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The experiments reported in this paper were
sponsored jointly by the Electronic Defense Group under
Contract No. DA-36-039 8c63203 and the Vision Research
Laboratory under Contract No. DA-36-039 sc52654 and Con-
tract No. Nobs 53242, Therefore, this report appears also
as a portion of Report 2144-20-T from the Bngineering Research
Institute, a report from the Optics and Yision Group of
Project Michigan. Report 2144-20-T differs from the present
report principally in that the relevance of the research to
a classified military problem is indicated.
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ABSTRACT

Tais !s one of a series of papers concerned with
the psychophysical spplication of the mathematical theory
of signal detectability. This paper brings together all of
the data on visual detection collected to date that bear
directly on the case of the signal-known-exactly as treated
by the theory of signal detectability. The general conclu-
sion drawm from the experimental results reported is that
the model provided by the theory of signal deteatedbility or,
more generally, by the theory of statistical decision, is
applicable to the visual detection behavior of the hman
observer. That is to say, the human observer is capadble of
ordering values of the variadble upon vhich datection dspends
wull belov the threshold level as this lewvel is conventiocaally
conceived. PFurther, the experiments shov the cbeserver to be
capable of behaving in accordance with several kinds of opti-
mm decision as defined within the theory of signal detecta-
bility. The general implications of the applicability of the
model for seasory theory and psychophysical methods are
discussed.
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TR EVIDEWCE FOR A DECISION-MAXKING THEORY OF VISUAL DETECTION

1. INTRODUWCTION

This is one of & series of papers concerned with the psychophysical
application of the msthematical taeory of signal letectability. This .iatroductory
section contains a short discussion ¢f the references in vhich the theory of sig-
nal detectability is presented, and also cuntains references to other papers in
the series on the psychcphysical application of the theory of signal detectability,
There follows, in this introductory section, a brief descrip.ion of the thsory of
signal detectadbility and of the theory of visual detection based on it, and an
outline of the scope of discussion ol the present paper.

1.1 Related Articles

"The Theory of Sigmal Detectability,” by Peterson and Birdsall, appe&ars
as Technical Report No. 13 of the Rlectronic Defense Group of the University of
Michigan (Ref. 15). Technical Report No. i9, by Fox (Ref. 8), contains & non-
mathematical discussion of the material of Technical Report No. 13 on the general
theory of detectability, ns vell as a discussicn of the methods employed in se-
quential observation processes. Birdsall's Technical Report No. 20 (Ref. 2) pre-
sents an application of game theory to signal detectadility. The material of
Reports 13 snd 19 is also availables in the "Transactions of the I.R.E. Profes-
sional Qroup on Informmtion Theory”, (Ref. 16).

The application of the theury of signal detectability to visual detec-
tion b the human observer vas first re¢,.rted by Tanner and 2wetr in Technical

Report No. 18 of the Electronic Defense Qroup (Ref. 22). This topic is alsc dis-

cussed elsevhere (Refs. 19, 23, 24). The most readily availadle source containirg
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trmtotla.ofthilmkilt&mgewhdwdm, 1954 (Ref.

25). A paper in the "Transactions of the I.R.E. Professionsl Group om Iaformation
Theory" (Ref. .'\) contains & report of the work of Tenner end Norwan relating the

theory of sigml detectability to suditory detaction.

Seversl other papers in thi» series are cwrently being prepared. Tech-
nice 1 Report Fo. 30 by Tanner, Swets, and Green (Ref. 26) is another paper relat-
ing the theoiy to data from suditory experiments. Technical Report No. k2 by
Tenner, Birdsall, and Swats (Ref. 20) deals with the implications of this re-
search for mechods and analysis procedures in psychophysical testing.

The preseat paper brings together the data on visual detection collected
to date that bear ¢irect., on the case of the sigmali-known.exactly as treated by
| the theory of signal detectability. Some of these data have been reported pre-
viously only in relatively inmccessible sources (Refs. 19, 22, 23, and 24); same
of the data that wvere reported in a more available source (Ref. 25) vers only
briefly described there. In addition, some of the data precented belov have not
been previously reported in any fora. It is the primary purpose of this paper to
present all relevant available data; although the theory of signal detectabdility
and the theory of visuml detectinn based on it are reviewed, they are not dis.
cussed cumpletely, and vhereas the general implications for sensory thsory,
methods, and data analysis are dr m, they are not treated here in full Jetail.

-.2 A Decision-Making Theory of Visual Detection

In this section, the thsory of signal detectability is revieved as it
relates to the prodblem of visual dstectiod by the humn observar. It ahould de
pointed out, by vey " introduction, that th theory of sigmal detectabdiiity is
derived directly from the theory of statistical decision. the theory of testing

statistical hypothesss. is iatter theory is presented most completely by Wald
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(Ret. 25); imporiant papers published earlier inciule those by x®oid (Ref. 27),
P B Naymar (Ref. 13}, ant Neyman and Pearson (Ref. 14).

1.2.1 The Pundamental Pruvle=. The fundazmental pr¢ im in signal detec

tability irvolves a fixed obaservation interval; the cbserver : pFresented a
"receiver imput”, s function of time for T seconds. He iz " _ . ashad 4o decide,
on “he bssie of the cbservation, vhether that receiver ir .ut arose from noise

alone, or from signal plus nnise, vhere the signkl ¢ :nown to be from & certain

| ensemb i~ of signals.

| Tuls problem hes an evact parallel ia visual psychophysics. The cbser-
ver in thy wost comacn visumml paychophysical experiment, an experiment employing
the so-called yes-nc” method, is asked 10 cbserve, at a marticular time .nd a
perticular location in the visuml field, a signal of s particular size, duretica,
and intensity. Ordicarily the size and durution of the signal, «s vell as its
location and time of occurrence, are known by the cbserver; in csrtain i{r+.ances,
{znformation about the intensity of the sigml and the a Erio:r‘. probaociiity of
sighn. Ocourrence are alsc provided the observer. He is then ssked to state, on
the basis of the observetion, vhether or nct a signal vas prese:ted.

1.2.2 Assumptions Made in Applying th+ Theovy of Signal Detsctabild

0 the Bebavior of the Human Cbserver. Given certain assumgtions, asking Xs ob.

server in & psychophysical experiment to state vhether or nct a signal wes pre.
serted i{s equivalient to asking him to decide vhether his observation arcse from

signai plus nolse or ‘rom noise aione, or stated asother vay, to decide vhether or

Lot tO sccert the hypother:is that a sigmal existed. The primary sssumgtion s the
the vaiue of the variadie \pom vhich detection depends, presumsdly peure. astivity

varies f-om instart tc l{astant in & yaxdiom fashion vhwen nc sigml is present, amx

thet the vaiue of thie variadls mioduced by o signal of given rtrength is ¢ 0
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raniomly distrituted. Although there is no need to conceptuslize this variable

; in neurophysiological terms, it may be helpful, and the assumption stated is sug-
e gested by present gncvledge of neurophysiology. So it may be maintained on

a priori grounds, thic if the problem .J visual detecstion is the detection of
sig. s having randomly distributed neural effects, in the presence of a back-
ground of raidom interference, then the theory of sgtatistical decision, or in par-
ticular, the theory of signal detectability, constitutes a model of posa .ie reie-
vance to visual detection.

An sttampt to apply the theory of signal detectability to human be-
havior, therefore, implies the assumptions that the sensory systems function pri-
marily to transmit informstion, and that the sensory systewms are noisy channels.
o An additional assumption, masde apparent in the following pages, is that the cen-
tral mechanisums involved in decision maling are capable of making optimal use of ,
e the information iransmitted by sensory paths. é -

It is assumed, then, that the obLserver operates with a continucus g
on

variahle, the values of which constitute "observations," and that any value of

this varieble may arise either from noise alone or from sigral plus noisa, It is

agzimed that, when the signal ensemble is known to the Cbserver, the probability
0L~
that a given cbservation represents noise alone, and the probability that this

TR KL A — R
R L -

value arose from the signal-plus-noise distribution, can be estimated by him,

Thus, it is assumed that the nbserver in a "yes-no" experiment must

establish & level of confidence, or criterion, and bage his decisivn on the rela-

- tion of the otservation to this criterion.

1.2,3 The Definition of Criterion and Likelihood Katio. According to

the theory, the observer chooses a set of ovservations (the criterion A) such that

R, R

an cbservation in this set will lead him to Accept the existence of a sigual. that
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1e, tie chosrver accept: the hypothesis that sigual plus noise existed duvring the
observation intervel All other cbservations ere in the Cosplesent of the cri-
terion, CA; these are regarded by tbe observer as representing nois: slons, SU
will be used to denote sigual plus noise and X will denote noiss alons. If thexe
are only a countable number of possible obes-vations, each obgervution, x, having
prodedbili.y Pm(x) of occurrance if there is sigoal plus acise present, &l prod-
ability Pn(x) of occurrence if noise alone is present, thsa the likelibhood ratio
is defined as {(x) = Ps!(x)/‘Pn(x). Here, x will be considered continucus, &ad
probability density functions (frequency functions) rs’(x) ad f‘.(x) are used;
acrordingly [(x) = fm(x)/fn(x). It is assumed that for every x the observer can
estimate f(x) which is the relative likslihood that x arose from sigoal plus poise
as compared to the possitility taat x arcse from noise alome.

A criterion may be evaluated in terms of the intagrals of the density
functions over the criterion A, since the integral of fsu(x) over A is the con-
ditional probability of detection, Pm(A), and the integrel of f(x) over A is the
conditional probability of a false alarm {a Type I error in statistical parlance),
Py(A).

1.2.4 The Essence of the Tracry of Signal Detectability. Ths essence

of the theory of signal detectahility is the definiticn of » class of criteria in

terms of likelibood ratic. Urder each of seversl derinitions of the optimm cri-

terion, thc optimumm is found to be in this cluss of ilkelihood-ratio oriteria. A
criterion in this ciees is denoted A(BS); that s, the critericn A contains all
observations with likelihood ratio greater than or equal to §, and noms uf those
with 1ikelihood ratio less than B. The solution, then, vith respect to a given
B is defined as the

definition cf optimm, is the exact value of B v0 be used.

operating level of the likelihood-ratio receiver.

—  ENGIMEZRING RECASCH INSTITIFE ¢ UNMIRNTY OF MICHIGAN —
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It should te noted that thy theory of signal detectability specifies
as ths cptixum racsiver that ressiver whoee cutput 1a cithur 1i.elihood ratio or
some monotonic functioa of likeiihood ratio. If the output of the receiver is
1ikelihood ratio, then the soluiiun, for each detinition of' optimum, is the cri-
terion vith the proper opersting lewsl . If tbe recaiver's outpu’ is come de-
cision function other than likelihood ratin, but a monotonic fimetior of likeli-
%ncl ratic, thep the optimm operatisg luwel 12 th: va“ue of the onotoL’c _ume.
tion at B. That is, if the receiver output is sore function d(x) = r[,(x)] ,
vhere P is strictly monotonic, then the optimum criterion is sperified b
B' = #(B), such that d(x)2p'==1(x)2p8. Thus, the theory of signal delectu-
bility uay describe ¢he bebgvior of the mmen obsarver {f the human observer
operates ¥ith a continuwous variavls, or decision functioa, that 1s either likeli-
hood ratio or scme monotonic fimetion of likelihood ratio.

1,3 BScope of Ciscussion

Peterson, Birdsall, and Fox (Rer. 16) advance six definitions of optimm
and their solutions. Experiments have been performed, and arve reported in the
naxt. three gections of this paper, to test the ability of the human odbserver tc
act in sccordance with three of these dsfinitious of optimum., Thewd three defi-
nitions of cptimm and their respective solutions ars listed here.

1. Bxpected-Value Cr’teriun -~ that critericn that miximises t.  total

expected value, wvhere the indivilual values ave:

VSI-A w the valus of a dstection
- % ‘sct
V,_ cA he value of & correct rilection

+ the coet
KS!I-CA ost of a mies

A s the cost of a false alarm

5
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Sclution: A(B) = ;—g—:')' . %
vhere P(N) and P(SN) are the s priori probabilitiss.
2. The Neyman-Pearson Criterion — that criterion such that Pgy(A) is
a maximm, vhile Py(A)sk .
Solution: A(p) where By[A(8)] = k
A Pcateriori Probability —- not a criterion but the best estimate of

3'

the probability that the observation arose from sigicl plus noise.

t(x) P(sN)

Py(sH) =
2(x) P(SK) + P(X)

Othe: definitions of optimum, not congidered explicitly here, for which the solu-
tion has besn provided (Ref. 16) include the Weighted<Combinat!~n criterion, the
! c.iterion that maximizes Pge(A) - w Py(A); Siegert's Ydeal Criterion, the criteriox
thet minimizes total error; and the Info:rmation Criterion, the criterion that
maximizes the reduction in uncertsinty, in the Shannon sense (Ref. 18), as to
vbether or not a signal vas sent., It should be pointed out, however, that the
Weizited-Combination Criterion is the abstract criterion, of which the Expected-
Value Criterion and Ideal Criterion a.e »pecial cases. The Expectid-Value Cri-
tericn is identical to the Welzhted-Combinetion Criterion for the case vhere

v . B and is ‘Centical to the Ideal Criterion for the case vhare

Vneer Ky

Van-a ' “qu-ca
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1.4 The Incompatibility of a Decision-Making Theory of Visual Detection and Con
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The fifth section of this paper contains the resulls of an s.periment
designed to determine the congruence of the bebavior of the human observer and
the definition cf optimum behavior for the forced-choice situation, a definition

of optimm ‘hat is not treated explicitly in the theory of signal detectability,

ventional Sensory Theory

Anticipating to an extent that will facilitate subuquent description:
the primary result of all the experiments performed is that the theory of signal
detectability, or more generally, the theory of statistical decision, is spplica-
ble to the behavior of the human observer. That is to ssy, the experiments
demonstrate that the human observer operates with a decision function that is
either likelihood ratio or some monotonic function of likelihood ratic, and thet
the hunan cbserver tends to behave optimally.

This result implies, of course, the ability tc discrimirate among obser-
vations, or values of the decision functicn, that may result from noise alone.
Thus, if a threshold (fixed operating level) exists, this threshcld is low enough
to be exceeded by noise alone an appreciable portion of the time. The concept of
a threshold that is exceeded more than very rarely by noise alone is quite differ-
ent from the concept of threshoid that is an integral part of conventional sensory
theory.

The primary purpose of this paper is the presentation of data; hence,
this i{s not the place to attempt a detailed discussion of the notion of a thregh-
old as it appears in sensory theory. Tt may be well, however, to adduce one or
two instances of ciarent methods in sensory experimentation in onder to support
the statement that the threshold as conceived in sensory theory is a relatively

fixed level that is rarely, if ever, exceeded by noise alone.
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Many studies of sensory processes do not employ urials in wvaieh » aig-
nal is presented. In these cases, it 1is clearly not regarded a important to
assess the probahility that the fixed level be exceeded by noise alone. In other
studies, the experimenter may cccasionally insert one or two triale in vhich no
signal is presented (or occasionally tum »ff a contimious signal) in order to
detect what are regarded as spurious rupbnses, so that be may cention the obger-
vers against such responses. Such trials have been referred to as vexirfehlen,

a term vhich may be reascnably translated as "catch signals". A refinement of the
procedure in vhich catch signals are sporadically presented, one that is used
rather frequently, is to fail ¢o present signals on a larger proportios of trials
in order to assess quite accurately the extent of "yes" responses on such trials.
Then, however, not only is this information subtracted from the data, but the
extent of "yes" response to catch signals is used in estimating the emount of

" purious" responses made to actusl signals so that these, too, may be eliminated
from the dsta. This use of the correction for chance in psychophysical experi-
ments has been described in Ref. 25. Regarding the totality of "yes" responses
tc catch signals as spurious, and regarding such spurious responses to be equally
likely for all values of signal intenesity, is valid only if the threshold level
iz such that 1t is exceeded by noise alone on & negligible proportion of the
trials.

The validity of the wpplication of the chance correction to psychophysl-
cal data depends upon the validity ol the assvwmption that "yes" responses to catch
signals are spurious responses, or random guesses, and that these responses are
independent of "sensory-determinate" relponua.l The thecry advanced here, on the

other hand, assumes a dependence between the conditional probability that an

1
H. R. Blackwell, unpublizhed manuscript.

9
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observation arising from signal plus noise will be in the criterion and the con-
ditional probability that an observation arising from noise alone will be in the
criterion.

The data presented in this papar, to the extent that they are analyzed

in this paper, do not indicate how far lown into the noise the observers actually

orde:»d their cbservations, theat is, hovw lov relative to the distribution of oba

gervations arising from noise alone a fixed threshold must be to be compatible
with the data. It may be the case, then, that further analysis will shouw the
present data or new data to be consistent with a fixed threshold, say, at the mean
of the noise distribution, a threshold exceeded by noise alone approximately 50
percent of the time, It can be stated, on the basis of completed analyses of the
preseat data which are to be reported in a peper which considers end evaluates
geveral alternative models (Ref. 20). that a fixed threghold, if one exists, must
be lower than plus one sigma from the meecn of the noise distribution, that is,
must be exceeded by noise alone more than 16 percent of the time., I i{s important
that the reader note that, unless specifically stated otherwise, furcher refer-
ences in this paper tc the threshold refer to a threshcld in the conventiornl
scnse, that is, to a threshold exceeded, to be :onservative, less thaa 5 percent
of the time by noise alone. The experiments were designed to detect a threshold

at approximately this level if one existed.
2. THE EXPECTED-VALUE OBSERVER

An experiment corcerning the ability of the human observer to maximize
the total expected value is the one experiment discussed elsevhere in a readily
accessible source (Ref. 25). This section supplements “he discussion in Reference
29 in that 1t presents in more detail the data that were necessarily described

only briefly there. In addition, t%is section contains the previously unpublished

10
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results of further experimencation on the Expected-Valus Obeerver that is supeiior
in certain resgpects.

The analysis of data, in terms of tixe theory of signal detectability,
takes the form of plots of vhat are called ROC curves ... Receiver Operating
Charec’ =ristics. An ROC curve is a plot of the comditional probabilitv of detec-
tion, Pge(A), against the conditional probability of ralse alamm, PN(A). A com-
plete curve is obtoined 1if all possible values of operating level, or B, are con-
sideied. Peterson and Birdsall (Ref. 15) have demonstrated that the optimm

operating level is represented by a point on the ROC curve vhere its slope is 8.

The typical ROC curve, onea that has occurred frequently in this work,
is showm in Fig.‘ 1. Prequently, as in this figure, a family of ROC curves is
Plotted with gignal strength as the jparameter. In this particular case, the
parsaster is d', the index used for the analysis of data in terms of the theory
of signal detectability.l It is defined as the difference between the means of
the noise and signal-plus-noise distributions nommelized to the stendard devigtion
of the noise distribution that is, 4' = "Sﬁa' T™us, d' can be conceived
of as a standard =core, mg Deasure, or again, it may be thought of as &
(output ) signal-to-ncise ratio., A more complete description of 4' and of the ROC
curves may be found elsevhere (Refs. 15, 16, 20).

If a threshold exists, this fact is immediately apparent from the ROC

curves. The cooventional notion of & fixed criterion or threshold, in the termi-

nology of this paper, implies the existence of a set of observations luveding

1. 4" ls essentially s dependent varisble; the paper on psychophysical methods
(Ref. 20) treats explicity the reasons for preferring it to the usual dspendent
variable i{n psychophysical experiments; nsmely. the calculated threghcld or
miaimum detectable signel. The primary purpose of the present paper is to pre-
sent the data upon wvhich the recoamendetions made in the paper on psychophysical
methods are based.

-
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to an extremely small probsb:lity - false alerm. The observer's criterica in-
cludes this set and wsy 5r mey not include s rendom selection of other observatio
that is, "guesses”. e RUC curve in .bis case, as pointed out elsevhere (22, 25)

is a straight line frow “he left-dsnl «evilcal axis to the upper right-band corner

2.1 Dats from the First grrm_e_x_t_t_

The ROC curves obtained from the first experiment on the Expected-Value

Observer, the experiment discussed in reference 23, are displayed here in Pigures

2, 3, am b, Five values of sigpal intensity, including the zeroc-intensity sig-
nal or "blank", were used in this experiment. It may be ssen from an exsmination
of thase plots that the data of the first experiment d. not provide an adequate
definition of the entire curve. As a matter of fact, even in the region vhere
points have been obtained (roughly from Py(A) = 0.0 . ©.°A) = 50), the curve is
oot well defined. This latter inadequacy may be .- -ri: = 4, in part, to the small
number of observations per point. A second factor vhich operated to cause dis-
persion of thesc points was the day-to-day variation in signal and background
intensities vhich, uniike in the calculation of contrast thresholds, is not taken
into account in the present analysis. The effects of both of these sources of

variance wvere reduced, to a large extent, in the second Expected-Value experiment

vhich is reported belov.

Although entire ROC curves were not precisely defined by the data from
the first experimert, these data are entirely adequate for the purpose of dis-
tinguishing between the predictions of & theory based on the model provided by
the theory of signal dstectability and the predictions vhich follov from the con-
cept of a threshold or fixed criterion, the purpose for which ihey were used (n

Reference 25. It is clear, for example, that the straigh’ lines fitted to the

13
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dats in Mgures 2, 3, and i do not intersect the upper right-hani corner of the
grsph, as required by the coacept of a fixed threshold. These straight lims
sppear, rather, to be arcs »f the type of ROC curve predicted by the theory of
signal ¢.tectability. The data displayed grephically in Figures 2, 3, snd b are
reported more precisely ir Tables 1, 2, and 3.

On days 1 throuth 2, there were 50 presentations per dsy of each value
of signal intensity including the gero-intensity signal. On days 9 - ough 12,
tbere wers 50 presentations per day at each intensity. On days 13 through 16,
there wvere 30 presentations per day of each value of signal intensity greater
than zero, and 180 blanks per day. This experiment, like the other experiments
reported in this pesper, employed a circular target, 30 minutes cf visual angle
{n dismeter, with a dwistion of 1/100 second, on & “en foot-lambert background.
The more genvoral aspects of the proced'ure and spparatus involved in this experi-
ment and the other experiments reported in this paper are discussed n Reference
25 and in an article by P'ackwell, Pritchard, and Olmart (Bef. 4).

Tables 1, 2, and 3 also coatain the data vhich servw as a basis for the
cosfficients of correlation that are reported in Referwnces 22 and 25 and again
belov, between Py(A) and calculated threshold. The implication of these carrela-
tiocns {s the same as the implication of the straight linss fitted to tb data of
HMoues 2, 3, snd &, nmely, that a dependeance exists btatween the conditiomal
probability that an observation arising from SN vill be in the criter{i.n and the
conditional probabilit: that an observation arising from N vill de in the cri-
terion — 3 condition that, as descridbed elsevhere (Refs. 22, 24, 25), s incon-
sistent vith the concept cf threshold, or fixed c-itericn,

The product-moment correlations for the three cbservers between Py (A)

and caiculated threshold, Lesed on the twelve sessicons (nvoiving & paynf? matrix
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(Days 5-16), are -.37(p = .245), =.60(p = .039) and ~.81(p = .001). For the three
subjects combined, p = .0008, |
The dependence of false-alarm rate and calculsted threshold 1s also il-
lustrated, taough somevhat crudely, in Figures 5 and 6. '1‘&30 plots represent thc
data of deys 5-16 for all three cbgervers. The portior of data comprising each of
the cw res vas selected to be relatively homogenecus vith respect to Pu(A). Figure
5 shovs the raw data; the proportion of positive respcuses is plotted as a function
of AI, the signal intensity. Figure 6 shows the same data after applicstion of the
chance correction; here the caiculated threshold (the value of AI corresponding to
the corrected proportion of .50) is seen to be deperdent upon Py(A) in the pre-
dicted direction. The observer, appareatly, can adjust his criterion. If he
operates with a lower value of 8, the proportion of correct detections will be
increased by an amount that is not compisiely eliminated by the coincident increase

in the size of the chance correction factor, PN(A).

2.2 Data from the Second x:_cperimnt

Since the data from the first experiment 4id not suffice to trace out »
complete ROC curve, & second experiment was conducted to obtain a brosder range of
velues of Py(A). A different set of observers was used in this experimen., and
only one value of signal intensity was employed. The data for the four cbservers
are shown in Pigures 7 through 10. FEech point represents a two-hour observing
session including 200 presentations of signal and 200 observations in vhich no
aignal was presented; that is, P(SN) vas heid at .50 throughout this second experi-

ment. Changes in #, and thus in PN(A), vere effected entirely by changes in the

relative valuee amd coa vith vhich an Expected-Value Observer opsrates. The data
]

from vhich Figures 7 through 10 were plotted are presented in Table 4., The column

L
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in Teble 4 labeled "Ambounced MLIIP'(A)" vill bte discusesed later ia thi3s sec-
tion of the paper.

IL may be mnmnmnWmmmmJym
pointe are rvasonsbly well fitted by the type of NOC curve predicted by the theory
subscribed to here. It is equally spparer that points are not well fitted by s
straigh' line intcrsecting the point PylA) = rs.(A) = 1. It is important to mote,
in this comnecticn, that the theoretical ROC curves ploited in Pigures 7 through 10
are not exactly the same as those plotted in Pigure 1. The exsct form of the theo-
re- _cal ROC curves porirayed in Figure 1, as pointed out in Reference 25, is depend
ent upon the assumption that the distributions of N ¢end 8 + ¥ e Osussion end of
equal variance. It wa. spparent at the time of writing of Reference 29 that the
asnaption of equal variance was not entirely adequate; the nsture of the variamos
assumption, however, vas not critical for the purposes of that paper, and ths equal-
variance assuption ves ac-epted to facilitate smalysis. The theoretical . irves
shown here in Pigures 7 through 10, which are fitted quite well by the data plote
ted there, were drawmn under the assumption that the ratio of the incremsmt in the
mean to the incremert {n the standard deviation is equal to A. The implicstion for
analysis procedures of s dependence Netween signal strength and variance is dis-
cussed in the peper on methods {Mef. 20).

2.3 The Approsch to the Optimm Behavior

The fact that the dats ovtained (n the two Fxpected-Value experiments is
fitted more adesquately by the type of ROC curve consistent with the theory of sig-
oal detectability than by the straight-line ROC curve consistent with the flxed
threshold notion implies that the mman obesrver cen vary his criteiion. The

qustion remains as to hov closely be spmroaches the optimum criterioa.

I
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‘Mo establish the applioadility of the theory of signal dstacuebility,
1t is necessary to demonstrate only that the cbserver's operating lsvel is some
monotonic fmction of 8. When sampling error is taken into account, the restric-
tion is more lenisnt; in this cese, it is sufficient Lo demonstrate & significant
correlation between the voserver's ope.ating level and 8. It is intsresting,
howver, to determine how clossly the observer's opesrsting level epproaches that
spacified by B,

In the firs¢ expsrimsnt, the observers were informed of the verious
valuss taken cn by the elsments of the B-equation (see page 6); i.e., tle & priori
probabilities, the values and costs. They vere not made sware of the way in which
these elsments dstermine a value of #, nor did they know that the single number,
f, teken in conjunction vith an R(C curve, yieldn the optimm false-alarm rate.
They were mtox'.-d, after esch experimental session, of their false-alam rate, the
proportion of correct detections cf each of the four signal iniensities, and the
payoff. The correlations obtained in this stuly between 5 and false-alarm rate
indicate that these observers tended toward the optimm setting of tbe criterion.
For the three clservers, the rank-order correlations wvere .7C, .45, and .71; &
correlation of .68 is significan. at the .0l level of confidence.

The first study demonstrated that the human observer quits naturslly
adjusts his ciiterion in a vay epproaching optimum. With this as background, the
secotd exyeriment vas performed vith the observers having a falrly complete
knovledge of ite purposes. The second stuly attempted to determine how closely
the observers could approximate the optimm false-alsra rate, as specified by o5,
given & knovledge of {t, HKence the column in Table 4 labei.ed "Announced Cptimm
P.(A)"- The experimenter's ability to announce a value of Py(A) approaching the

~ptimm valus, before the FOC curves of the observers had been detemined directly,
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depenis upon the fact that, es reported in references 22 and 23, forosd-choies aod
yeg«no responge procedures yield consistent values of 4'. The obeervers in the
second study, like those in the first, had been trained under the foreed-choice
procedurm, so estimates cf 4' were svailable.

A corparison of the column in Tehle b labelled "Announced Optimum Pyp(A)”
and the columms containing the Py(A) cbtained from each cbserver indicate hov well
the observers reproduced the valus announced as optimm. The renk-order correlss
tions between the amnounced optimm and obtained valuss of P.(A) a .9, .97, .86,
and .98. Two 0” the observers served in twelve sessions; the cther two served ia
thirteen sessions. The rank-order coefficient associsted with a probabilisy of
.01, given twelve pairs of msasures, is .58. In thig study, the obeervers were
informed cf their proportion of fulse alarms after sach group of fifty trialas.

The study of the Neyman-Pearson Observer, reported in the next seeticn of this
peper, provides additicnal evidence for the rather remarkabls ability of the obesr-

ver to reproduce & given false-alarm rate.

3. THE REYNAN-PRARSON OBSERVER

3.1 The Approsch to the Announced Outimum Valus of Py(A)

A Aifferect set of four observers served in this expsriment. The obeer-
vers were informed of the a priori probadbility of signal occurrence (P(S¥) « .TR
vas held throughout the experiment;, but instesd of operating in terms of valuss
and costs, they attempted to satiafy a restriction placed on tle proportion of
false alarms.

The restriction on the proportioc of false alarms took the form of a
stipuiation for the observers of tha acceptable number of “yes™ respcises to the

fourteen "no-signal’ presentations in each tlock of fifty pressntations. The

E9
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obesrvers wvere instructed to respood positively to approximately n or n + 1 of the
fourteen "no-sigoal” presentations (n, for the four successive conditicss of the

axperiment, equalled 3, O, 6, and 9 respectively), so that any proporticn of false

alarms, across several blocks of fifty presentstions, vithin a given range of .08 i
satisfied the restriction. A given restriction ca Py(A) vas effectiva across
eighteen blocks of f£ifty trials. There were then four comditions, each with a i
different acceptabls range for Pl(A); thus, the primary data consist of four VllﬂJ!
of By(A) for each cbeerver, vith each of thess four valuss besed on 252 "Ho=ei,0al’
presentations. The acceptable rangs for Py(A) for the four comlitions are shovn ’
as colwm heedings in Table 5; the false-alarm rates obtained from the four cbeer-
vers sppear as cell entries. Note that the largest devistion from the rangs an-
nounced as acceptadble is .0k, TlLoee data, then, alsc suggest that the obeerver is
able to vary, and quite precisely. the cutoff point on the contimam of observa-
tions.
It is ‘rus that the data presented in the previous paragreph, to tis

extent that they were reported there, could have been obtained if the tihreshold
concept wvare valid. I” the observer wre given immediate kmovledge of correctness

of response, any false-alarm rste could be =—Drcximated, for exsspls, by saying i

"yes” until the given proportiocn of faulse alarms was achieved and then saying "no”

an the rest of the presentations. This would entsil, howevar, a severe dapressico
of 4'. Ia this study, the -besrvers were given knowlsige of correctnrss of re-

sponse only after each block of SO presentatiocns, and the valuss cf 4' were oot '
depressed.

e - AL —— . 1 Ao

3.2 Other “nelyees of the Data of this 3tuldy

s g
/

In this study, tvelve values of aignal intensity vere ugsed, in edditiom

to the "blaak” or "sero-iptens:ity signal’. This rather large number s signal
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, values vas emmloyed in an attempt to define more adequately the shsp. of the R .

. psychophysical curve. The results of the analysis of curve shape will be discussed dscus

g 1~ the paper dealing with psychophysical methods (Ref. 20).

1 The nature of the ROC curves regulting from this study cannot be ade- adew

-‘ quately determined since only four points were obtained for each curve; that is, Py

' for esch valu2 of d' or signal intensity. Neither can the degree of correlation R Latic:
between P'(A') and calcuiated threshold be estimated since only four pairvs of '.] of

) measures were cbtained. Thus, the results of this study cowA nmot stand alone us 8 e
ovideace for the existence of a variable criterion, or stated more generslly, as ly, a
evidence that the cbserv r’s decision function is a monotonic function of likeli- likel
hood ratio. It is believed, however, that the other f~ur experiments reported ! oted
beein are gufficient to establish this point.

4, THE A POSTERIORI PROBABILITY OBEERVER E
i The same four observers who served in the second Expectsd-Value experi- expe:
; = served in this study of the ability of the human observe: to report [ .

B posteriori provability. In this experiment, P(SN) = .50. The *ask posed for the .ror ’
observers vas to place each observation in one of six sategories of a posteriori .eriol
probability. Here again, the ability to order the observations down into the 5 ;»'the
noise {s -equired.

One analysis of the data is reported in Tebls 6. TLe categories of ' of
8 posteriori probability vith which tle observers vcrked bead the columns. The B ™
bouncaries cof the categories were chosev in ccaference vith the observers; they { the
believed tiat they would be able to operste reasonably with this particular scheme. ac
The cell entries shov the proportion of the observations placed in a given category
that wvere, in fact, observations of signal-plus-ncise; note that each of the
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cbservers served in three experimsatal sessions. Thus, the entry in the vpper
left-hand corner indicates thet 20 percent of the observations plsoc’ ln the lov-
est probability category by Observer 1, in the first session, were observations of
signal-plus-noise; 28 percent of the observation placed in the next category were
observations of sigaal-plus-noise, and so forth. In nine of twelve cases, i.e.,
in pine of the twalve rows of Table 6, a rank-order correlation of unity exists
between the estimated a posteriori probebility and the relative frequency of obser-
vations arising from ligno.l—plus-noise , indicating an ordering of observations.
Bach of there correlations bas an agsociated probebility of less than .05. All

of the three cases showing a correlation of less than unity m sttributable to a

single observer, (bserver 3.

k.1 The Relationship batween dM and l‘x!

It is possible, using the data from this experiment, to determine the

relation existing between the observer's decision function, 4(x) and likelihood-
ratio, £(x). Por this experiment, with P(SN) = .30, the equation for a posteriori
probability, given in the iatroductory nc.tion of this paper, reduces to

Py(SK) = Té—fff)—r . 8ince Pgy(A) exd Pg(A) can be estimated for the boundaries of
the six categoriss, d' can be determined. A knowledge of Py(A) (relative to each
boundary) and 4' allws & grephic determinstion of the value of £(x) corresponding

to each boundary since the critical value of f(x) for & given value of Py(A)

equals the slope of the ROC curve st the point which corresponds to that value

\
of Py(A). Thus P_(SN) = £(x) - can be determiced for each ti
" x( O operating level

employed by the observer. The values of t(x) obtained in this wey for the

2(x) + 1
otserver will correspond directly to tie prot)mbility valuses marking off the

categories — if the observer is operating vith a decision functiom, a(x), that is

equal to 2(x), and sccording to the optimum relation between Py(SN) and f(x).

%
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Pigures 11, 12, 13, and 14 ghov plots of the probebility values corvesponiing to

boundary cetegories versus P (8N) « Té;-’-‘z—r deternined from the data for the

four observers. Observers 1 and 2 sppear to de operating with 4(x) similsr to
£(x) and spproximately sccording to imowledge of the optimum relation between
P.(5N) and £(x). This result should prcicbly not be generalized beyond the con-
dition of P(SN) = P(N) » 30. It should be remembered, however, that the obser-
vers vere exposed to this task fur ouly fourt expsrim:ntel sessions, with feedback
after each session limited to the infsrmation reported in Table 6. With respect
to Observers 3 and &, it {) no. clear vhether they are operating vith a d(x)
quite unlike £(x), or with an imperfect agproximation to the optimm relation
between P, (SN) and 4(x), or both.

It is possible to determine more exactly the rwlation between £(:) and
d(x) for tke four observers, The observer's decision functiom, d(x), can be set
equal to %ﬂ and tb: valus of w dstermined. Then the cutoff veiues of Px(sl)
used by the observers are described by

v ° 1
PO) = ey o Bl ey o e v et 32

v

vhere p 1is set equal to the boundaries of the categories. One interesting questiov
is vhether the weights, v's, are constant for each obaerver. The values of w
corresponding to each category bcundary, for sach session and for each observer,
are given in Table 7.

Y. Observers 1, 3, ad b reported & Eltcriori probability in a singls ssssica
preced 'ng the three sessions reyo n le 6, Since different categories
were used, this session wvas considered as practice, and the data excluded
from the analysis.

<.y
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TABIZ 7 -- THE RELATIONSHIP BETWFEN a(x} and 1(x)*

+
The weights for some of the higher categories are indeterminate

since the critical value of I(x) approaches infinity as Py(A)
approaches 0.0, ‘
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Te determine the degzee to vhich v appruximates a constant for each
session and each observer, a given fixed value of v can be chosen for each obser-

ver, and used to determine T, (SN) = ﬁ)—— . If the "true" values of v are
X))+ W
approximately constant for a given observer, then a plotv of the points’, represent-
‘l.r
2X) + ¥

quately fitted by a straight line intersecting the points (0,0} and (1.00, 1,00).

ing category boundaries versus T, (SN) = (with v fixed), should b= ade-
That is, each of the lines in Figures 11 through 14 shoull correct to the diagonal.
This, however, is not the result. Using fixed values of w resulted in a plot c?
points for Observers 1 and 2 that are cnly slightly better fitted by the diagonal
line than are the points shown in Figures 11 and 12. A fixed value of v greatly
improves the correspondence of the diagonal line and the plotted points for
Observer 4 — for Days 1 and 2. The correspondence for Observer 3 is not improved
noticeably by the transformation.

It may be noted, however, that there is the suggestion (in Tedle 7) of
a consistent pattern betveex; "subjective probability” and "objective probability”
that is, of a pattern in the relation between v and the category boundaries. The
w's for the last two sessions for Observer 1 show the same rsak-order. For Qbser-
ver 3, the values of ¥ rank fron left to right for each of the three sessions with

a single exception.

5. THE SECOMD-CHOICE EXPERIMENT

In this experiment, a variation of the forced-cholce method of response

wvas erployed to demonstrate the ability of the observer to order ooservauonu.l

1.7 Thls experiment vas suggested by R. 2. Norman, formerly a member of the Elec-
tronic Defense Group, now at Princeton University.
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In the version of the forced-choice method most commonly used, .he obge.ver knows
that on each trial the signal will occur in one of four short, successive time

intervals, and he is forced to choose in which of these intervals he believes the
siznal occuyred. If the observer can order observations, then to beheve optimally
he must select the interval with the greatest associated observa‘ion, If ti-
observer behaves optimally, then the probability that a correct answer will re-
sult for a given value of 4', for the four-choic= or four=interval situation, is
given by the equation:
oS

Ple) = [ [F(x)]? a(x)ax (1)
vhere F(x) is the area of the noine distribution and g(x) s the ordinate .2 the
signal-plus-noise digtridution. The value of P(c) corresponding to each value of
d* {3 shown by the middle curve of Fig. 15. This curve is plotted under the as-

sumption that the distributions of N and 8 + N are GCaussian and of equal variance.

5.1 The Rationale fcr the Second-Choice Experiment

Consider the s tuation where the observer is required to indicate a
scc.d choice as well as a first choi~e, What is the probability of a correct
second choice on those trials on vhich the first choice is incorrect?

The ~onventionsl motion of a threshold — as pointed out above and, {n
more detail, in Reference 25 — is cgsentially tha* the mechanism of detection
is one that triggers when tne observation exceeds a critical amount, and icses

all discrimination smcng observations falling short of this amount. For the

(four-choicc) forced-ch~ice situat! 1 vhers the obserrer is required to ‘ndi-

cate s second choice as well as a first choice, this conce~tion cf the mech-
ani{sn leads to the prediction that, vhen the first choice {s incorrect, the

probability that the second choire will be correct {s .33. According t- this
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viev, in other words, the second choice is made from among three inte.vals on &
chance “asis.

On the other hand, according to the conception of the human observer as
operating in terms of likelihood ratio, the cbserver is ceapable of ordering the
four observations asscociated with the four intervals. If this is the case, the
proportion of correct second choices, on those trials in vhich an incorrect first
choice 1{s made, should be greater than .33. The relationship between this pre-

Gdicted prodability .nd 4' is given by the expression

3 TP) o - F0)] a(x) ax

1-ITﬂnfg&)u

where the gymbols havs the same meaning as in SQuatioa 1 above. This relationship
.8 pa. tted {n FMgure 15 under tbe assumption that the distritution of N and 8 + N

are Ceaussian and of eqQual variance.

2.2 Results

va - we,e collected from four observers; two of theam bad served pre

wusly 1 tbhe scond Expectad-Value experiment vhareas the other two had only
~eceive: 4t e forced-choice training. Each of the observers served in tiree
experiments sessions. BRach session included 150 trials in vhich both a first

snd second choice were required. The resulting twelve prepurtions of correct

second choices ere plotted agains* d' in Figure 5. The values of 4' were deter-

mined by using the prcportions of correct first choices as estimates of P(c) and
readi~2 the corresponiing values of d4' froe the ziddle curve of Fig. 1>. Although
a single value of signal {nteasity wvas used, the values of 4' differed sufficientlH

from one observer to ancther t0 provide an indicaticn of the congrience of the

45
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date with the predicted functions. Additional variance in the es. mates of 4'
reculted from the fast that, for two observers, a constant distance from the sig-
nal was not maintained. (The function predicted by the theory of signal detec-
tability for the proportion of correct first choices in a three-choice, o1 three
interval, situation is included in Fig. 15 to indicate that this function is not
the same as the predicted function of the probability of a correct second chcice,
givea an incorrect rirst choice, for the four-choice sivuation).

A systematic deviation of the data from a proportion of .33 clearly
exists. Considering the data of the four observers cambined, the proportion of
correct second choicen is .46, The deviation of thi~ obtained proportion from
.33 18 highly significant, the X2 obtained (43.%6) is rore than twice the
X 2(19.0) ussociated vith a probability of .00001.

Two control conditions aid in interpreting these data. The first of
theee allowed for Lhe possibility that requiring the observer to make a second
choice might depress his first-choice performance. During the experiment, blocks
of 50 trials in which only a first choice vas required were alternated vitin blocks
of 50 triels in which both a first and second choice were required. Pooling the
dauta trom the four observers, the proportions of corrent fi:st choices for the
twec conditions are .550 and .5%51, & difference that is obviously not significant.

A preliminary experiment in which data were obtained from a single ob-
server for five values of signal intensity also serves as 2 control. This axper!-~
pent substantiates the predicted corvelation between the probability of a correct
secorad cholce and signal intensity that derives from the theory of signsal detec-
tapllity. 1%0 c"servations were made at each value of signal intensity. The
relative frequencies of correct second choices for the lowest four valuss of eig-

asl inteng.ty vere, in incressing order of signal intensity, 25/117 (.22),

|
|

ks
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35/95 (.35), 30/75 (.40), and 20/30 (.67). For the highest value of signal inten- ir ten
sity, none of five second choices were correct. Thus, the proportion of correct l ’ Irrect
s: ‘ond choices is seen to be correlated with a physical measure of signal inten- Bl nten-
sity as well as vith the theoretical measure (4') — this eliminates the possi- ‘ 881~
! bility that the correlation found with a constant value of signal intensity, ine *y ine
3 : o volving d' as one of the varisbles (Figure 15), is an artifact of theoretical ] :al
! manipulation. The second-choice data, then, demonstrate clearly the untenability R 1bilit)
of the assumption of a fixed criterion or threshold.
It may be seen from Fig. 15 that second-choice data also deviate gys- M sys-
tematically from the predicted function derived from the theory of signal detec- o jetec-
tadbility. This discrepancy results from the inadequacy of the asgsumption ~ of . - of
_;g" aqual variance of the noise and signal-plus-noise distribu.ions — upon vhich the ich the
predicted functions in Pig. 15 are btased. It was pointed out above and in Refer. Refer
ence 25 that the equal-variance assumption was accepted in the early stages of | & of
data collection in order to facilitate analysis, in spite of existing indications cation
of {ts inadequacy. It was also pointed out above that more recent data on the the
"u ‘ Expected-Value Observer (see Figures 7-10 and accompanying text) indicate that tha’;
a valid sssumption would be the assumption that the ratio of the increment in the in th
f mean to the increment in the standard deviation, M 1s equal to 4. Figure 16 . ‘. :‘e 16
| x shovs the second-choice dsta and the precicted foﬁf‘-choice and second-choice curves W ce cur
3 ; derived from the theory of signal detectability under the assumption that )
; t % = 4 In view of the variance associated with each of the points (each firste l first.
,; — § ~"1wice d' va3 estimated on the basis of 300 observations and each second-choice i ‘hoice
{ proporticn on less than 100 observations) the congruence of the dmta and the 3 “,Ohe
t’ g predicted function shown in Pig. 6 is quite remarkable. %
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5.3 _A Note on the Variance Assumption

The particular assumption made in this paper about the variance of the noise
and signel-plus-noise digtributions, namely that ,:QE' « i, needs qualification in two
respects. First, it is very likely specific to the experimental conditions em-
ployed. Sczomd, il 1s to be regarded as only provisionally applicable to the
present data.

If the variance of these sampling distributions is a function of sample
size, then it may be presumed that their variances are different for different
signal durations, or observation times, and for signals of different sizes, If
the variance of the noise and signal-plus-noise distributions decreases with in-
creages in signal size and duration, then an assumption concerning the increase in
variance with increasing signal iptensity is applicable only to data collected
using & single duration end size of signal. Since the various experiments re-
ported here employed identical signal conditions, it was possible to assess the
adequacy of a single varience assumption for different forms of data, for "yeg-no"
dats in Section 2 and for forced-chcice data in Section 5. Although positive re-
sults were obtained from this check of internal consistency, it showld not be in -
ferred that the particular assumption will describe the results of experiments in-

volving different physical parameters.

Aiso, as indicated, that the assumption that %H; = I derives from thes date

reported “ere ‘s advanced with certain provisions. Other assumpticna have not beer
thoroughly explcred. It may be that ratios equal to certain other conastants will

fit the reported data even better, and that several other constant ratios will fit

the data as well. The sensitivity of the assumed ratio to the existing data has
not as yet been determined. It is likely that more precise data is required for

the purpose of determining the relative adequacy of different variance assumptions.

T T e o P
A

oz

These problems are p.esently being explored; the results will be reported

in the paper concerned with methods of date analysis (Ref.20),
50
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6. DISCUSSION

The general conclusion drawn from the experimental results reported
above 18 that the model provided by the theory of signal detectability (Refs.

15, 16) or more generally, by the theory of statistical decision (Refs. 13, 14, 27,
28) is applicable to the detection behavior of the human observer. This model will
produce data like those observed.

This type of model has come to be callel a "computer model"., The term
"ecomputer”, in this connection, is meant very ienmerally; it includes anything that
processes igformation in & precisely defined way. Quastler's discussion of the
nature of the computer model is pertinent here,

"The computer model may be a system of equations. It may be a

black-box diagram with boxes labelled 'receiver', 'memory', 'trans-

ducer', ‘'decision’, etc. It may be a piece of hardware, It may

have many or few components; it may te determinate or stochastic.

Neither the size nor the type nor the physical nature of the model

matter. All that does matter is that it should serve as a framework

to organize past and future experience" (Ref. 17).
It became clear to the authors, &s the series of experiments reported above was
being carried out, that the model described served admirably the function of
organizing past and future experience. The block-diagram representation of the
model of the Expected-Value Observer, after Quastler (Ref. 17), is shcwn in

Figure 17.

{38 ,v's a K'S CRITERION
COMPUTER

s
!

RECEIVER | OBSERVATION (X ) DECISION
COMPUTER

FiIG.17. BLOCK DIAGRAM OF THE EXPECTED-VALUE OBSERVER
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The same diagrsm applies tc tbe Neyman-Pearson Observer vhen the inmput to

the criterion computer (P(SN), V's, and K's) is replaced by Py(A(B)) = k.

In the case of the A posteriori Observer, there is, of course , no criterion cuam-
puter, and the decision computer is replaced by a computer which makes the trans-
formation from f(x) to P,{SN), having i\x) and P(SN) as input and P (SN) as out-
put. To represent the forced-choice situation, the criterion computer is elimi-
nated, and the decision computer merely selects the greatest of the inmput likeli-
hood ratios as its output.

Each of the five experiments reported adbove demonstrates that the human
observer operates with information in the form of likelihood ratio, u‘i tends
toward optimum behavior. These experiments provide couvincing evidence of the
applicability of the proposed model to the problems of visual detection. The reled
vance of the model is also supported by its congruence with auditory data (Ref.
26). There is, however, still another imposing reason for treating sensory prob-
lems in terms of the model, namely, that the model provides a unification of the
data obtained with forced-choice and yes-no methods of response. If psychophysical]
data is collected and analyzed in accordance with this model, performance in the
forced-choice situation can be preiicted from yes-no data, and vice versa., Ivi-
dence presented elsewhere (Refs. 22, 25) shovs that the estimates of d' from the
two regponse procedures are highly consistent.

It is interesting to note, parenthetically, that the present account is
not among the first to model psychophysical theory after developments in the theory
of statistical decision. Pechner, the founder of psychophysics, was appreciably
influenced by Benoulli who first suggested computing expectations in terme of
satisfaction units. As Boring (Ref. 5) relates the story, Beruoulli's interest

in games of chance led him to formulate the concept of "mental fortune"; a change
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in mental fortune he believed to vary with the ratio that the change in physical
fortune has to the total fortune. This mathematical reliation between mantel und
physical terms wvas the relation that Pechner sought tc establisr ith his puyrcho-

physics.
6.1 The Possibility of a Threshold Theorv

It will be well to consider again, after the pressntation of the data,
the possible veliidf.y of a thecry incorporating the ttreshold coacept. It is
clear that the assuxption of a threshold as previously conceived, one that is very
rarely exceeded by noise alone, is not reasomable. At this time, however, the
existence of a threshold well down into the noise distribution cannct be dis-
credited. To take a eingle exsmple, the data, representing values of P,(A) above
e point between .10 and .30, that are fitted to ths R.0.C. curves in Figures 7
through 10 may be adequately fitted by s straight line through Pgy(A) = Py(A) =
1.0; these data, then, do not preclude postulation of a threshold in the neighbore
bood of the mean of the noise distribution, Purther analyses of the second-choice
data, in relaticn to thresholds at various levels in the noise distribution, are
being undertaken and will be reported elsevhere (Ref. 20).

It should be noted, howsver, that determination of the level of the
noise distribution at vhich a threshold may possibly exist is neither critical
nor ussful. A threshold at such a lsvel is not a readily workable concept. The
primary virtue of a threshold that is rarely exceeded by noise alone is that it
facilitates mathematical treatment of the data, chiefly by being consistent wvith
the usual correction for chance. It has been demonstrated above, hovever, that
mathomatical manipulations must not involve assumptions incompatible with a noise
distribution much of which exceeds a threshold, if a threshold is to be postu-

lated; at this point then, aldhering to a threshold concept complicates the
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methematics. Aa & matter of fact, a threshold at & level well within the rangs
of the noise distribution, is, for all practical purposes, not measuratls. The
forced-choice methodology is & case in point; the observer conveys less informa-
tion than he is capable of conveying if only s first choice is required. That the
second choice contains a significant smount of information has been demonstrated;
it 1s not unlikely that the thimd choice will convey information. Thus it is
very Aifficult for an experimenter to determine when enough informetion has been
extracted from forced choices to yleld s sufficiently lov estimate of the thresh-
old. In eddition, the existence of such a threshold is of no consequence to the
application of the theory proposed here; to take an example, "yes-no" data re-
sulting from a suprathreshold operating level depends on the operating level but
is completely independant of the threshold value.

€.2 Some Implications of the Proposed Model for Psychological Theory

The spplicability of tbe model provided by the thaory of signal detecta-
bility stanus in opposition to the view that the so-~called sensory phenomena are
independent of control by general psychological variables, a viev that is consis-
tent with the concept of tbe threshold. The theory built upon this model takes
into account the influence on detaction behavior of "non-sensory” centrsl deter-
minants,

In couventional theory, the decision concerning the existence of a sig-
ral 1s sassumed to deperd entirely upon the threshold being exceeded, and the
threshold level is assumed to be ‘ndependent of control by other variables that
might influance the attitude or set of the observer. A successful spplication of
the thecry of signal dstactability to peychophysical data leads to the replace-
ment of the threshold concept by a concept of criterion range of acceptance; the
way in vhich the control of this range is conceptualized aclnovledges the rele-

varce of variables that influence aet,
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In the framevork of a statistical theory, it is neceasary tc make an as-
sunption vhich permits the definition of behavior, or'the prescription of riedic-
ted behavior. The concept of the threshold has served this purpose. The assump-
tion that the threshold !¢ relatively invarisnt permiis making predictions which
can be tested experimentelly. In the theory presented here, where the position of
the cutoff between acceptance and rejection of the existence of s signal (the operd
ating level) is assumed to be under the control of the observer, it is necessary
to define the method of control exerted by the observer on the operating level.
The assumption that the observer tends toward the optimm bebavior provides the
necessary definition., Thus, in the typical yes-no experiment, the observer may be
conceived of as regulating the operating level in terms of & priori probabilities
and the values and costs associated with the various types of correct and incorrect
snsvers, in such a vay as to maximize the total expected gain. (It should, per-
haps, be pointed out that these values and costs do exist in the typical yes-no
experiment, vhether o not they are explicitly translated into numerical values).
In the forced-choice experiment, optimum behavior requires that no operating level
be sssumed, and that the interval with the greatest associated observation be se-
lected., Although there has been a general discontent among psychologists with the
concept of a fixad operating level or threshold, there has not been advanced pre-
viously a way of defining the mode of control exerted by the individual over a
variable operating level. .t is the chief virtue of the model provided by the
theory of signal detectability that it specifies operating level variability.

6.3 Some Implications for Practice

The results of these experiments, of the Expectad-Value experiments in
particular, give an account for Blackwell's (Ref. 3) finding that forced-cholce

data are more reliable than yes-no data. In the yes-no experimental setting, vhen

the usual caution against making false-alarm responses is included, the operating

. rect]
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level may vary over a wide range, with the variation having no direct reflection

in the data. False-alarm rates of .0l, .0U1, and .0001, for example. ure nct dis-
criminable in an experimentally feasible number of nbservations. This fact may
also account for the failure to detect previously the operation of a mechanism
with a variable operating level.

The results presented above ccount also for the orten-reportedl fipding
tha* the forced-choice procedure yields lower calculated thresholds than does the
yes-no procedure. Ccnventionally, observers are crutioned against making false-
alarm responses in yes-no experiments., It is very likely that the stigms attached
to "hallucinating" serves to depress Py(A) in those test settings not including an
explicit wvarning to avoid false alarms. The inverse relationship between PI(A)
and calculated threshold predicted by the theory of signal detectability is dis-
cussed in Reference 25. Data substantiating this predicted relationship include
tbe correlations reported above and in Reference 25 betveen Py(A) and calculated
threshold, and that shovn in Pigure 5 above. Plots of Pm(A) vs, PN(A) which do
not fit a straight line through Pge(A) = Py(A) = 1.00(such as in Figures 7-10)
provide another wvay of saying the same thing. The relationship between d' snd
PN(A) at "threshold” is described in more detall ia the forthcoming peper on
methods (Ref. 20).

In spite of the view that "sensory" phn'no-ana are peripherally deter-
mined, the necessity of assuming & constancy of "set" across pecple and over time
in psychophysical experiments has been generally accepted. Effecting this cou-
stancy is a primary function, st least {n the yes-no experiments, of the verbal
instructions. The theory of signal detectability and the experiments reported
have advanced a check on the assumption of constancy of set with respect to the

most important aspect of set in yes-no experimernts, namely, the location of the

Tcvigve earlier litersture on 'subliminal perception” that is relsvant to this

Lch do

Y. See, Tor exmmple, Blackwell (Ref. 3) and Goldiamond (Ref. 9). Miller (Ref. 12)

point.
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cutoff between acceptance and rejection of the existence of a signal. This re-
search has demonstrated that a measurable estimate of Pg(A) can be, and showld be,
By the same token, theoretical support has been

producad in yes-no experiments.
provided for the advisabiiity of using the forced-choice procedurs vhenever pos-

sible. With this tectniqus, the observer is not faced with the problem of locat-
ing and maintaining the stability of an operating level, and thus a scurce of
variance in the data is removed. Since a method for unifying forced-choice and
yes-no data has been provided (Refs. 22, 25), forced-choice technig ' can be used
even vhen an estimate of performance in the yes-no situation is desired. The pracs
tical import of this is that data pertinent to yes-no situations, that is more re-
liable, can be obtained with greater economy. This topic is treated in more de-

tail in the paper on mathods (Ref. 20).
That the condition of the organism affects perception has been demon-

struted previous to the studies reported here. The theory of Ames and his co-
wvorkers (Ref. 1), the "nev look” theory of Bruner and Postman (Ref. 6), and the
theories of Hebb (Ref. 11), Brunswik (Ref. 7), and Woodworth (Ref. 29) have taken

The present ac-

into account the effect of "non-sensory” cantral determinants.

count, however, goes beyond the stage of demonstrstion; it provides operatiocaal

The present account, then,

and theoretical specifications of the "conmditions”.
satisfies the desidersta discussed Uy Oraham (Ref. 10): the conditiocns of the

organism are specified at other than the coanversational level; the conditions are
defined in the theory and suchored to operations at both ends. Since the varimbies
vhich determine these conditions are expressed quantitatively, the gquaatificatioa
of an important group of imstruction stimuli has been achieved. Said snother wvay,
this esearch proceeds & step in the direction of specifying conditions of the
organisa, due to (nstructions, as parameters cf observable stimulus-response

relations.
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