSE) ‘may then be computed for any cut-point using cumulative normal ' ‘?

curve tables and 4&'. For an account of signal detectability theory, see

Swets, Tanner, and Birdsall (1961) or Green (1960).
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In signal detectability tlieory, the analogue of the slope 1 assump-
tion in the present model is the assumption that the variances of the
Sl and 82 distributions are identical. RBased on these assumptions, we
can obtain one-parameter fits of both models to the individual ROC curves
in the present expériment. The method used to fit the models was that
 of mean square orthogonal regression (see Cremfr, 1946). This method
Seems more aﬁpropriéte for fitting ROC functions than the usual regression
téchnique”since %oth axes repreSeﬁt dependent variables. For a straight
line of slope 1, the method of orthogonal regression reduces to the ordi-
nary least-squares fit. However, for the signal detectabllity analysis,
the method of orthogeonal regreésion prevents the asrtificilal inflation of .
the error estimste given to points in the extremitles of the ROC space
which oceurs with the usual regression ftechnique.

The curviliﬁear fit 1s obtained by selecting the d4' which minimizes
the sum of the corthogonal distance; (or deviations, the term we shall hence-
forth employ) of the cbserved points from the theoretical function. Simi-
larly, we may fit the present model by varying the intercept until a least
sum of the orthogonal deviations is obtained. The theoretical intercept,
as noted earlier, is a function of 4 and the ZO confusicn parameters.
However, for present purposes, we can treat the intercept aé a single paﬁa-
meter to be estimated by the above methed. Thus, both medels are fit by
varying an index of the subject's sensitivity.

The results of these fits are rlotted for each subject in Fig. T
and Fig. 8. Table 5 pfesents the sum of the sguared orthogonal deviaticns
of the two models for each subject in Groups 1 and 2. The {two models

appear to do about squally well for Group 1, but the curvilinear fit seems

03
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Table 5
Sum of Sguared Deviaticns for the

Straight Line and Curvilinear Fits.

Group 1 Group 2

Curvi-" Strzight Curvi- Straight

Subjeet  linear Line linear Iine
1 .008 .01.0 .008 .006
2. .001 006 .002 .003
3 .005 006 _ .008 - .009
Y .002 .000 .603_ .QC6
5 .oie .010 . 007 006
6 .010 .002 .024 .628
7 .001L - .001 .002 .002
8 .002 .00L .605 .018
9 .003 .00l .002 012

10 002 015 .001 .008

11 006 .009 .010 .039

12 002 .003 .002 .006
.Averages -00k5 .0057. .0C60 L0119

- .58



better for a majority of subjecfs in Group 2. In fact, a palred thest
showed a significant difference in the two types of it for Group 2 but not
for Group 1 (P = ,05). This is scmewhat surprising in view of the finding
thet the sensitivity index was significantly largey for the middle cues in
“Group 1 but not in Group 2: larger o values for the middle cues would be'
expected to enhance the appearance of curvilinearity in the ROC space. A
straight line of slope greater than one would probably do much better for
several of the subjects (subjects 8, 9, 10, 1l especially) in Group 1 than

does the straight line of slope one.

Latencies
Figure O presents the mean latencies plotted against ¥  for the
two groups. There are several aspects of these data which bear comment.
The latenciés seem to differ éccording to which stimulus type was

dispiayed; and there is a crossover of the Sl and 82 latencies,

with the- Sl latencies being longer than the 82 latencies when 7 < %

and shorter than the S latencies when 7y > %. The latencies conditional

2

on the response made by'thé subject also show a crossover: the Al_ la-

tencies are longer than the A2 laﬁencies when 7 < % and shorter than

the A, latencies when ¥ > 3.

Conditionalizing on the joint event of an AiSj - reveals a Cross-

over effect of the type noted for the Ai

correct and incorrect responses. The fact that the AJS? and Agsl

latencies follow the same general form as the Al and A2 latencies

and Sj latencies, both for

respectively, suggests the possibility that the differential stimulus

effect is low on incorrect trials.
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Correét responses are associated with shorter fesponée times on the
average in these data for both groups, but the overall average latencies
eppear to be longer when 7 > % for Group 2, with no appreciable difference
.evident for Group 1.

Finally, tﬁerﬁembers of Group 2 seem to have responded more slowly
on the whole thaen did those of Group i, but the difference was non-
significant according to an independent t-test.

Confidence Ratings

" Figure 10 presents P(AlISl) and P(A1|82) zs functions of the
confidence rating, where CRk refers to confidence rating number k.
It will be recalled that there were four confidence ratings with CRl
representing the most confident response possible, rgnging down to CR#
as the confidence rating the subject was instructed to give when he felt -
he was guessing at random. The major effect to be nbted is a general
regressicn of P(Allsl) and P(Allse) towerd 4 as the confidence rat-
.ipg went'from L to 3; at CR& there is an increase or decreasse in the
proportion of Al responses made independent of whether an S or an

1
82 was presented. If ¥y > %, the proportion of Al responses incfease& ‘
given CRM; and if ¥y < %, the proportion of Al responses decreased
given CRM' Thus we might infer that thelsubjects were able to grade their
performance in an effective manner employing CRl, CR2, and CR5 to
rank their accuracy in deciéions that were made on & sensory basis. Per-
- formance on CRH’ on the other hand, appears to reflect the sﬁbjects'

regponse blases. Although behavior in Groups 1 znd 2 was highly similar,

Group 2 seemg to0 have used CR

5 in a way. slightly different than did

Group 1. A slight increase in the A2 bias seems to oceur in Group 2
iven CR_.
give 5
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THEORETICAL ANALYSIS

In fhis section,.several cases of the general recognition—confusioﬁ
model described.earlier will be applied to the ROC data with the aim of
-specifying those models that correspond with the present experiment.

First, Cases 1 and 2 as developed eariier (page 17) will be tested against
the data and compared with one anpther as to goodness of fit. Then, one.

of these cases will be employed to investigate whether the result P(Al) £
seemé to foliow from an asymmetry in confusability cr an asymmetry in the
guessing bias. TFinally to be considered are two cases that assume, in
contrast to Cases 1 and 2, thét either the signals are confﬁsed with one
another, or with the nolse symbols, rather than assuming that the noise

symbols are confused with the signals.

Case 1 and Case 2

Since Cases 1 and 2 were derived 1n detaill earlier, it will suffice
here to present thedlr asscclated actlivation matrices. The activation

matrix for Case 1 1s

5 ) 55
ZO u (1-u)s (1-u):
Ni = Zl | 0 1 0 3
Z2 0 o 1

Gl



and that for Case 2 1is

% L %
2l v b (et
Ni = Zl G 1 0] .
Z2 5 O 0 1 ]

Each of the tvé models has ;ix free parameters:; the actlvation
parameter, u or v; the sample size @; the four bias parameters,
85 ga, g5, and 8, - The method of estimation for each subject con-
sisted of consecutively setting 4 egual to 1, 2, 2, ... , 15, 16;
for each of these d values the sensitivity index, a function of u
(Case 1) or v (Case 2) and. d, was set equal to the intercept of
the straight line obtained,by orthogonal regression and the resultant
"equation" solved for U or v. For some values of d, the only so-
lutiori to the equation was & u or v greater than one; when this
occurred, the parameter u or v was sef equal to 1. TNext, the guess-
ing bias for each of the four points in the ROC space was obtained from
the expression for P(Allch) (involving u'or v, g, and d and the
observed value for this quantity.‘ The six estimated parameters were then
used to predict P(Allse) and P(Ailsl) for the four cues after which
the sum of the squared.uevmtlonu of the observed points from the predic-

ted points was calculated: Zf[[P(t)(AIIS (0)( ISECh)]
h=1

(t) (o)
[P (Al]slch) - P (Al[slch)] ] where t refers to the theoretical or
predicted value and o to the observed value. Thus, for each value of

d from.1 to 16, values of the other five parameters were obtained and
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used to provide a fit to the four points in the ROC space. = After this
was accompllshed for each value of d, that set of parameter values
that yielded a minimum sum of squared deviatioms of predicted from ob-
served points was selected. |

Tables 6 and 7 present means and standard errors for the estimated
parameters, for the predicted and observed coordinates in the ROC' space .
- and Tor the sum of the squared deviations of the'predicted from the ob-
served points. ' The fits ggr Groupé 1 and 2 are presented separately.

" The most striking feature of these data is that Cases 1 and 2 -
essentlally reduce to the same model. ‘That is, when u =V = 1, Ni
becomes the identity métrix and the two cases are equivalent. Only
three subjects out of.twelve in Group 1 and two out of twelve in Group 2
had w # 1. These a values were .9k, .96, and .97 for the Group 1 sub-
jects and .98 for both the subjects in Group 2. Estimated v values
were 1 for all tweive subjects in each group. Under the assumptions df
the model, this result implies that there was a negllgible amount of
confusion of the noise‘symbols with the signals.

A second interesting result is that the estimates of the blas para-
meters reflect much more strongly thﬁn did P(Al) (averagéd over subjects
in.each group) the apparent tgndency t0 respond A2 more often than Alf

Since for this analysis P(Allse) and P(AiISl) _reduce to

It

(1-0)g ,

P(51‘Se)

g + (1-9)g )

P(4[8,)

where @ = d/D, the difference in P(Ai), correspondlng to a difference
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in the guessing bias of g, - g,, is Pl(Al) - PE(AI) = (l-U)-(gl-gE).
Hence, an attenuated differerice in P(Al) is expected.

Tables 6a and Ta indicate that the Cl and Cu points were fit some-
what better than the 02 and 05 points. Finally, it is interesting that

the standard errors of the observed points are closely approximated by the

standard errors of the predicted points (Tables 6b, Tb).

Casge la and Case 1b

The result (gl + g, +.g3 + gu)/H < % may foliow from an assymmetry
in response bias or it may be due to the noise symbels being more essily
confusable with 69 than with (EL Since Cases 1 and 2 fit equally well,
the simpler Case 1 will be used here to investigate whether either of the
two hypotheses (response. bias vs. confusability) is favored over the other.

To evaluate the proposition that there was an asymmetry in confusion,
it was assumed that the subjects' probability matched (gh = yh) but that
q %-%, i.¢., that the likelinood of confusing a noise symbol with signali
symbol Zl,(IZ was not the same as the likelihood of confusing a noise
symbol with signal symbol ZE,EB. Three parameters then remained to be
estimated: d, v, and gq. This model will be denoted Case la. Its ac-

tivation matrix is

S0 ! fo

Zy | v (l-u)g (1-u)(1l-q)
N,o= % o. 1 o )
7, __o 0 1 ]

A model that will be referred to as Case 1lb was used to cbtain a fit

under the hypothesis that an asymmetry existed in the efficacy of El and

B Bmploying the simple linear model on the guessing bias:

"
&
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Table 6a.
Means Associated with Case 1 and Case 2

Fits to ROC Data for Group 1.

Parameters
Ca u g8 & 8 gu
Case 1 6.667 .988 .702 .516 .228 191
Case 2 6.417 1.000 .679 .559 .264 .196

ROC Points and Goodness-of-Fit Messure

| o) | c, c; C,
P(a]s,) P(als) P(als)) Rlals) Bals) R(als) pals,) 2(a]s) Z(oev)®
Case 1 3T .837 L340 - .T55 163 .576 .133 -533 .008
Case 2 1436 .837 .349 750 L169 - .570 132 533 .OQS

Observed 431 829 . .318 _".77d .19 §585 135 1025
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Table 6b.

Standard Errors of the Means Associated

with Case 1 and Case 2 Fits to ROC Data for Group 1.

Parameters
d u & &
~ Case 1 1.163 .006 .065 .067

Case 2 1.165 .000 .059 .0O51

&5
o7
.03

ROC Polnts and Goodness-of-Fit Measure

C c ' o

1 2 5
P(als,) B(afs))  P(a]s,) R(als)) P(a]s,)
Case 1 .081 .033 - .065 039 .046
Case 2 081 .03 06k .okl 046
Observed .079 .0%6 .053 .olL .038

P(a [5,)
L049g

.052
.057

.0LO

040

P(a [s,) P(4[s)

040

LObO
.0hz2

Cy

-053

055
.055

S(DEV)2

.002

=002
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P(a|8,) P(als)) P(a[s,) B(a]s)) P(als,) P(ajis) P(a]s)) P(4]s))
.869
.866

.865

. Case 1 429
- Case 2 439
. Qbserved 43

C

1

Table Ta.

Means Associated wlth Case 1 and Case 2

Fits to ROC Data for Group 2.

Parameters
d u -8y | g2
Case’l  7.085  .997 .731 .757

Case 2 6.833 1.000 .725 755

ROC Peints and Goodness-of-Fit Measure

02 . 05-

425 .866 070
438 .86k 072
.38% .869 071

112

115

.511
198

.103

111

.070

G715

.071

Cy

-51%
. 500

.502

S(DEY)®
- .020

.021
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Table Tb.
Standard Errors of the Means Associsted

wilth Case 1 and Case 2 Fits to ROC Data for Group 2.

Parametere
d 8 B & &
Case 1 = 1.121 .002 .05k 035 .023 .020

Case 2 1.135 000 053 .035 .035 .020

ROC Points and Goodness-of-Fit Measure

Cl. 02 * 05 " Cu
P(al8,) P(als)) P(a]s,) P(als)) B(Als, P(A]s)) P(alsy) P(afs,)
Case 1 . 067 .020 .060 .023 .019 .063 .07 .060
Case 2 .067 .020 .0fL. . .023 .019 .063 017 .060

Observed .065 .021 Ok 02k .N20 .056 016 .050

s(oEv)2
005

.005



Learning function Stimulus type Feedback Probability

E 14

1,n-1,h 1,n-1,h

_(l_e)gn—l,h + 0 S h

gn,h_(l—el) 5 E 1
8n-1,n P2.n-1,h 2,n-1,h “7h

where n zrefers to trisl number. It can then be shown that

. 'n __n
by (3=, )67/6 7 (17, )9

1lim g
n —x

Hence, rather than estimating- the values separately, we can reduce

&h
the number of parameters to three (d, u, ®) and at the same time obtain
an index of the relative effectiveness of E2 and El (®). In general
we wouid expect to find @ > 1 1in the present data since this inequality
would imply = greater bias for the A2 "response. The activation métrix
for this model is identical toc that of Case 1. |

The method of estimation was similar to that used for Cases 1 and 23

.the only difference was that ¢ and ¢ were estimated for each subject

from expressions containing the overall average {over cues) of P(Al). For

Case la,
4 d
dy d 1 1-u
Y p(alc) - 2[{1- Sh” + = ]
. - 1)L 1'"h D D 1-u
- 3
: 1 - (1-Snd o2 Lu’
- D "D 1-u
and for Case 1lb,
- v3(1- %)
(P:'_Z "l .
Bty 1 ay d 1 1-u" 1.0t
P(A |C )-Z[1-(1-=)u" - = ] -7
1'"ht 2 D D 1l-u h l-u

The results of these fits are presented in Tables 8 and 9 in a
menner comparable to that used for Cases 1 and 2.
2
Table 8 shows a superiority in terms of Z(DEV) of Case la over

Case 1b for Group 1. However, this is offset by the fact thatrone subject
T2



"in Group 1 (subject 5) had to be excluded from the data in Table 8, since
there was no set of parameters satisfying the constraints of probability
measurement that could be estimated for that subject. Also, after subject
5 was deleted, there were still six subjects who were fit better by Case 1b,
as -opposed to five that were fit better by Case la.

Groip 2 subjects (Table 9) are fit better by both models than are
the Group 1 subjects, and further, Case lb fits Group 2 better than Case
la in fterms of Z(DEV)2 and in terms of the number of subjects (excluding
subject 3, who could not be fit with Case la) fit better by Case 1lb (seven
out of eleven). The cbserved averages and standard errors in Tables & ang
9 excluded subjects T and 3 in Grouﬁs 1 and 2, respectively.

The reader should note that, as was expected, the fits were sub-
stantially better when six parameters were estimated from the data (Cases
1 and 2). Also, the average values of ¢ and ¢ .clearly reflect the

asymmetry in P(AllCh).

Case 3 and Case &4

Cases 1 and 2 were based on the prcorosition that confusion occurred
when a ZO Was_processed but not when a signal was processed. In this
section two cases that ineclude an alternative assumption will be investi-
gated; namely, confusion may result from the processing of a signal symbol
but not from the processing of a ncise gymbol. Case 3 posits that pro-
cessing a sigral symbol can lead to an 8q activation but not an activation
of the hypothetical sensory state of the alternative signal. Thus,

0 1 2

Z,4 1 0 o

N, = 2 [1-a a 0
Z, | 1-a 0 a'




Case la
Case 1b

Observed

Table 8a.

_'MEans'Associated with Case ia and Case 1b

Fits to ROC Data for Group 1.

Parameters
| a w9 P g & & g
Case 1a  8.545 .92 .266 750 600 LLOO  .250
Case 1b 6.818 .989 273 567 413 .25k L1530
ROC Points and Goodness-of-Fit MEasufé
| o, C, | c; ¢,
3(A1532) P(A 18.) P(4]8,) P(Ai[Sl) P4 [S,)- P(A1|Sl) P(Al|Sé) 'P(Al
.308 761 .262 716 202 .656 .156 .610
L350 .758 268 675 179 .587 121 529
.388 832 280 761 129 .598 125 545

| s) (pev)?
© .08

".096
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Case la

Case 1b

- Observed

Table 8b.
Standard Errors of the Means Associated

with Case la and Case 1b Fits to ROC Data for Group 1.

rarameters -
d U ¢ g
- Case 1la 1.269 .030 .063 : 000 .000 .000 .000
Cas= 1b 1.304  .006 ©.522 046 LOM8 .04l 031

ROC Points and Gocdness-of-Flt Measure

Cy

o C, o ' cy
P(all8) Rals) P(a)]8,) B(als) P(alsy) B(als) e(a]s,) B(als)  Hoev)?
057 .029 .050 .033 043 .ol .039
.061. 037  .053 . .OhT .oh2 .056 .031

.079 .0%6 .053. Ol .038 LO57 .02

LOok8 .039
.063 .058
.055
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Table Sa.
Means Associated with Case la and Case 1b

Fits to ROC Data for Group 2.

Parameters

Case la 8.909 .94L8 .305 .750 .90C .100 .250
Case 1b  7.545 .986 3.70 .530 .752 .046 .12h

ROC Points and Goodness-of-Fit Measure

c c C,

1 2 3 % .
P(A1|s2) P(Allsl) P(Alfse) P(Allsl) P(Ai]sg) P(Allsl) P(Allse) P(Allsl) E(D:Ev)2
Case la .303 179 348 825 106 582 151 .628 066
Case lb 312 767 H19 874 .052 .507 .095 .550 .053

~ Observed .386 .85h - .331 861 - LOTh .515  .068 .53%6
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Case la
Case 1b

Observed

P(Al[SE)

NN
.043
.065

Table 9b.
Standard Errvors of the Means Associated

with Case la and Case 1b Fits to ROC Data for Group 2.

Parameters
Case la 1.195 .01l2 .039 - w000 000 000  .O0Q

Case 1b 1.101 .010 1.22 .045 .O42 .066 .OL5

RCC Points and Goodness-of-Flt Meaéure

C C o

1 2 ‘ 3

P(a]8) P(a]s,) P(Al[Sl) P(4,[8,) P(a[s)) P(Al[se) P(4,]8;)
.02k 052 .020 .O0L7 .053 .021
.029 .056 .022 .615 .061 .016
.021 o .02k .020  .056 .016

Cy

L0L5
.05k

050

(DEv)>
011

-.Cl1



Case 4, on the other hand, supposes that the two signals may be confused

with one another but never with a 2 symbol. In this case,

0
%o 51 2
ZO 1 0 o
Nl = Z1 0 a 1l-a .
Z2 _O lea' a'

Estimation for Case 3 was accomplished by stepping a _from 1 to 16
and for each d setting a = (I/d)-16 unless (I/d)-16 > 1, in which
case a = 1l; I was the intercept of the straight line'(of'slope 1)

obtained by the method of least squares. Then a' was determined from

. 16 P4, |8,
o :EJL )Z 15 P(AlIS )-ad}

and ¢ from

7

- (—lf; Ji-(1-7, )52 - 7, 28] ,
i ~'h : Ja!
- Z ad T 1-y :
b=l Py ley) -7, 18 h

For the ROC analysis a and d are tied together in the expression %%

and a' and d are tled together in the expression %ﬂga We can let

ad/l6 = Ul and a'd/l6 = and argue that in essence, only two psram-

g

2
eters are being estimated here plus one more for the estimate of .
As for Cases 1 and 2, those parameter values that yielded a minimum sum
of deviations of cbserved points from theoretical points were selected
for each subject.

For Case 4, d is again run in steps of 1 from 1 to 16; for each

of these values

Lo A
Y P(Als C ) | > P(A]8,.C.)
= (1. 2116 S RO Sy e e, N
&= I SNSRI BT T 1672 I g -



Here the parameters &, 4 and =a', d are distinct in the expressions for
P(Allse) and P(A1|Sl) and hence are associated with three degrees of

freedom. We therefore set g, = ¥ for this case. Again, those parameter

h
2
values estimated in this manner are selected that minimize E(DEV) .
Tables 10 and 1l give the means and standard errcrs of the parameter
estimates, and the predicted and cbserved points in the ROC space. As

estimated for both groups, @ @ again.reflects the blas to the 4, response,

2
although not so dramatically as in Case lb; this probably results from the
capability of Ul and 02 to reflect the A2 bias. The parameters a
and a' in Case 4 also predict the P(Al) asymmetry, although through
intersignal confusion instead of signal-noise ccnfusion.

Table 12 presents the goodnesgs-of-fit measure for individuéls in the
four conditions. Note that as predicted ecarlier subjects 8, 9, 10 and 11
of Group 2 are fit much better by Case 3 than by any of the other cases.
This is due to & slope greater than one evident in their ROC data. Table
1% indicates that in terms of the number of subjects it best, Case 3
rrovides the best description for Group 1, but Case L is best for.Group 2.
Overall, there is a tie between Case 3 and Case 4. The second part of
Teble 15 shows the average of Z(DEV)2 over subjects-(excluding subject 5
in Group 1 and subject 3 in Group 2); of the three parameter models, Case 4
was supercendent for both groups. Thus, of the three-parameter models,
Case 4 provides the best description of the data. Finally, it should be
remarked that in addition %o providing a reasocnable it to the data in terms
of Z(DEV)2 for each subject, the models appear to do quite weil in fit~
ting the group means. In particulsr, the spproximations of the means of

the predicted values to the means cof the observed values are guite striking

for Cases 1 and 2.
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Table 10a. °
Means Assoclated with Case 3 and Case 4

. Fits to ROC Deata for Group 1.

Parameters

o 9 % v & e @ g & &

Case 3 .583 .535 1.59 _ ‘ 67 520 338

. Case k4 . 10.545 768 .89k .750 .600 OO

ROC Points and Goodness-of-Fit Measure
P(Alls2) P(A, ]8;) P(A1|sa) P(Allsl) P(Allse) 'P(Allsl) P(Al]S2)

Case 3 312 B0k oh2 710 .167' . .599 101
Case 4 .315- 769 .26k 718 196 650 145
Observed .388 832 .280 .T6L 129 .598 .123

g,

211

250

) o

P(a|s,)  EEV)

s20 089
599 075
.545 |



el

Case 3

Case L

Cbserved

Table 1Cb.

Stdndard Errqrslof the Means Associated

with Case 3 and Case 4 Fits to ROC Data for Group 1.

Case 2

Case L

| C
P(Al|82)
.060
059
079

1

Parameters

ﬁOC Points and Goodnessjofnfit Measure

C, Cs
.030 053 .0l LORL
030 051 .033 .ok2
.036 .053 Lok - .038

040 L0388 .030

.000 ".000 .000

C
iy

P(a]8)) P(als,) PB(afs,) P(f}llsg) P(a)[8;) P(a]s,) P(al]s)) 2(0mv)°

.050 030 .056 .051
.0ko .037 o7 .0%8

057 .0k2 055
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Table 1la.
Means Associated with Case 3 and Case 4 . -

Fits tQ ROC Data for Group 2.

Parameters
Case 3~ .419 .540 1.85 | 65,837 .072 .18k
Case & , - 10.182  .785 .945 ..750 .00 .100 250

ROC Poirts and CGoodness-of-Fit Measure °

o Ci S 02 :C5 S C)_;.

P(&18,) "P(a[s)) P(als)) P(as;) P(a]s) P(Alisl)" P(4,[8,) P(A[s) E(mev)2
Case 3 .294 798 .385 910 .030 460 .Q79 526 .061
Case L .306 .782 7.360 857 L0692 .5h6 .12k .600 LObT

. Observed .386 ‘;854 '.531 _2:86; :' R .515 .068 .536
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Table 1lb.
- Btandard. Errors of the Means Associated

with Case 3 and Case 4 Fits to ROC DPata for Group 2.

- Parameters
o ' | -
G e d e a8 & & g
Case 3 .02 .072 .349 . .035 .025 .010 .022
‘Case b - o3 .032 .022 .000 .000 .000 .000

ROC Points and Goodness-of-Fit Measure

C C c Ch

N B 2 _ 3 | '
o : - = : 2
P(A1|82) P(Allsl) P(A1|82) P(A1|Sl) P(Allsz) P(Allsl) P(Allsg) P(A1|Sl) Z{DEV)
Case 3 046 .025 060 .01z 005 .059 .0l12 L0535 .019
Case b 046 .Ca2 - Nejin .018 NoiRnt .055: .020 .047 .008

" Observed .065 .021, b7 .o2k 020 .056 016 .050



Table 12.

" S(DEV)® for Group 1 and Group 2 Subjects.

© Group 1 : Group 2

Sub- Case la Case 1b Case 3 Case 4 (Case la Case 1b Case 3 Case b
Jeet - L : - }
1 .065 .0hg w0k3 039 .035 LOh1 .049 L03h

2 .066 082 .51  .065  .018  .035 703§j 034

3008 L0009 .019 .007  e-m 211 eem AT6
4 ;’.005 - .006 0k .003 .003 +006 © Lotk 003
5 - 080 065 .139  .063 l 086 097 .06l
6 .otk .008  .008 .03  .082 .13  .2k7 .08l
7 .00k  ..00L  .00L  .0OL .060 .050 069 .02k
8 .oLb .006 .00k .02 .06L 023 .otk .038
o .55 .023 025  .028 .123:7' 062 .037  .075
10 436 }689 601 433 .045 .020 .00% .03k
11 .23 172 a8 .2l a3 .096  .056  .103

12 .005 .008 009 -~ .005 - .Ohl .02k .0h0 .03



Table 13.
Number of Subjects Fit Best By Each-
of the Three Parameter Models

(Subjects with one or more ties for eclosest fit were omitted.)

Group 1 Group 2 Total

Case la 2 0 2
Case 1b 1 1 2
Case 3 3 ok T
" Case U4 1 6 T

Average (DEV)Z

- 6 Parameters 3 Parameters
Case 1 Case 2 (Case la Case 1lb Case 3 Case §

Group 1 .008 - .OOR .080 .095 L0895 .075

Group 2 .020 .022  .066  .066 . L06L  .OLT
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DISCUSSION

The result of the comparison of the straight line and the curviw
linear fits to the RCC results was that they did equaily well for Group 1,
but the sfraight line provided a significantly inferior fit to that of
the curved line for Group 2. It mzy be that there is a strong element
of curvilinearity in the Group 2 data thet is unrelated to a higher sen-
sitivity on the less biased cues (in terms of variable sensitivity notions).
However, there is an aspect of the data that argues against this hypoth-
esis. Although sensitivity for the low-correlated cues did not differ
gignificantly from sensitivity for the high-correlated cues for Group 2,
it can be seen from Table 5 and Table 14 that those.subjects who contri-

" buted most heavily to the poorer performance by the straight-line it
(primarily subjects 8, 9, 10, and 11) had larger sensitivify indices
associated with one or more of their lower biased cues than for their
higher blased cues, and thelr higher biased cue-points tended to be

closer to the.axes than was the case for other subjects. Thus, the source
of the difference in fit for the straight line and curved line was é aif-
ference in sensitivity; furthermore, the resulting Set.bf points coﬁld be
fit better by a curved line than by a straight line {as opposed to Group 1
subjects who also had differences in sensitivity) because the points lay
along the axes where g signal detectabllity curve could fit them. There
were, of course, other Group 2 subjects with different sensitivity esti-
mates for the four cues, but-the observed ROC points were distributed
further from the aﬁes of the ROC space. As noted earlier, a. straight

line with variable slope would apparently fit subjects 8, 9, 10, and 11
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Teble 14.

Estimates of o

Group 1 | - Group 2
Sub- :

Jeet c1 02 3 ch S s B o - B o
1 .02 bk 19 .05 26 .21 31
2 .57 .66 .56 .52 .28 .35 .30
3 .33 .33 .39 .2h Ob L0517
4 .35 k38 .36 T2 .78 L8O
5 .01 ;15 -,08 .02 - .26 .o .38
& .35 .39 ko 42 .15 '.38‘ .18

7 .86 9L .90 .90 22 }50 .21
8 .65 .65 60 6L LBl .65 .57
9 46 2 M5 47 .35 4o 22

' io 37 W37 9 .22 - .83 .88 .72
311 10 .21 .27 W12 Sk 77T .50
12 Bo .76 8% .73 .18 ,6h .78

Average .41 b5 b .39 R R S
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in Group 2 guite well. It is reasonable that an experiment of the simple
detection or recognition type should have difficulty in distinguishing
between signal detectability curves ard variable sensitivity theory
curves, since the less biased points are assumed in both theories to be
closer to (O,l) in the ROC space than are the more biased points.

In application tc the present expgriment, Case 1L and_Case.E essen-

tially reduced to a fixed sample size model vhere
_d d
P(a[8)) =5+ (1 - e

and

P(Allsg) (l - %)g .

Since the display size in the present experiment (16) was. identical to
one of the conditiops in an earlier experiment by Estes and:Taylor
(1965), it should be interesting to compare the present estimates of d
to their P; the_estimated average number of elements (symbols) pro-
cessed according to the Serial~processing mbdel° From Tabies 6 and YIWe
can see that the average d was approximately 6.5 for Group 1 and about
T for Group 2. This is quite close to P = 5.57 for D = 16 in the
Egtes and Taylor experimentu

Table 15 shows that estimates of 4 were roughly consistent for
those models that did not assume probability matching (estimates of 4
were not obtained for Case 3). The reason that Cases la and 4 yield
larger estimates of 4 is probably that they explain the shift or asym=
metry in P(Al) across the cues by means of activation variables rather

than through the bias mechanism as do the cther models. To the extent
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" Table 15.
" Estimates of 4

for Variocus Recognition-Confusion Models

_ Group 1
Subject. Case 1 Case 2 (Case la Case 1b Case k4

2
10
6
10
8
16
12
8
5

3
1k

GGEwFob o

b
Fan =3I\ W

|_l
BEBwmaoumeswm e
k‘ ‘
Boeswmb'E o~ oo
PR
M0 1 O OV GV AD
FOFROFOH—IOv— P

1__]
Jard
i_,l

Aversge . 6.70  6.40 8.55 6.82 .08

[
o

) Group 2
Subject Case 1 (Case 2 Case la Case 1b Case 4

1 5 &4 5 3 &
2 5 5 6 5 T
3 1 1 1 i 2
g 12 12 15 1k 15
5 5 5 6 - 5 7
6 4 3 5 5 10
7 L 3 5 4 7
8 11 10 12 10 12
-9 L 4 - Y .9
10 13 i2 15 13 15
11 9 8 10 8 1l
12 12 11 13 11 13

Average 7.10 6.83 8.16 7.55 10.18



- that thié-shift was an important characteristic of the data, the estimates
‘of d will @iffer for the two types of models.

In a different type of psychophysical experiment, Sperling
- (1960) énd Averbach and Sperling (1961) found under stimulus conditions
comparable to those in the present experimeﬁt that approximately 5/4 of
the presented letters were "afailable" to the subjects. In the present
experiment this would mean that 12 letiers wére available to the subjects.
Aithough the avérage value of d for the bvest Titting three-parameier
model, Case 4 (about 10), was substantially larger than & for the other
cases, d is still less than 12. The procbable reason for the disparity
between Sperling's values and our estimafed values of d 1is that his
subjects were not reguired to process all.l2 letters. Thus, it may be
that the subject selects & sample from thé available pool of symbols
- which he then proceeds to process. An élternative model that might do
well would assume that 4 is equal tp the number of symbols initially
available but that a decay of the type postulated by Estes and Taylor_
(1964) sets in immediately sfter stimulus offset. If this .were the case,
a Eyouid have to be an increasing functionn of D, according to experi-
ments involving different values of D performed by Estes and Taylor
(1965) and Sperling (1960).

A siriking facet of the data which was not commented on earlier is
the increaée in the sensitivity estimates (Uh) over test sessions. Note
that whilé this result may cause some difficulty in the exact interpreta-
tion of the estimated parameters, as long as ¢ changes in the same way
for the different cues, this change does not affect the éomparison between
theoriés:that predict straight line ROC curves and theories that predict
curvilinear ROC curves. This follows from the fact that an average of
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straight lines is a straight line. Figures 11 and 12 were obtained using

the fixed sample size model where O, represents /16 (4 was not con-
strained to integral values here) and the bias parameters were estimated
séparately for each cue and subject, and averaged over subjects in each
group. Note that the increase in Uh is not accompanied by a regression

of the gh toward 1/2 as one might predict under the variable sensi-
tivity concept. It 1s also interesting that Group 1 shows an increasing
shift in the bias parameters toward A.2u Support would be lent to the
notion that the P(Al) asymmetry was due to an E2 advantége over El’
as opposed to the hyPOthesis that. 22,53;_was more confusable with the
noise symbols'than was 'Zl}(Di: had Case 1lb fit Group 1 subjects better
than did Casge la. Also, Groﬁp 2 was it better by Case lb than by Case la,
but showed nd = decreasg over days.

It is apparent from an examination of the bias funetions for Group 2

that the does not accurately reflect the experimental correlations,

€n
since gl > g2 but 71 < 72 and gu <Vg5 but 7h > 751 The reason for
 this failvure by Group 2 to follow the schedule may be spatial genefaliza-
ticn. The linear arrangement of the cue lights was such that Cl and CM

were always on the outside, but 02- and C, were always on the ‘inside.

3

Although 02_ and C were the mere highly correlated cues for Group é,

3
their proximity_and the subjects' knowledge that the two cues on either
side were positively correlated with different"stimﬁlus events may have
led to their failure to learn the actusl cue-stimulus correlations.

The superiority of Case 4 {over the other three-parameteér models

considered) in explaining the ROC data is someéwhat surprising in view of

comzents by the subjects obtained after the experiment. The prevalent
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response was that several of the noise-symbols, B and G - in particular,
wére often gonfuséd'with '69 but that few If any of the noilse synbols were'
ever confused with . The failure of Case la to do a betber Job than it
did 1s possibly due to the untenability of the assumption that all the
ZO symbols-were alike in confusabilitj ﬁith the signal symﬂois. Howevér,
one might expect that this would be remedied in the estimations by the
high u value. An additional possifilify that would be interésting to
test 1is that Case lalmight do as well or better than Case 4 if g, were
treated as s free parsmeter. That is, the probability matching con-
straint may not have affected Case la and Case 4 to the same éxtent. On
the other hand, since the basic form of both signals was a circle, it is
reasonable that there should be confusion bétﬁéen. S and ([% although
the source of the asymmetry in confusion is not ciear.. The superiority of
Case 4 to Case 3 is probably due to the incapa%}ty of Case 3 to provide for
the AE' bias without increasing the slope of the ROC curve. A detaiied
description of.the data might involve an activation matrix with entries in
811 the cells, but 1t éeems likély that inter—signél.confusion was.a
potent factor. 7 7

The remalinder of the discussioﬁ will be devoted to the latencles
and the confidence-reting results.

Examination of Flg. 9 leads to,therconclusion that if the recog-
nition ﬁddels applled tc the ROC data can f£it the_latencies.in this
experiment at all, they must do so by virtue of the Ty

represent the number of At unilts required to make a guessing response.

incluged to

This 1s not to Imply that the model is wrong; it does say that the form
of the latency_functions'as the guessing bias g varles 1s determined
by T rather than by &y which predicts (for example) an increasse in
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Al latencies as g 1increases.  This prediction is contrary to the experi-
mental results. Even allowing a different 1 for the preferred and non-
preferred responses is not sufficient, since scme of the latencies appear
to change continuously as a function of ¥ (and therefore g). $Since

the present model does not describe how 7T changes as a result cof changes
in g, a detailed quantitative f£it would seem unwarranted. However, it
is interesting to ncte in the present context that under the fixed sample
size model, the difference in the incorrect latencies conditionalized on

the occurrence cn the non-preferred response and the preferred response

should be simply Tp, - Tp. Estimating this difference, we obtain

T, = T_ =

{ 80 msee.for Group 1
P P

136 msec. for Group 2 .

Neither of these quantities is far from the average difference of 50 mseec.
in non-preferred and preferred response latencies obtained recentliy in a
probability learning study (Friedman, et al., 1964).

One reasonable alternative to the hypothesis that the negative
cerrelation befween latencies and Yy is due completely te T, 1s that
on some proportion of trials the subject, because of eyeblink, inattention,
eye tremor, etc., fails to obtain any sample at all and therefore respbnds
at once using his guessing bias. Actually,-this phenomenon was reported

fairly often'by the subjects.
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If sugeh trisle were freguent relatlve to fhe number of triéls when the
subject éuessed after having processed éll the symbols, then the kind of
latency results obtained here would be expected. Thig could - ocecur only
1f a model that allom.red. a falrly high ré.te of Inter-symbol. confusion ex-
plained the data.

An éxplanation ¢an be cbtalned for the present confidence-rating
results froﬁ the recognition-confusion models by assuming that the sub-
Jeet _partitions- the time followiné stimailus offset into 4 successive
At periods, or what amounts to the same thing, partitions the set of
possible sctivation positions into L distinet subsets., Suppose that if
an activation occurs in the most recent. or first set of positiéns » he
giﬁes his response a rating'of one; if an activatién ogceurs 1n the sec~
ond set, he glves it a rating of fwo.' This continue# until either an
:activation occurs'in a ﬁosition'lopated in the last set or the subject .
| processeslall the symbols and then guesses if either of these events
occurs, he uses GRh.‘ The results (see Fig. 10) indicate that the
subjects were able to reserve éRh for guessing responses. This 1s
shown by the tendency to convergence of the P(Ailsl) and'-P(AllSE)
curves until they reach CRh; at this place both curves move in the
direction of the blas. The deerement in ﬁerformance for CRl to CR5
tmplies that the activation parameters must be & function of At. For

instancé, Case & might take on the form:

0 ! 5
7y |1 0 o ]
N, =z |o Vit 1;vi'l .
7y {0 1-v§'l v;-l;



If we suppose that CR# is reserved for guesses and that "ak' is the
-maximum position included :Ln_"CRk then
a
zk Vi-l k-1 ak;ak 1
) ak }_"I'l vl - (l_vl = )
P 8.C = — = k<bh
(AlJ 1 OBy, a -8 o (l-vl)(ak—ak_l) » )
a,
k
3-1
L (=T S . s
(o .) By, *1 5 (l—v2 )
P S,C = =1 - k
Ay 1908y By =8y 1 (l-v2)(ak.-ak-l) s (k< LI'_)
P(A,[8,CR) = P(A|S,CR,) =g,  k=k .
To ‘obtain an idea of how thils function appears, let 898y 7 = 4 for
all k <4, then
vi(k“l)(l-vi)
h(,l-vl) 1If k<h
P(A ]S CR) - =
S g k=1
o k(x-1),, b
L=V (-v2) e <y
k(l&v2)
P(A:L]SE-CRk) =
g k =4

'~ The gualitatlve form of these expressions is in line with the results and
indicates that meaningful predictions for confidence ratings can be de-

rived from the recognitioh—confusion models. To obtain a quantitative.fit,
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the bounds of the partitlons probably éhould be estimated and possibly
several forms of the activation matrik-considered.'-the, however, that
a constant Ni cannot explain the decrement in performance that occurs

as a function of k.
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SUMMARY

A cued-recogniticn parzdigm was used to investigate behavior in a
mized discrimination behavior. A class of models that generates predic-
tions for several characteristics of a subject's choice behavior was
developed and applied to the ROC data for each subject. Certain models
appeared to provide an accurate deseription of the ROC results on a group
and individual basis, according to an orthogonal regression measure of
goodness of fit. Table 16 summarizes the various speciai recognition-
confusion models applied to the present data.

Cases 1 and 2, when applied to the ROC data, reduced to fixed sample
size models with Ni = I, the identity matrix. Case 4, which assumes
intersignal confusion but no signal-hoise or noisé—signal cenfusion, fit
the best of the four three-psrameter models applied to the ROC data.

Under constraints on the values, Cases la and 1b did not reduce to

&n
the fixed sam?le size models for several subJjects, but estimates of u
remained high, thus supporting the notion of a low average noise-signal
confusion. There is an element of curvilinearity in the observed RCC
points which does not appear to follow from signal detectability assump-
ticns. This curvilinearity could be associated with a sensitivity wvaria-
tion caused hy differences in the bias parameter of the recognition-
confusion model.

The fixed sample size model correctly predicts that when d > 1,

the ircorrect latencies will be longer than the correct latencies. How-

ever, the recognition-confusicn models, as they are presently formulated,
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Table 16
Bummary of Recognition-Confusion Models Applied to Present Data

(For all the models below, the sample S consists of 4 symbols
sampled at random.)

50 . SJ. 52
“Zy qu (1-u)z - (1-u)p
Case 1 N =2 0 1 0 All &, values
. 1 L . ; estimated:
P { ¢ o 1
So Sl 52
1 i i
Zy |V (1-v")}: (1-v B
Case 2 N, = & 0 1 0 Al g, values
: l' estimated.
'z, Lo 0 1 ]
%0 S0 % _
%y |m (1-u)e (1-u)(1-q)
Case la Ni = Zl C 1 0 g, =7, -
Z2 o] 0 1 |
%0 5 S
7, |u (i (1wl )
: h
Case 20 T + © %n Ty TR
ZE 0 .0 1| R
"0 1 *2_
Z0 1 0 0
x N, -z |1 0 o
Casg - 1= % 1 a | &, = AL .
1 1
22, l-a o] a i
®e " %2
ZO 1 0 0
Case &4 Hi = Zl 0 a 1-a g, =7y -
T 1
Z2 0 l-a a ]

Case 3 appears to have four parameters, but a and 4, and a' and d
combine in such a way in the ROC space that essentially 2 parsmeters, Gl and
o, &are being estimated where : ’

#(a,ls,) - o, + (19D ,

2(41]8,) = (1-0,)g .
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do not seem particularly helpful in explicating the finer aspects of the
latency results obtained in this experiment.

It was shown that particular recognitionQCOnfusion models are
capable of yielding confidence-rating predictions that are in general
agreement with the data.

Estimates of the number of symbols processed by the subjects com-
pared favorably with earlier estimates in similar experiments, and these
results were discussed with regard to other methods of studying the num-

ber of symbols apprehended in a brief interval.

101



“Table
Table
Table

:Table

Table

Table

Table

Table

Appendix

A-1. Observed Values of P(ALISE) and. é(Allsl) for the
Separate Cues.

A-2. -Observed Values of Proportion Correct P(c) for the
SBeparate Cues.

A-%. Average Latencies for Each Subject and Cue (Group 1,
Subjects 1-6). |

A-l. Average Latencies for Each Subject and Cue ;Group 1,
Subjects T-12).

A-5. Average Latencies for Bach Subject and Cue (Group 2,
Subjects 1-6). |

A-H. Average Latencies for Each Subject and Cue {Group 2,
Subjects T-12).

AT, g Estimates for the Fixed Sample Size Model (Group 1).

A-8. g Estimates for the Fixed Sample Size Model. (Group 2).
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Table A-1

Observed Values of P(A1|S2) and P(Al|Sl)_

for the Separate Cues

Cl 02 C5 Ch

gubjec; P(A1|SE) P(Al]Sl) P(als,) P(als)) P(als)) P(Ais)) P(a]8,) P(as))
Toup

1 .886 .910 .597 LT37 498 .696 .504 SHT
2 348 .918 L207 .865 .0k9 L606 .27 LS4l
3 381 LT1% .336 4655 184 .578 205 Ak
b .218 .572 .156 .55G .16% L5453 .150 .506
5 .901 518 737 .870 486 418 264 L300
6 312 .683 228 631 Nojelt 504 LO3L 493
T .08¢9 .951 049 .958 .08 .92k .026 .92z
8 .169 822 162 813 066 669 037 pann
9 .367 .822_ .395% .808 127 ' .573 .109 .578
10 .589 .959 .587 .563 .033 oo .019 .236
11 831 .930 .278 L8y 121 .385 .202 328
12 .079 873 092 .848 .052 879 L0bs 767
Aver. 431 .839 318 LT70 .159 .583 .135 .525
Group 2
1 L6000 .Boo .B13 Bl .08z .3%% .056 575
2 .551 83 8k 860 .098 407 0935 a8
3 .921 .933 .O17 .Sl .038 g .105 .050
4 112 82g L0868 .861, .038 833 L03L L7958
5 614 .875 b 840 .ols 429 .05k RIS
6 634 L1537 .383 .713 - .256 42k .180 .51k
7 567 784 Lre L7609 L1540 .353 .164 413
8 .146 .959 297 .953 .03k .588 .03C 663
9 Lhe .76 Loo 801 .056 .265 L037 278
10 131 .962 .086 .985 016 .T35 .015 767
11 420 .951 167 934 .032 - .500 - LO75 LT
12 067 843 . 306 .950 022 TSk 011 721
Aver.  .L3h 865  .383%  LBEY 071 .88 071 .502
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Table A-2
Observed Values of Preportion Correct P(c)

for the Separate Cues

Group 1

iigt “ €. ‘5 "

1 LT06 602 57T 500

2 .8kg 836 B2 .866

3 L6590 656 722 .T06

N .62k 697 .718 765

5 .T10 620 L77 631

é 685 .6E88 .52 852

7 -9kl 955 .953 .961

8 824 . 823 - .828 .883

9 75 0 .728 753 812

10 .820 STh2 .668 .795

11 LTH1 .580 682 678

12 .885 872 .920 .509

Aver., LT7L . L7554 .738 .781

Group 2

¢, Cy 05 Cy

1 .T72 .796 862 .825

2 LT3 Bes .856 .T75

3 .719 .858 .88Y4 694

4 LBl .866 949 924

5 754 .810 - .901 .821

6 .63 709 709 R

T 696 JThY 81 729

8 9%2 .927 ..930 .89z

9 726 781 879 0 .790
10 .939 - .960 L960 .930

1l .880 .923 .923 814

12 - .B65 .92l .960 .92%

Aver, .T91 .84l .885 LBen



. Teble A-3

Average Latencles for Each Subject and Cue

Group 1 E(L|Aisl) E(LIAlse) E(L|A251} E(L|A,S8,) B(L)
Subject

1.217 1.299 1.506 1.565 1.259

. 1.284 1.340 1.448 1.315 1.328

L 1.%335 1.4%7 1.502 1.%9% 1.403

cl+ 1.280 1.328 1.513 1.359 1.354

Cy 1.116 1.275 1.438 1.13L 1.153

C, 1.13%8 1.53%k 1.499 1.066 1.117

2 05 1.078 1.592 1.317 1.116 1.155

Cy 1.061 1.480 1.338 . 1.053 1.095

c, 1.102 1.345 1.208 .985 1.130

C, 1.011 C1L AL 1.259 .996 1.103

5 Cy .922 1.228 1.301 1.065 1.090

¢, .B8s8 1.306 1.102 1.007 1.050

978 1.193 1956 862 L9680

975 1.220 949 .838 .938

N 927 1.122 LSk .861 .915

o, 973 1.103 .58k .855 .91k

.907 .oho 1.301 1.906 964

1.041  1.080 1.255 1.357h 1.105

2 c;  1.025 C1.0%2 1.216 1.13%7 1.105

Cy 1.270 1.059 849 S 1.086 1,084

< .§55 1.128 L967 .91k .96k

.516 .970 - 954 1.021 .962

6 c 916 . 1.1%9 Lo .910 .95

'clL .739 . 1.380 1.015 - .891 .900
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Table A-L

Average Latencies for Each Subjeet and Cue

Group 1 E(L|Alsl) E(LlAlse) E(L|A281) E(L|A2SQ) E(L)
Subject .

c, 1.326 1.785 1.618 1.299 1.340

02 1.350 1.76k4 1.760 1.3%L 1.3%63

7 Cs 1.348 1.915 1,697 1.325 1.355

Cy, 1.357 1.800 1.62% 1.%2% 1.346

.958 1.155 1.189 .919 .58g

930 l1.271 1.262 .948 .995

8 S 94T 1.486 1.063 955 988

Cy 967 1.277 1.15% .908 .950

c; 1.318 . 1736 L1.714 1.397 l.he2

Cs 1.458 1.7 1.8§0' 1.h357 1.535

9. c, 1477 1.938 1.5k 1.353 1.464

C, 1.567 1.889 1.51h 1.283 1.39%

cy 1.61% 1.664 1.813 1.605 1.626

C, J1.651 1.624 1.8%9 - 1.551 1.63G

S 1.657 1.781 1.676 1.6%2 1.650

Gy 1.700 1.82h 1.676 1.634 1.649

¢, 1.073 1.072 1.365 1.547 1.108

' C, 1.261 © 1399 1.719 1.329 1.323

L 05 - 1.285 1.377 1.257 1.258 1.270

C, 1.3%% 1.h27 1.346 1.269 1.311

¢, 1.163% 1.473 1.578 1.129 1.201

' C, 1.158 - 1.h65 - 1.538 1.157 1.204

2 Cy 1.155 Sz 1.566 1.173 1.19%

C, 1.200 1.539 1.511 1.202 1.231
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Table A-5

Average Latencies for BEach Subject and Cue

Group, 2 E(L|Alsl) E(L1A182) E(L|Agsl) E(L]AQSQ) B(L)
Subject _

¢, 1.527 1.707 1.438 1.311 1.525
C, o 1.469 1.691 1.668 2.161 1.538
1 cs 1.176 1.820 L.4ho 1.255 1.307
c, 1.386 1.715 ° 1.%69 1.209 1.273%
¢, 1.296 1.495 1.51% 1.259 1.346
C, 1.249 1.932 1.397 1.225 1.302
2 c, 1.297 1.233 1.190 1,194 1.201
c4 1.290 1.535 1.243 1.054 1.141
o 967 1.028 1.163 1.519 . .998

¢, 931 . .929 1.175 1.077 Loh
E oy 1.257  1.327 .856 820 B9
Cy L1.260 1.265 .858 .865 .S06
C, L7193 1.469 1.248 548 882
. Cy .755 1.307 1.168 LBl 850
4 ey .80 1.192 1.285 .818 .837
G, 839 1.464 1.252 837 874
¢y .G8k4 1.063 1.399 1.190 1.055
C, 1.005 1.0k 1.286 1.183 1.058
2 C5 1.128 1.345 .93%6 . .950 g
cu 1.13%9 1.427 1.037 .936 .52
C; 1.843 1.867 1.969 1.742 1.882
C, 1.6848 1.946 - 1.93% 1.830 1.873
6 05 1..680 1.957 | 1.955 1.757 1.798
Cy, 1.767 1.989 1.885 _ 1.778 1.818
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Table A-6

Average Létencies for Each Subject and Cue

grggp i B(L|A8)) B(L[A;5,) E(L]Azslj B(L|A8,)
upjec
1.h452 1.509 1.77L 1.638
. 1.507 1.665 1.84% 1,584
2
7 c3 1.658 1.667 1.806 1.584
ch' 1.602 1.785 1.785 1,595
c, 1.403 1.740 1.533 1,316
C, 1.415 1.517 1.508 1.43h
& c, 1.3 1.680 1.619 1.371
¢y 1.353 1.734 1.615 1,360
¢, 1.484 1.622 1.722 1.461
C, 1.490 1.800 1.701 1.481
9 c5 1.511 1.803 1.459 1.239
Cy 1.554 2.186 1.408 - 1.251
1.479 2.096 1.700 1.383
1.450 1,743 2.100 _ 1,342
10 1.468 2.138 2,141 1.346
cLL ' 1.542 2.350 1.69Y4 1.357
c, 1.021 1,209 1,315 | 1.300
C, 1.071 .925 . L.679 1,241
1l 1.018 1.428 1.122 1.033
Cy 1,053 1.438 1,349 1.168
1. 444 1.678 1.57L 1.33h
1.358 1.607 © 1.872 1.467
12 1.414 R 1.0 1,350
Ch ©1.ko5 1.573 1.592 1.339
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532
.589
611
LBL7

Lo
423
.388
.389

\535
540
.290
327

485
=l
.386
2k

.091
.119
Noly
193

438
397
. 366
.386
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" Sub-

Jeet

Ave.

Subi-
Jjeect

e '
o B 5w @ o s e

Ave.

O =1 v A o
oo

(* indicates the blas was indeterminate due to perfect performance).

.63
12
RINIA
.27
45
3T
.22
.15
.29
.07
32
.25

.30

.18
.00
W14
.15
.00
.13
4o
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Estimates of g for the Fixed Semple Size Model

3

.86
A48
A7
9k
.25
.50
.31
.67

97
.98
+30

.59

.70
.10
«39
.05

.32

Cue 1
N

92
.83
.50

.68
59
.00
.0C
<13

.95
.00

.56
Cue 3
.66
AL
Ak
.3k
.38
55
.0C
A2
13
.03
.22
b2

.26

.23

5 6
.95 .93
.79 .78
b3 .73
AloL27
.91 .95
BT W46
¥ .00
A3 .00
Bz 80
,00 1.00
B L95
000 %
B3 6L
.52 .s5h
L0013
18 .20
Jdo 0 .32
A6 L35
06 .00
* .00
120 .16
.31 .19
07 LOb
.0 .10
29 ¥
.18

Ave.

.91

T

<7
.35
N

4o
.3k

.ok
.92
.25

62
.15
.31
.25
46
AT
.36
.16
.23
.04
.16

Group 1

1
76
.67

.19
.00

22

A0
.70
.01
3L

.63

.79
.00
.TO
.29
.38
0%
.15

.20
.07

.25
.09

.25

2

B7
LGL
Ll
.28
.00
.51,
.86
.65
.50
.90

Ao
.66

.5k
.05
.51
.23
.72
.06
.25
.c8
.23
.00
27
.19

.26

3

-5
.59

16
.88
L2
.00
.23
.66
97
Jh
.13

A7

.70
.06
22
.18
-35
.00
1.00
17
.24
.05
<3k
.10

.28

Cue 2
i 5 6
L .53 .49
29 .88 .60
Al W8 bt
23 40 4L
6 72 W9l
.18 .09 .35
.00 .00 .00
.00 .25 .5k
700 .60 75
02 .93 1.00
26 .06 .20
A5 .00 75 .
A1 W41 .53

Cue b4
,ll.l{. 056 353
Jd20 .11 .06
A3 .09 AT
L18 .22 .30
1o .20 .03
.18 .00 .05
* % .25
.00 .06 .50
A1l .25 .25
.00 .00 ,00
19 .12 L1z

1.00 1.00 .00
820 .22 .7

Ave.

)
.06
.50
25
.30
05
A1
Lk

.02
.22
10
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Table A-8
Estimates of g for the Fixed Sample Size Model

(* indlcates the blas was indeterminate due to perfect perfqrmance).

Group 2
Cue 1 Cue 2
?:2; 1 2 3 4 5 6 ive, 1 2 3 4 5 6
1 .87 .92 .57 .96 .19 .91 -.83 60 7L L0 LTH UTT 1.00
2 .91 .8% .57 .73 .75 B2 .77 7L 79 W8y 81 .68 .78
3 .96 .86 .85 .90 1,00 1.00 .93 .95 .80 .96 .92 1..00 1.00
Y .21 .00 .75 .29 .50 .00 .29 .00 .00 62 .00 .00 .60
5 73 .94 .Bs .90 .73 .85 .83 .51 .81 . .69 .86 .75 .83
6 .63 W67 .77 -6% .72 .88 .72 B2 LE b6 43 4L LT3
7 8L 78 .88 ek el 7B .72 b2 Bo U6 49 56 .60
8 1.00 .81 .75 kg .00 .86 .65 .75 B2 .95 .90 .89 .88
9 .79 .57 .64 .54 B9 .75 .E6 A4s5 .51 .8k &7 B2 .82
10 .76 .85 .75 .5k .86 1,00 .79 .00 .68 .75 1.00 00 ¥
11 .86 .97 .88 1.00 .86 .85 .90 65 69 69 .00 83 .81
12 .21 .20 .50 .00 .54k .00 .24 B8 .93 .75 .00 .90 .90
Ave. .71 .70 .73 .6k .67 .72 .58 .57 .75 .57 .64 .81
Bub- : Cue 3 Cue b
ject ' ’
1 .1% .1c .25 .20 .08 .00 .13 L7 .13 .20 .13 .15 .07
2 .06 .09 .41 .12 .11 .28 18 A8 J1e .7 o7 .09 .10
% ,0h 10 .05 .02 .08 .00 .05 .00 .13 .09 .18 18 .05
L 1.00 L.00 .10 .05 .25 .00 .40 .25 .32 .10 .08 .10 .00
5 .12 .0% .22 .09 .05 .00 .09 03 .20 .05 .10 .07 WL
& .85 L,15 .30 .64 .35 .32 3L 29 .11 .2h 45 2B 30
7 .81 .25 .15 .25 .06 16 .18 A8 .30 .23 .1k .13 .35
8 .07 .06 .10 .10 1.00 .0k .23 15,09 .04 .08 .09 .00
g .18 .07 .0b .03 .05 .00 .06 060 .11 .05 L0k L0300
10 1L.00 .06 .00 L0900 L0 .19 21,00 .00 .00 ¥ 00
11 .12 .00 .03 .10 .oCc .ok .05 .05 .0bh L1k L1528 48
12 .05 .10 .10 1.00 .04 ¥ .26 .00 .0C .00 L1k L0513

Ave. .27 L7 .15 .22 .17 .08 A2 .13 .11 .13 .33 W13

Ave.

78
ST
.ok
.22
T4
.52
Ran
.87
.68 -
K]
62
-T3

.13
A3
L1
214
.09
.28
22
.07
.05
LOL
.16
.05
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