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A logical analysis of the problem of the experimental study of perceptual
independence is undertaken. Necessary distinctions are: between the definition
of independence as zero correlation and its definition as performance parity,
between normative models of perceptual process and models of perceptual
state, between experimental designs which use orthogonal stimulus inputs and
those which use correlated inputs. In addition, it is often necessary to specify
an organismic decision rule, which can be of many types and can occur with
respect to process or to state. Implications of this analysis are: Perceptual
independence is not a unitary concept; it can be studied most effectively with
experiments using orthogonal inputs; when correlated stimulus inputs are used,
so many underlying assumptions have to be made that it is almost impossible
not to find a model which satisfies both the concept of independence and any
given experimental result; state independence is intimately related to process
independence; and search for the locus of interaction is probably a more

useful approach than trying to determine whether independence exists.

A major problem under attack by experi-
mental psychologists in recent years is the
determination of how the organism deals with
and makes use of multiple sources of informa-
tion. To illustrate some of the many types of
experimental question being asked: If two
tones are presented in succession to one ear,
is the resultant probability of detection
greater than if just one tone is presented?
If a tone is presented simultaneously to the
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two ears, is the threshold lower than if the
tone is presented to one ear alone? If a set of
stimuli covaries in two attributes, such as
color and size, are absolute judgments of
these stimuli more accurate than if they
vary in just one attribute; that is, does
redundant stimulus information improve per-
ceptual performance? Does the probability
of correct identification of a visual form im-
prove if it is presented simultaneously to two
parts of the same eye, or to the two eyes to-
gether, or perhaps to the same eye in succes-
sive time periods? In searching for a target
form among many different forms all on a
single display at the same time, can the
organism simultaneously search for this target
in all locations at once, or must it successively
scan the different target locations? Still fur-
ther, if we present different speech passages to
the two ears, can the organism show adequate
perceptual response to each without inter-
ference from the other? Or, as a last example,
suppose the prior verbal context for a word
is given as one source of information, and the
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word is then presented under adverse stimulus
conditions, how does performance with both
sources of information relate to performance
with either alone?

In all of these examples there is a similar
conceptual problem: Does the organism proc-
ess the two or more sources or channels of
information independently? This question con-
cerns primarily the perceptual process, but
the question of independence must necessarily
involve the nature of stimulus independence,
response independence, and decision independ-
ence, since all of these conceptually separable
processes are involved in any single experi-
ment on the problem.

Even though all of the experimental ques-
tions mentioned previously are actual cases
from the experimental literature (most refer-
enced in this paper), the purpose of the present
paper is not to review or criticize this experi-
mental literature but to provide a logical
analysis of the problem itself. For this pur-
pose entirely hypothetical data are used in the
illustrations, so that special aspects of the
problem can be illustrated more clearly than
is possible with any real experiment, which
nearly always will involve more than one
aspect of the problem of independence. The
use of such idealized data does not mean that
the problems do not exist in real experiments
but only that the several aspects of the prob-
lem can be easily separated with idealized
data.

Tue RoLE oF NorMATIVE MODELS

A common and logically sound method of
dealing with this problem is to use a norma-
tive model (ordinarily mathematical) whose
purpose is to establish what ideal performance
should be with the assumption of independ-
ence, to provide a base line against which to
compare actual performance. Without such a
base line, any given experimental result is
so crudely qualitative that we obtain little
generality to our understanding of the prob-
lem. Thus the normative model provides
meaningful interpretation of any given experi-
mental finding.

The need for models in understanding
perceptual independence has clearly been
recognized, since it is a rare experiment in
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this area whose results have not been evalu-
ated against some model of independence. The
rather special role of the normative model
has perhaps been less well understood, how-
ever, since models often are accepted or re-
jected on the basis of the fit of the data to a
particular model. But the special role of the
normative model is not to describe a par-
ticular perceptual process but to provide a
norm against which results are evaluated.
Thus we should not ask whether the model
is right or wrong but rather to what extent
the experimental results conform to the cri-
terion of independence which the particular
model implies.

This is not to say that normative models
cannot be wrong; rather, it is to say that the
basis of their being wrong (or right) is not
so much in fitting data as in correctly re-
flecting the underlying concepts or processes
which the experimenter intends them to re-
flect. Further, normative models may be more
or less useful not insofar as data fit a par-
ticular model but insofar as the model helps
clarify the nature of the process when the data
do not fit the model. Thus, not only must the
normative model indicate expected values, it
must be expressed in such a form that we can
understand why the data do not fit the model.
Simple rejection of a null hypothesis is much
less valuable than understanding the nature of
the process which leads to rejection of the
hypothesis.

In looking over the many models used in
the study of perceptual independence and the
experimental situations to which they are ap-
plied, it seems that several sources of con-
fusion have led both to a proliferation of
models and to a lack of emergence of a few
basic explanatory concepts. These particular
confusions do not concern whether various
perceptual processes are in fact independent.
Instead, the confusions concern logical and
rational aspects of the very question which
is being asked, and these are the things dis-
cussed here. There are three basic factors
which need to be considered: (&) the defini-
tion of independence that is used, (d) the
type of model that is used, and (c) the ex-
perimental paradigm within which the problem
is investigated. The present paper considers
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these factors and the interrelations between
them in the interest of providing some clarifi-
cation of the study of perceptual independ-
ence.

INDEPENDENCE: CORRELATION OR PARITY

There are two basic definitions of independ-
ence which are used, that of zero correlation
and that of performance parity. While these
two definitions are related, both concepts can
be operative in a particular experimental
situation, and the two different definitions of
independence are themselves capable of being
independent.

Zero Correlation

The most basic definition of independence
in any formal sense is that two variables or sets
of events are uncorrelated. We say that out-
comes of coin tosses are independent if the
outcome on Trial # is uncorrelated with the
outcome on Trial » — 1. We say that two
tests are independent if their scores do not
correlate across subjects. Even the commonly
used cross-multiplication of probabilities to
establish independence is essentially a zero-
correlation criterion, since the cross product is
the value of joint occurrence which obtains
with zero correlation.

Insofar as possible, metric definitions of
zero correlation are desirable, since with such
measurable correlations exact limits of maxi-
mum and minimum correlation can be speci-
fied. Nevertheless, there are many experi-
mental problems to which correlation as an
exact measure is not applicable, although the
idea of independence and even of correlation
at a conceptual level is. For example, we
speak of two speech passages as uncorrelated
if they are simply completely different pas-
sages. If the same passage in the same voice
is presented to, say, the two ears simultane-
ously, we can say that the two ears are re-
ceiving correlated messages; but if the pas-
sages are simply unrelated, it seems more
reasonable to talk about lack of correlation
rather than zero correlation, since clear metric
specification of correlation is not possible in
this case.
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Performance Parity

An alternative definition of independence is
that of performance parity. Briefly stated,
the performance-parity criterion is that two
perceptual processes are considered independ-
ent if performance on two perceptual tasks
carried out simultaneously is the same as the
sum of the performances on each task cartied
out separately. The two tasks might require
dealing with information in two modalities, or
two subaspects of the same modality, or two
dimensions of a set of stimuli, With certain
tasks, this criterion of independence seems
intuitively reasonable, although in others it
does not. Certainly it is worth considering
why performance parity should be used as a
criterion of independence at all, and how it
has come to be accepted as such a criterion if
the basic definition of independence is zero
correlation.

Relations between Correlation and Parity

There are definite relations between the
performance-parity and the zero-correlation
criteria of independence that have allowed
substitution of the derived parity criterion
for the direct correlation criterion. Consider,
for example, the relation between the vari-
ance of a sum (or difference) and the variance
of the components making up the sum. If we
have just two variables, X and ¥, then

Sz(x+ Y) = S2x + S2Y ’f‘ ZVXYSXSY, [1J

where S? is a variance. The same relation
holds for the difference of two variables ex-
cept that the correlation term is negative.
This relation says, in words, that the variance
of a sum equals the sum of the variances of
the individual variables if and only if the
correlation between the two variables is zero.
Thus the criterion of independence as zero
correlation becomes a criterion of parity of
the variances; and in many situations, it is
easier to test the parity consequence than to
measure zero correlation. For example, if we
have two sets of scores with known variances
and also know the variance of their sums, we
can say that the two sets of scores are uncor-
related if parity of the variance holds. Thus
we can say that the two sets of scores are
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independent without actually calculating the
correlation between the sets.

Completely similar relations exist with the
information meiric. Using Garner’s (1962)
notation,

UX,Y) =U0X)+ U@ - UX:Y), [2]

which in words states that the joint un-
certainty (or information) of variables X and
¥ equals the sum of the uncertainties of vari-
ables X and Y separately minus the contin-
gent uncertainty between X and V. Thus
parity of information holds if and only if
there is no contingent uncertainty (a kind of
nonmetric correlation) between X and V.

Further examples of the intimate relation
between correlation and parity come from the
multiple-predictor situation. For example, in a
bivariate analysis of variance (i.e., two pre-
dictor variables plus one criterion variable),
the total variance of the criterion equals the
sum of the variances due to the two pre-
dictor variables only if there is no interaction,
which is a kind of correlation between the
two predictor variables in terms of their ef-
fects on the criterion. And a squared multiple-
correlation coefficient equals the sum of the
squared correlations of the criterion variable
with each predictor variable if and only if the
two predictor variables are themselves un-
correlated, that is, independent. Once again,
completely analogous relations exist with the
information metric (see Garner & McGill,
1956).

Thus there is a clear formal rationale which
lies behind the use of performance parity as
an indirect criterion of independence. What
has happened, however, is that the perform-
ance-parity criterion has become quite inde-
pendent of the formal rationale; it has be-
come functionally autonomous, so to speak.
This functional autonomy is entirely reason-
able, since performance parity can be mea-
sured in situations where there is no real
possibility of measuring a correlation of any
kind, and yet where the need to ask about
perceptual independence is more than ap-
parent. To illustrate, suppose we present
different speech in two ears and ask for total
comprehension. If both passages can be fully
understood (as determined by some per-
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formance measure), we say that parity has
been satisfied and infer that the processes are
independent. Vet there is no meaningful way
to measure a correlation cofficient of any kind.
Or, alternatively, we present a verbal context
plus tachistoscopic exposure of a word, and
we assume independence of the two sources of
information if somehow performance with
both sources can be shown to be the sum of
the performances when each source of in-
formation is separate.

Thus there is a real need for a performance-
parity criterion of independence, if it can be
applied without serious distortion of the
fundamental concept of independence. How-
ever, the parity criterion should be used
only when there is no reasonable possibility of
measuring correlation directly. In some cir-
cumstances, it is entirely reasonable to ask
about perceptual independence both as zero
correlation and as performance parity in the
same experimental situation.

Parity and Process Separability

Both the correlation criterion and the
parity criterion of independence can usually,
although not always, be applied to data in
some form; that is, they are operationally
definable with respect to directly obtained ex-
perimental data and derived properties of
these data. Yet even though these concepts
can be considered external to the organism
under study, the aim of psychologists is ulti-
mately to understand the internal processes
responsible for these external concepts.

Related to this entire question of independ-
ence is the organismic concept of process
separability, which is simply the assumption
that two processes act separately in the
organism and thus can go on independently of
each other. Such an organismic concept, with
its connotation of process interaction, can be
related conceptually either to the correlation
or the parity criterion of independence; that
is, to say that two processes interact could
mean that they are in some way correlated or
that each process in some way limits perform-
ance with respect to the other, perhaps by
sharing a common channel. In actual practice,
however, the concept of process separability
is nearly always related to the parity criterion
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of independence and is most frequently ap-
plied in situations where correlation cannot
be directly measured.

There are many terms used in reference to
the general idea of process separability. In
recent years, the distinction between parallel
and serial processing has received considetable
attention (see Neisser, 1967; Posner &
Mitchell, 1967, among others). The notion
of parallel processing is that two perceptual
acts can occur simultaneously with perform-
ance parity. Alternatively, the serial process-
ing idea is that only one process can occur at
a time, so that some form of process time
sharing is necessary. Exact interpretation of
these two concepts in terms of process in-
dependence is actually rather tricky, since
models which assume parallel processing do
not invariably lead to performance parity
(see Egeth, 1966). In addition, the assump-
tion of a short-term memory which pre-
serves information completely makes possible
a serial model with no loss of parity.

Concepts such as serial and parallel process-
ing, or the more general idea of process sepa-
rability, even though they may be useful in
their own right, often produce only confusion
when related to the problem of perceptual
independence. Certainly at times there is real
contradiction between the separability idea
and performance parity. Lockhead (1966),
for example, introduced the idea of stimulus
integrality (quite the opposite of separability)
to explain the circumstances under which per-
formance parity will occur in an absolute-
judgment task involving multiple stimulus di-
mensions. Other authors, for example, Shepard
(1964), Hyman and Well (1968), and Handel
(1967) introduced the separability idea to
explain greater summative effects of two stim-
ulus dimensions in judgments of stimulus dif-
ferences. Thus we have the conflicting claims
that separability is required for greater dif-
ferentiation and that it prevents performance
parity. And yet each seems intuitively reason-
able in its own context.

As another illustration, consider Broad-
bent’s (1958) concept of a filter process, a
process in which one of two input channels is
completely rejected while the other is passed
through. Such a concept suggests process
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separability, since clearly the organism can
prevent interaction between two channels.
At the same time, if the organism does reject
one while accepting the other, we have evi-
dence of serial processing, a concept which
suggests nonseparability of process. To some
extent, these apparent confusions can be clari-
fied by distinguishing between process sepa-
rability and channel separability.

However, at the present time it is not clear
that organismic concepts related to either
process or channel separability (and thus ap-
pearing to be intimately related to the ques-
tion of perceptual independence) are in a
position to clarify the problem of perceptual
independence. And, conversely, it is not clear
that concepts of perceptual independence are
in a position to clarify the problem of channel
or process separability.

TvPE oF MODEL

With regard to type of model, at least three
kinds of distinction need to be made. Further-
more, it is not always clear that the distinc-
tion should be attributed to the type of model
rather than to the pature of the process as-
sumed, since if the model has any hope of
reflecting psychological reality (i.e., processes
inside the organism), at least some of the
properties of the model will be reflecting
properties of the organism. Where we choose
to make the distinction is, however, less im-
portant than that we make it and recognize
the consequences of the distinction as related
to our understanding of perceptual independ-
ence.

Process versus State Models

The first and most important distinction is
between models concerned with independence
of the direct process itself and those models
which are concerned with independence of
the states of the possibly separate channels,
To illustrate, we can ask whether apparent
brightness is influenced by color, and this is
a question which concerns correlations be-
tween judgments of brightness and variations
in color. If there is no correlation, we say that
brightness is independent of color. Thus this
question concerns whether the color and
brightness processes are correlated in the
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sense that the relevant processes themselves
are influenced.

Alternatively, suppose we ask about the
accuracy of judgments of color and of bright-
ness and assume that the organism fluctuates
in its ability to perform these tasks accurately,
that is, that the organism has varying states
which define its perceptual capability. Now
we can ask whether there is a correlation be-
tween the state of the organism with regard
to color judgments and with regard to bright-
ness judgments, which is not to ask whether
brightness is influenced by color but whether
performance related to each of these at-
tributes is correlated over time. Such a cor-
relation does not require any process inter-
action.

Models of perceptual states are used most
commonly, but not at all exclusively, in ex-
perimental situations in which thresholds are
being measured. In such tasks, it seems
reasonable that the basic sensitivities of the
two eyes for example, or of two areas on the
same retina, vary and that they vary in a
correlated fashion. With such models, the cor-
relation sought is between right and wrong
responses with respect to the two or more
channels, and in simplest fashion we simply
ask whether errors are correlated. Models
concerned with the independence of percep-
tual states can be considerably more sophisti-
cated, however, allowing the assumption of
several states, and with explicit statement
of decision rules related to these states (see
Eriksen, 1966, for an illustration).

The importance of the distinction for pres-
ent purposes lies in the fact that assumptions
about process independence necessarily enter
into models concerned with perceptual states,
and vice versa; and these relations can be
fairly complicated. We will see, for example,
that a particular type of process interaction
can lead to performance on a joint perceptual
task which is greater than parity, while at
the same time producing a result with a
state model which is less than parity. Per-
ceptual processes and states of the organism
are really part of the same total problem,
and models of either require implict or ex-
plicit assumptions about the other.

Logically, the distinction between process
and state models can concern either the zero-
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correlation or performance-parity criteria of
independence. However, parity relations be-
tween process and state models are generally
quite straightforward, so that there is little
need to distinguish these two types of model
with the parity criterion. Where the distinc-
tion is potentially very important is in regard
to the correlation criterion, since process cor-
relation can exist without state correlation
and vice versa. Furthermore, the distinction
between process and state becomes important
when we have to be concerned with real or
hypothetical decision rules, since decision
rules can be applied with regard to either
state or process.

This distinction between process and state
independence, while discussed here in the
specific context of perceptual independence, is
not limited to immediate perceptual function-
ing at all but is a necessary distinction for
any aspect of human performance. For ex-
ample, two response systems may be non-
independent in the sense that two direct
processes interact, such as right- and left-hand
simultaneous responding; or there may be
correlated fluctuations in state produced by
total organismic alertness, fatigue, etc. Similar
distinctions need to be made with respect to
memory processes. To illustrate, if both letters
and numerals are held in memory, there could
be direct process interaction between the
classes of items, producing either interference
or facilitation, but there could also be state
fluctuations, either correlated for the two
classes of items or independent, which affect
the overall level of performance on the mem-
ory task. Thus the distinction is a very broad
one applying to a wide range of psychological
problems.

Direct versus Indirect Models

Nearly all models used in tests of per-
ceptual independence can be classed as testing
for independence either directly or indirectly.
What constitutes directness is not so much a
property of the model itself but rather is the
relation of the model to the kind of independ-
ence being tested. Thus if zero correlation
is being taken as the criterion of independence,
a direct test of this criterion would require
experimental measurement of correlation in
some form. An indirect test would involve
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measurement of some consequence of the lack
of correlation. For example, suppose geo-
metric patterns are presented to four different
retinal locations, and separate identification
of each is required. The number of correct
identifications on a single trial can range from
zero to four, and these should be distributed
as the binomial if there is no correlation be-
tween performance at any of the retinal posi-
tions. This illustration is, of course, one of
state correlation rather than process correla-
tion, so the binominal test in this case is an
indirect test of the zero correlation assumption
in a state model (see Eriksen & Lappin, 1967,
and Estes & Taylor, 1966, for examples).

The performance-parity criterion of in-
dependence can be tested indirectly as well.
For example, if performance parity exists,
then as we add perceptual tasks to an already
existing one, performance on the first task
should not decrease. If we take this lack of
interference on one task as evidence of parity
for both, we are testing the parity concept
indirectly., This paradigm has been used
especially in studies of memory.

We have already noted that performance
parity can itself be considered as an indirect
consequence of the more fundamental criterion
of zero correlation. Yet because it can be and
has been used as a direct criterion so often,
it is better to consider models pertaining to
performance parity as direct tests, and only
those cases where indirect consequences of
parity itself are involved should be considered
as indirect tests.

Measurement Properties

Another distinction concerning models is
that of the type of measurement property
assumed in the model. Since we are talking
about mathematical models, the type of model
which can be used depends very much on the
kind of data which can be collected and the
organismic processes which the data are pre-
sumed to reflect.

Models involved in the study of perceptual
independence have involved essentially just
three measurement properties:

1. Probability models, where simple class
occupancy is involved. Models involving per-
centage correct responses, or binomial dis-
tribution, are of this type.
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2, Information models, in which the infor-
mation metric is applied to probability dis-
tributions. In one sense these models could
be considered as a subclass of probability
models. However, there are some sets of prob-
ability data to which the information metric
cannot be meaningfully applied; furthermore,
the information model is so intimately as-
sociated with the entire problem of perceptual
independence (since the problem is really a
question of independence of information
processing) that it is useful to consider it
as a special class of model.

3. Metric models, in which the variables
are measured on some form of metric, usually
involving at least interval scale properties,
that is, the metric holds to a linear trans-
formation, Models involving product-moment
correlations, variances, d' (as in signal detec-
tion theory), and scales of perceptual distance
are all of the metric type.

The measurement property of the model
does not assume an important role as a logical
problem, because the kind of metric used has
much more to do with the specifics of the type
of performance than with any general con-
siderations involving type of independence
and experimental paradigm. Any of the types
of measurement can be used with respect to
either criterion of independence, with process
and state models, with direct or indirect
models, and with any experimental paradigm.
So the kind of measurement assumed in a
model will enter into this discussion only as
specific illustrations of points being made.

EXPERIMENTAL PARADIGMS

There are many specific experimental ar-
rangements which can be and have been
uced in the study of perceptual independence,
depending to a great extent on the par-
ticular substantive topic under consideration.
Here, however, since the concern is primarily
with the general logic of such studies,
four basic experimental paradigms are dis-
tinguiched, and the distinctions depend en-
tirely on the nature of the correlations be-
tween stimuli and between responses in the
experiment. If perceptual independence is
under investigation, then the independence in-
volved in the stimuli themselves, and the in-
dependence in the responses required hy the
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experimental arrangement, must be crucial in
our understanding of any independence which
occurs between the input and the output of
the organism. Clearly we cannot attribute in-
dependence or the lack of it to internal organ-
ismic processes unless we know the kinds of
relations which exist within the stimuli and
within the responses themselves.

Complete Orthogonal Experiments

The basic, and in many ways ideal, experi-
ment for investigating perceptual independ-
ence is one in which the stimuli themselves
are orthogonal or uncorrelated, and in which
the response arrangement is one which permits
orthogonal response variables corresponding to
the stimulus variables. That is to say, the
stimulus variables are independent, and the
response variables are capable of independ-
ence, so that any lack of independence in
performance can reasonably be attributed to
internal organismic limitations rather than to
limitations inherent in the experimental ar-
rangement itself,

Process  correlation. This experimental
paradigm is ideally suited to the use of models
which use zero correlation as the criterion of
independence and which are concerned with
perceptual process. In this paradigm, there
are manifest data in which correlation can
exist, and if the correlation in the stimuli is
known to be zero, and the correlation between
responses could have been zero, then any ob-
tained correlation may be attributed to
properties of the organism.

Nevertheless, the actual measurement of
correlations which indicate lack of perceptual
independence is more complicated than at
first glance it might seem. To illustrate, as-
sume that we present a series of visual stimuli
which vary in both area and brightness and
that all areas occur in combination with all
brightnesses; that is, the stimulus variables are
themselves uncorrelated. Then we require the
subject to make an identifying response, and
on each stimulus presentation he must identify
hoth area and brightness. The question is,
given such data, what kinds of correlation
can be measured which are meaningfully re-
lated to the problem of perceptual independ-
ence?
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This problem is discussed with the informa-
tion metric, because relations within such a
set of data have been well worked out (see
Garner, 1962). Furthermore, the information
metric provides a closed analytic system, one
in which we can identify the total constraint
existing in a system of variables and then can
partition this constraint into various meaning-
ful terms while at the same time being assured
that no part of the total constraint has been
left out. Thus it is the logical properties of
the information metric which are important,
rather than the measurement properties per
se. Once the various terms have been identi-
fied, any of a number of measures of per-
formance or correlation can be used with
equal effectiveness.

There are four variables to consider: Two
stimulus variables, arca (4) and hrightness
(B), and two response variables, response to
area (@) and response to brightness (b). We
can write an expression for the total constraint
within this system of four variables, U(a:b:
A:B), and this total constraint can then be
completely partitioned into several com-
ponents especially meaningful for the ques-
tion of perceptual independence:®

Ula:b:4:B) = U(A:BY+ Ula:A) + U(s:B)
+ U[f(b:/‘l) + [,T1 ((LB) + UA 1;((1!6). [3]

The term U(4: B) is the contingency (or non-
metric correlation) between the two stimulus
variables, and it is zero because we use these
variables orthogonally. The next two terms
are the direct contingencies in which each re-
sponse variable is correlated with its ap-
propriate stimulus variable. These are the
terms we would expect to be high, since they
indicate the extent to which the subject can

3 This particular partition of the lotal constraint
has not been used before. Its derivation can be seen
from equations given by Garner (1962). From
Garner’s Equation 5.8,

U(a:b:4:B)=U(a:b,A,B)+ U(b:4:B).
From Equation 4.11, the first term on the right he-
comes

U(a:5,4,B)=U(a:4)+ Us(a:B)+ Usn(a:d).
From Equations 5.3 and 4.4, the second term on
the right becomes

Ub:4:B)y=U(4:B)+UWb:B)+ Us(b:4).
Combining these terms gives Equation 3 in the
present paper.
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accurately judge area and brightness. And the
normative model for perceptual independence
is that only these two terms are nonzero.

The last three terms all have something to
do with the question of perceptual independ-
ence. Two of the terms are of the same form,
Up(b:A) and Uy(a:B). These are partial
cross contingencies (exactly analogous to
partial correlation), each of them measuring
the correlation between a response variable
and the inappropriate stimulus variable, with
the effect of the appropriate stimulus variable
partialed out. These two terms are directly
relevant to the question of perceptual in-
dependence, since each of them describes a
sort of “crossing over” from one perceptual
system to another. To illustrate, suppose
that judged brightness is increased with large
areas and that judged area is increased with
high brightness; the effect would be that the
response to area is correlated with stimulus
brightness, and the response to brightness is
correlated with stimulus area. Thus the cross
contingencies are greater than zero.

The last term in Equation 3 is the partial
contingency between the two response vari-
ables with both stimulus variables held con-
stant, their effects thus being partialed out.
At first glance it would appear that such a
term is not concerned with perceptual inde-
pendence, since it measures response correla-
tion with stimulus effects partialed out, Vet
as seen in more detail subsequently, such a
term indicates error correlation, which can
clearly be perceptual error as well as response
error. Furthermore, this term, while being a

TABLE 1
COMPLETE INDEPENDENCE
Complete Orthogonal stimulus variable
response z
variable A1B1 A1B; A3B1 A1B;
aib; 9 6 6 4 2
ay1be 6 9 4 6 25
ash 6 4 9 ¢ 2
aghe 4 6 6 2 25
5 25 25 25 25 100

Note.—~Data matrices are for the case in which stimulus
variables A and B are each responded to with 60% accuracy,
and both perceptual processes and response processes operate
completely independently. Cell entrfr is percentage of joint
occurrence of multiply defined stimulus and multiply defined
response,
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TABLE 2

DatA FroM TABLE 1 REDUCED TO
PERCENTAGE CORRECT

Variable
Variable >
A+ A—
B+- 36 24 60
B— 24 16 40
p 60 40 100

Note.—*'+'"" {s correct and ‘‘ ="' I8 incorrect, Ceil entry is
percentage of joint occurrence of correctness for stimulus
variables 4 and B, Tables 1—10 are all of the same form and the
cell entries have the same meaning as indicated here, U{A¢: Bc)
=0, Percentage correct for: inclusive disjunction = 84
50-50 on doubtfuls = 60; conjunction = 36.

measure of process correlation, is directly re-
lated to state correlation.

In order to clarify the uncertainty analysis
and in order to give some additional meaning
to the terms which are relevant to the prob-
lem of perceptual independence, the authors
have prepared five sets of idealized data
which illustrate conceptually different types
of process correlation. These data, in the com-
plete orthogonal form, are given in Tables
1-10; the actual data matrices are given in
the odd-numbered tables, and the reduced
data matrices in the even-numbered tables.
Uncertainty calculations from each set of
data are shown in Table 11, In each case,
dichotomized stimulus variables 4 and B and
dichotomized response variables @ and & (the
subscripts 1 and 2 indicate the level of each
stimulus or response variable) are used. Also
in each case, each level of each stimulus
variable always occurs equally often and the
two variables are orthogonal in keeping with
the immediate concern. In addition, each level
of each response variable occurs equally often,
although in three cases there is some cor-
relation between responses.

Complete independence is illustrated in
Tables 1 and 2, and this case is the normative
model for perceptual independence. Stimulus
variable 4 is responded to with response vari-
able ¢ with 60% accuracy, and there is equiv-
alent accuracy for B. These two terms show
in Table 11 as 0.029 bit of direct contingent
uncertainty each, and the total constraint
in the system of four variables is 0.058, the
sum of these two terms. There is no cross
correlation (i.e., b is not correlated with 4,
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TABLE 3 TABLE §
ERrROR CORRELATION JoinT RESPONSE Bias

Complete Orthogonal stimulus variable Complete Orthogonal stimulug variable

response z response z

varlable A1B: A1B; A:B1 A:Bs variable A1B: A1B: AqB A:B2
aby 11 4 4 6 25 aihy 11 8 8 6 33
a1be 4 11 6 4 25 a1bg 4 7 2 4 17
a9by 4 6 11 4 25 ashy 4 2 7 4 17
a2by 6 4 4 11 25 ashe [ 8 8 11 33
> 25 25 25 25 100 > 25 25 25 25 100

Note,—Data matrices are for the case in which stimulus
variables A and B are each responded to with 609, accuracy,
and there is a tendency for both response variables (2 and b) to
be right together or wrong together; that is, errors are correlated.

nor ¢ with B), and there is no correlation be-
tween the responses, that is, there is no error
correlation.

Error correlation is illustrated in Tables
3 and 4, there being perceptual independence
otherwise. Stimulus variables 4 and B are
still each responded to with 60% accuracy,
thus giving 0.029 bit of direct contingent
uncertainty in Table 11. However, if @ is in
error to 4, the probability that & is in error
to B is increased. In Table 11 this relation
shows up as the double partial term, Uyp
(a:b), with a value of 0.081 in the actual
illustration. There is, however, no cross cot-
relation, each response variable responding
only to its appropriate stimulus variable. The
total constraint in this case is 0.139, which is
the constraint for the complete independence
case plus the additional constraint in the
response system. Note that response or error
correlation produced this way does not pro-
duce an overall contingency between the two
response variables: U(a:b) is zero. Thus it is
important to differentiate between the simple

TABLE 4

DATA FrROM TABLE 3 REDUCED TO
PERCENTAGE CORRECT

Note,—Data matrices are for the case in which stimulus
variables A and B are each responded to with 60% accuracy.
but there is a joint response bias such that the same @ and b
responses are made more frequently than different ¢ and &
responses,

contingency between responses and the con-
tingency with the stimulus effects partialed
out.

Joint response bias is illustrated in Tables
5 and 6 and is a different way in which there
can be constraint in the response system.
(Once again, the two direct contingencies each
give 0.029 bit of contingent uncertainty, in-
dicating the same level of 60% accuracy for
each stimulus variable.) In Tables 3 and 4
the correlation was between errors in the two
systems, but the proportion of times that each
combination of responses was made remained
at 0.25. In Tables 5 and 6, however, all re-
sponse combinations are not used equally
often, even though both levels of each re-
sponse variable are used equally often. This
is to say that there is correlation between
the responses, measured by U(a:5) in Tables
5 and 6. A simple case where this might
happen is in a threshold test for two visual
stimuli at two retinal locations. If the subject
reports seeing both or neither more often than
one and not the other, he is exhibiting a joint

TABLE 6

Data ¥roM TABLE 5 REDUCED TO
PERCENTAGE CORRECT

Variable Variable
Variable z Variable %
A+ A- A+ f A-
B+ 44 16 60 B+ 36 ‘ 24 60
B-— 16 24 40 B— 24 16 40
b 60 40 100 > 60 40 100

Note.—U{(A4.: Be) = 0,081, Percentage correct for: inclusive
disjunction = 76; 50-50 on doubtfuls = 60; conjunction = 44,

Note.—U(A¢: Bs) = 0. Percentage correct for: inclusive
disjunction = 84; 50-50 on douhtfuls = 60; conjunction = 36,
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TABLE 7 TABLE 9
SINGLE PERCEPTUAL PROCESS SINGLE RESPONSE PROCESS
Complete Orthogonal stimulus variable Complete Orthogonal stimulus varfable
resppx‘;?e z resp'on?e z
variable A1B: A1B: A:2B: A2B2 variable A1B1 l A1B: ! A:B1 A2B:
ahy 9 9 4 4 26 ahy 15 15 10 10 50
@10y 6 6 6 6 24 arbe (4] 0 0 0 0
ash, 6 6 6 6 24 ashy 0 0 0 0 0
asby 4 4 9 9 26 asbe 10 10 15 15 50
> 25 25 25 25 100 h 25 25 25 25 100

Note,—Data matrices are for the case in which both response
variables ¢ and b are in response to stimulus variable A, each
with 609, accuracy, and the two responses are otherwise made
independently of each other.

response bias. The consequences of such a
bias, as seen in Table 11, is also to produce a
nonzero value for Uyp(a:d), and a total
constraint which is increased from the in-
dependence case by this amount. So unlike
Tables 3 and 4, in this case there is contin-
gency between responses both with and with-
out the effects of the stimulus partialed out.
A single perceptual process is illustrated in
Tables 7 and 8 but with independent response
processes. For this case it is assumed that
both response variables, @ and b, are made in
response to stimulus variable 4, each with
60% accuracy, and that neither is correlated
with stimulus variable B. However, beyond
this fact, the two response variables are made
independently of each other insofar as pos-
sible. In uncertainty terms, the direct contin-
gency, U(a:A4), remains at 0.029, but instead
of the other direct contingency term having
this same value, it now appears as the partial
cross contingency, Up(bd:4), with the same
value of 0.029. And the total constraint is
the same as it was for the independence case

TABLE 8
Darta ¥roM TABLE 7 REDUCED TU
PERCENTAGE CORRECT

Note,—Data matrices are for the case in which response
variable ¢ is used with 60% accuracy in response to stimulus
varxable A, and response variable b is then copied from a;
that is, the twa response variables are perfectly correlated and
are used in response to A4 with 609, accuracy.

in Tables 1 and 2. While this arrangement
produces no error correlation, Uyp(a:d), there
is a small amount of contingency between the
two responses when the effect of the stimulus
is not partialed out, U(a:b), and this is due
to the fact that two things each correlated
with a third must be correlated with each
other, the extent depending on the degree of
correlation each has with the third.

A single response process is illustrated in
Tables 9 and 10. The two response variables
are perfectly correlated, and then this effec-
tively unitary response is made only to stim-
ulus variable 4 and with 60% accuracy. So
as with a single perceptual process, there is
0.029 bit of direct contingent uncertainty plus
an equal amount of partial cross contingent
uncertainty. In addition, however, there is
now a large error correlation, Uyp(a:d) being
0.971 bit. This term also enters into the total
constraint, which now becomes 1.029 bits.
Note that the direct interresponse contin-
gency, U(e:b), is 1.000 bit, which is simply a

TABLE 10

DATa FROM TABLE 9 REDUCED 10
PERCENTAGE CORRECT

Variable Variable
Variable P Variable )
A+ A - A+ A -
B+ 30 20 50 B+ 30 20 50
B~ 30 20 50 B— : 30 20 50
> 60 40 100 T | 60 40 100

Note.—~U(Ac: Be) = 0. Percentage correct for: inclusive
disjunction = 80; 50-50 on doubtfuls = 55; conjunction = 30,

Note.-—~U(A4¢: Be) = 0. Percentage correct for: inclusive
disjunction = 80 50-50 on doubtfuls = 55; conjunction = 30,
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TABLE 11

UNCERTAINTY ANALYSES FOR THE COMPLETE
Matrices oF TaBLES 1-10

Data matrix
Uncertainty term

1 3 5 7 9
U(4:B) 0 0 0 0 0
+U(a:4) 0.029 | 0.029 | 0.029 | 0.029 | 0.029
+U(b:B) 0.029 | 0.029 | 0.029 | 0 0
+Up(b:4) 0 0 0 0.029 | 0.029
+Ua(a:B) 0 0 0 0 0
+Usp(aib) |0 0.081 | 0.082 | 0 0.971
=U(a:b:4:B) |0.058 |0.139 | 0.140 | 0.058 | 1.029
—Ula:b) 0 0 0.075 | 0.001 | 1.000
=U(a,b:4,B) |0.058 |0.139 | 0.065 | 0.057 | 0.029

Note.—The cell entry is bits of contingent uncertainty, The
symbols to the left of the notations for the uncertainty terms
indicate the mathematical relations between the terms (see
Equations 3 and 7).

description of our statement that the two re-
sponse variables are perfectly correlated.

Thus we have illustrated the normative
model for complete perceptual independence,
plus four cases of nonindependence, each of
these four being based on a different con-
ceptualization of how the correlations within
and between the two systems occur. Each
produces an identifiably different pattern of
uncertainties when a complete analysis is car-
ried out. Of the three uncertainty terms
identified with process correlation, it might
seem that the partial response contingency,
Uagp(a:d), is possibly not really related to
perceptual independence, but that term is
intimately related to perceptual correlation in
state models.

State correlation. As we noted above, state
models are not concerned with direct inter-
action of the perceptual processes themselves
but rather with the state of the organism in
respect to the two or more channels of in-
formation being processed. The usual experi-
mental question is not whether the processes
are correlated but whether accuracies are
correlated.

This problem is handled on a simple level
here, using the same idealized data presented
in Tables 1, 3, 5, 7, and 9, and asking about
the relation between data put in form to
test state correlation to data in the original
form. To accomplish this, each of these five
sets of hypothetical data has heen reduced
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to a 2 X 2 matrix, in which the entry is the
joint percentage of times that 4 and B, the
stimulus variables, were responded to cor-
rectly. To illustrate the relation between the
reduced and original matrices, consider Tables
1 and 2. The entry for A+B+ in the reduced
matrix is the sum of the diagonal entries for
ABia1by plus A1Bga,bs, etc. The entry for
A—B~— is the sum of the other diagonal, in-
dicating that errors are made with respect to
both stimulus variables. The entry for A+B—
in the reduced matrix is the sum of the terms
in which 4 was correctly responded to and
B was incorrectly responded to, for example,
A Biaybe plus A,Bya by, etc. The last entry
in Table 2 is computed in like fashion,

These reduced matrices are shown for each
of the five cases. In the note to the reduced
matrix is also shown another contingent un-
certainty, indicated as U(4,:B,), which is
the contingent uncertainty or correlation be-
tween correctness of response on the two vari-
ables. It is the correlation term directly re-
lated to state correlation. The other statistics
shown there relate to decision rules and are
discussed later.

First, note the relations between the two
matrices for each set of data. The reduced
matrix has marginal terms which indicate
the average performance level for each of the
two stimulus variables. We score correct only
in relation to the appropriate response vari-
ables, so these marginal terms indicate the
same thing as the direct contingency terms
do in the complete orthogonal matrix. All of
the matrices are idealized, so the probability
of being correct is always independent of the
level of the stimulus variable. Thus to com-
bine these levels into a single measure of
right or wrong does not lose any information.
1f the probability of being right itself de-
pended on the level of the stimulus variable,
this information would have been lost in the
reduced matrix.

But now consider each of the five reduced
matrices, those which are to tell us about
state correlation. In only one case, Table 4, is
the appropriate contingent uncertainty, U(4,:
B,), nonzero. Thus we would conclude that
there is perceptual independence in four of
these five cases, even though the original data
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were set up so that four out of the five cases
were clearly indicative of perceptual non-
independence or correlation. In Table 4, the
contingent uncertainty between correctness on
A and on B is in fact the same as the partial
contingent uncertainty between responses with
stimuli held constant in the orthogonal matrix,
Uun(a:bd). That case was described as one in
which there was error correlation, which is
after all what should be happening if there
is state correlation. Note, however, that the
existence of such a nonzero term in the
orthogonal matrix does not necessarily mean
that there will be correlation in the matrix
reduced to investigate state correlation, since
there is also such a term in Tables 5 and 9,
and neither of them shows state correlation
in Tables 6 and 10.

The relationship between the values of the
uncertainty terms in the full matrix and those
in the reduced matrix is complex. To some ex-
tent this complexity is due to the fact that
the reduced matrix is obtained by, in effect,
arithmetic averaging of terms in the full
matrix, while the uncertainty terms them-
selves are based on logarithmic equivalents
of the various proportions. In addition, how-
ever, the relations themselves are complex,
so that, for example, it is possible to have
both correlated error and a joint response
bias, in which case Usz(a:d), U(a:bd), and
U(A.:B.) will all be nonzero. The usefulness
of the reduced matrix must then lie in the
possibility of distinguishing between the case
where there is joint response bias alone and
the case where this is accompanied by error
correlation. What is certainly clear is that
analysis of the reduced matrix by itself yields
very little information.

Still further, the existence of a correlation
in the reduced form does not by itself differ-
entiate perceptual process from response
process, since such a term indicates only that
errors are correlated, and they could be cor-
related as a consequence of perceptual corre-
lation or of response correlation. Neither does
the analysis from the orthogonal matrix make
such a differentiation. Nevertheless, a far
more complete and informative picture of
process can be obtained from complete analy-
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sis of the orthogonal matrix than from the
reduced matrix,

Data reduction and decision rules. As
pointed out previously, models may test for
perceptual independence indirectly as well as
directly. In the present case, an easily used
indirect test would be simply to count the
total number of correct responses rather than
to measure directly correlation in the reduced
matrix. However, before we can carry out
such a procedure, we (the experimenters, that
is) have to establish some decision rule to
determine what constitutes being correct,
since two of the four cells in the reduced
matrix are cases where the subject is cor-
rect with respect to one attribute and in-
correct with respect to the other.

There are three prototypical rules for
handling these cases of partial correctness,
and the percentage correct computed for each
of these rules is shown in the note to each of
the five reduced matrices:

1. Inclusive disjunction: Credit for being
correct is given if the subject is correct on
either or both stimulus variables. This is the
rule that leads to the familiar normative
model value of (pa + pr — papn), where
p+ and pp are the respective probabilities of
being correct on the two stimulus variables.

2. 50-50 on doubtfuls: When the subject is
correct on one variable and incorrect on the
other, give him credit for being correct on
half the total number of such cases, plus those
cases in which he is correct on both.

3. Conjunction: Credit for being correct is
given only when the subject is correct on both.

It is of interest to compare the percentage
of correct responses which would be obtained
for each of the five idealized matrices, given
the actual marginal values and correlations
shown. Table 2, representing the case of
complete independence, provides the base
values to be expected with each decision rule.

Two of the matrices, Tables 8 and 10,
represent cases where only chance correctness
occurs with respect to the B variable, and
where there is no state correlation. Lowered
performance occurs for these two matrices for
any of the three decision rules, and this
lowered performance simply reflects the lack
of accuracy with one stimylus variable,
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Each of the other two matrices has equal
performance on stimulus variables 4 and B
separately. Table 6 also has zero state cor-
relation, and thus each decision rule gives
the same performance as expected from the
normative Table 2. Table 4 has state correla-
tion, and this correlation produces percentage
correct values for two of the decision rules
which are different from those obtained in
Table 2, but these two rules give differences
from the independence case in opposite direc-
tions. With the inclusive disjunction rule,
there is lower performance with correlated
accuracy than with complete independence,
while with the conjunction rule, performance
is better with state correlation than without it.

Just as it is argued that reduced data
matrices should not be used to test directly
for state correlation if the orthogonal matrix
is available, here it must be argued that in-
direct tests of state correlation by measure-
ment of percentage correct is not reasonable.
Not only does it confound performance on the
separate variables with the correlation prob-
lem, but it further introduces the complica-
tion of having to use a decision rule; and
unfortunately the decision rule chosen affects
apparent performance differentially for cor-
related and uncorrelated cases. Thus in gen-
eral there is little justification for using any
reduced form of data for testing perceptual
independence if it is possible to obtain and
use data in the more complete form.

Orthogonal Input—Unitary Response

Up to this point, the paper has been con-
sidering the experimental paradigm wherein
the stimulus variables are orthogonal and the
subject may use his response variables
orthogonally, whether or not he does do so.
Now, models of independence when the ex-
perimental situation presents orthogonal stim-
ulus variables, but the subject must respond
with a single output variable, must be con-
sidered. There are two paradigms within
which such a requirement would be reason-
able:

1. The nature of the stimulus variables
makes some sort of composite response reason-
able. For example, the experimenters might

W. R. GARNER AND JOHN MORTON

carry out a threshold experiment with lights
presented or not presented, in all possible
combinations, to the two eyes separately but
simultaneously. The subject is then required
only to state whether he did or did not see
a light. Alternatively, stimuli varying in area
and brightness could be used, but with the
subject being required only to give a single
response, perhaps indicating a kind of com-
posite or total magnitude.

2. The subject is instructed to respond
selectively to one stimulus channel or variable
alone, even though two orthogonal channels
of information are used as the stimulus. (In
effect this is what the subject has done for
himself with the idealized data of Tables 9
and 10). Ordinarily such a procedure would
be used when the experimenters are thinking
in terms of interference effects (i.e., the second
channel is a distractor, is an irrelevant vari-
able, etc.).

Process correlation. When measuring process
correlation in these two cases, the composite
response or selective response are the same. In
either case this is an undifferentiated response
variable, symbolized as R, the difference be-
tween the two cases being in instructions to
the subject rather than the form of the data.

For a direct test of process correlation,
the informational analysis is much simpler
than before, since only three terms, the two
stimulus variables (still A and B) and one
response variable (R) are involved. The total
constraint in this system of three variables,
U(R:A4:B), can be partitioned into four
terms:

U(R:A:B) = U(R:4)
+ U(R:B) + U(RAB). [4]

The first term on the right is again the
contingent uncertainty between the two stim-
ulus variables and is zero because the stimulus
variables are still orthogonal. Each of the
next two terms is the direct contingent un-
certainty which indicates the extent to which
the single response variable is correlated with
the stimulus variable, The last term is an
interaction uncertainty and is the only term
directly relevant to the question of perceptual
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independence. Its relation to this question
can be seen by writing

U(RAB) = Us(R:B) — UR:B) [5]
= Ug(R:4) — U(R:4) [6]

Thus the interaction term is a difference
between the contingent uncertainty relating
the response and one of the stimulus variables
and that same term with the other stimulus
variable held constant, its effect being thus
partialed out. If the relation between the re-
sponse and a stimulus variable is changed
by holding the other stimulus variable con-
stant, then there is an effect of that second
stimulus variable on the percept pertinent to
the first variable. Note, however, that since
both Equations 5 and 6 are true, the effect
cannot be differentiated as being due to 4 or
to B without further experimental controls. In
like manner, the cross contingencies cannot be
identified, since with an undifferentiated re-
sponse it is not possible to tell how much of
the correlation of the response with a stimulus
variable is appropriate and how much is
inappropriate.

Thus the use of a single response in an
experiment, even though at times appropriate
to a particular hypothesis, produces a drastic
reduction in our ability to determine the
amount and nature of perceptual process cor-
relation,

State correlation. There is no reasonable
way in which a direct test can be made for
state correlation with unitary response data.
Since the subject does not separately identify
his response to 4 and his response to B, the
experimenter in turn cannot separately identify
when he is correct on 4 but not on B, etc.
Thus data matrices similar to the reduced
matrices in Tables 2, 4, 6, 8, and 10 cannot
be generated directly from the available data.
This fact means that the only possible test of
state correlation must be indirect.

Given experimental questions for which the
use of a unitary response is appropriate, it is
rare that a test of state correlation seems
necessary or desirable. If the subject is di-
rected to attend and respond to only one
channel or variable, the experimental interest
is normally in parity not in correlation. And if
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it is meaningful to make a composite response,
the interest is more with the actual response
than with whether it is right or wrong. There
is one type of situation in which the concept
of state correlation does make sense, and in
which a unitary response also makes sense,
and that is the threshold case where two
stimuli are presented, all combinations of
presence or absence being used, and the sub-
ject simply responds that he did or did not
perceive a stimulus. Now there is a criterion
by which correctness can be decided; namely,
if either stimulus was presented, the subject
should have responded positively.

An indirect test would then compare the
overall percentage correct responses made
against a normative model which assumes
zero correlation between the states for the two
separate stimuli. A hypothetical matrix such
as the reduced matrices of Tables 2, 4, 6, 8,
and 10 would be generated, and from them a
total percentage correct figure would be ob-
tained. However, with a single experiment the
indirect test still could not be made because
there is no way of determining percentage cor-
rect responses for each stimulus separately,
and these are required in order to generate the
hypothetical matrix with zero correlation.
Thus no meaningful test of state correlation
can be made with this experimental paradigm
alone.

Parity and orthogonal inputs. In the experi-
mental situation in which orthogonal inputs
are used, and especially when orthogonal re-
sponding is permitted, the data make direct
calculation of correlations possible, and thus
are ideally suited to direct testing of the cor-
relation criterion. Even when data are reduced
to percentage correct form, state correlation
can be directly calculated. The parity criterion
of independence is simply not applicable with
this experimental paradigm, because any
parity check is simply an indirect test of the
correlation criterion of independence. Thus
performance parity with this paradigm has no
meaning separate from that of zero correla-
tion. Tt is worth elaborating this problem a
bit more.

Tf informational analysis is used again, a
multiple contingent uncertainty indicates total
performance between the two stimulus vari-
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ables and the two corresponding response
variables, It is written as U(g,b:4,B) and is
related to the total constraint in the system
of four variables as

U(ab:4,B) = U(a:5:4:B)

- U(a:d) — U4:B). [7]

Thus total performance in which a multiple
response is contingent on a multiple stimulus
equals the total constraint in the system minus
the constraint within the system of response
variables themselves and minus the constraint
within the system of stimulus variables. Since
the case of orthogonal input is being dis-
cussed, then the latter term, U(4:B), is zero
by definition. Thus the only term which pro-
duces a difference between the total constraint
and the multiple contingent uncertainty is the
simple contingent uncertainty, U(a:5), show-
ing the extent to which the response variables
are correlated.

The apparent performance-parity check
would be to compare the magnitude of the
multiple contingent uncertainty, U(a,b:4,B),
with the sum of the two direct contingencies,
U(a:4) + U(6:B). A brief comparison for
each of the five data matrices, as shown in
Table 11, will clarify the fact that a dis-
crepancy between these two measures shows
only that there is correlation somewhere in
the system, although it does not locate the
source of the correlation.

For Table 1, the case of independent proc-
essing, the sum equals the multiple term,
which indicates that all correlations other
than the direct contingencies are zero, For
Table 3, the sum is substantially smaller than
the multiple contingent uncertainty. Thus
parity is not satisfied, and it is known that
correlation exists but not where. In Table 5,
there is also a discrepancy, although com-
parison of this result with that of Table 3
shows the importance of complete analyses.
These two matrices look alike with respect
to total constraint but quite different with
respect to total in-out performance. For Table
7, the multiple contingent uncertainty is
greater than the sum of the two direct con-
tingencies (one of them being zero), so once
again parity is not satisfied; therefore, there
is correlation somewhere in the total system.
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Table 9 is the most interesting, because with
it parity is satisfied, the multiple contingent
uncertainty being the sum of the two direct
contingencies. Thus, one would conclude that
the processes are independent, when in fact
this matrix shows data with the greatest de-
gree of perceptual and response inferdepend-
ence,

Thus the use of parity checks with data in
which correlation can be computed directly
serves only as an indirect measure of what
can be measured directly; furthermore, it
serves this purpose very inadequately, failing
to locate the source of correlation when cor-
relation is indicated, and in some cases even
failing to indicate the existence of correlation.

This limitation in the use of parity checks
with single experiments, because parity is
defined in terms of zero correlation, is in no
way restricted to the use of the information
model. All metric models have exactly the
same limitation, as shown basically in Equa-
tion 1, where parity is defined in terms of
zero correlation. If we use d' measures (see
Green & Swets, 1966; Tanner, 1956), or some
of the dimensional scaling procedures (see
Torgerson, 1958), then parity is defined with
the Pythagorean relation, so that, for example,

d%p = d"% + d"%. [8]

This relation, however, holds only if the two
processes are uncorrelated. Usually this rela-
tion is said to constitute a Euclidean geo-
metry, although the primary consideration is
this Pythagorean relation (Euclid’s proposi-
tion 1:47), and this relation holds (as every
schoolboy knows) only for right triangles, that
is, orthogons, from which the general term
orthogonality for zero correlations comes.
If we do an experiment and find that parity
does not hold, then we can assume that there
was a correlation, that is, that the relation-
ship was not of a right triangle. Alternatively,
of course, one could assume that the model is
wrong. On the other hand, if parity appears
to hold, the result could be due to a correla-
tion which offsets a true loss of parity.

The limitations of the single orthogonal
experiment in determining whether parity ex-
ists are strongest with a linear correlation
model used with a unitary response system. If
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linear correlations are computed, then the
squared multiple correlation coefficient is

(9]

(For the correlations, subscript notation has
been used like that used with uncertainty
measures to emphasize the parallel relations.
The subscripted R is the unitary response
variable,) This equation, again showing the
Pythagorean relation so common in statistics
which use variance measures, cannot be
wrong. The parity relation holds if the pre-
dictor variables are uncorrelated, and in this
experimental paradigm they are. So if we
measure each correlation separately, then
measure the multiple correlation directly, and
find that the sum of the two squared separate
correlations equals the square of the multiple
correlation, we have learned exactly one thing,
namely, that we have done our arithmetic
propetly. Thus with this particular model and
the experimental paradigm of an orthogonal
input but unitary response, we can ask no
meaningful question about perceptual inde-
pendence.

Rip.ap = ra + rr.u

Single Input Experiments as Controls

Since the single experiment with orthogonal
input channels is not satisfactory in providing
a check on the performance-parity criterion
of independence, some separate measure of
performance is needed outside of the
orthogonal experiment itself. The most nat-
ural technique is to run additional control
experiments in which one channel or variable
is used at a time, with responses appropriate
to that single channel or variable. There is
little complexity about handling the data in
this case, since they would be handled in the
form in which the parity comparison would be
made; for example, either correlations or
contingencies as measures of performance, or
percentage correct responses as in the re-
duced matrix, can be used as long as the
measures correspond in the orthogonal and
single input experiments.

The parity checks themselves are quite
straightforward in most cases and involve
comparison of the performance measure ob-
tained in the single input experiment with the
most analogous term obtained in the larger
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orthogonal experiment. When an orthogonal
response system has been used, then (using
the information measures) there will be two
direct contingencies from the orthogonal ex-
periment and two simple contingencies from
the single channel experiments, one for- each
variable or input. If performance measures
are larger with the single input experiment
than with the orthogonal experiment (or pos-
sibly smaller), then parity is not satisfied.

If a unitary response has been used with
the orthogonal experiment, then there still
are appropriate direct contingencies available
to compare to the simple contingencies ob-
tained in the single input experiments. How-
ever, if the unitary response is a selective
response to just one stimulus input, then there
would ordinarily be just the one comparison.
This type of comparison, of course, is ideally
suitable when interchannel interference effects
are expected.

There might be some question about what
the proper comparison is in making the
parity check. We have suggested that the
meaningful comparison is to compare sepa-
rately equivalent terms from the two experi-
ments. An alternative that might be con-
sidered is to compare total performance from
the orthogonal experiment, the multiple con-
tingent uncertainty U(a,b:4,B), with the
sum of the two simple contingencies obtained
in the two control experiments. Such a com-
parison is not valid, however, since the total
performance measure, as discussed above and
as shown in Table 11, contains process cor-
relation terms as well as direct performance
terms. To illustrate, Table 3 would give a
total performance greater than the sum of
the two simple contingencies (assuming them
to be the same as the two equivalent direct
contingencies in Table 11), but this greater
performance is due entirely to error correla-
tion. Certainly an independent criterion of
performance parity does not want to be con-
cerned with such terms.

While it is possible to6 make indirect checks
of performance parity, by observing some con-
sequences of the parity assumption rather
than the performance itself, it is unusual to
find an example where an indirect check does
not confound the two kinds of independence.
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The essential dependence of the parity cri-
terion on correlation was noted previously. As
one example of a more indirect test, the
binominal distribution of ‘“hits” might be
determined on the basis of probabilities ob-
tained from the single-channel control ex-
periments. If the expected distribution does
not agree with the obtained distribution, the
discrepancy could be due either to a loss of
parity or to the existence of correlation. If
direct comparison were then made of the
overall hit rate in the orthogonal experiment
with the average hit rate from the single
channel experiments, the difference would give
information about parity, and the shape of
the distribution would then give information
about correlation. But this separation means
we have gone to a direct test of parity, leaving
only correlation as an indirect test.

The performance-parity criterion of per-
ceptual independence, and one which is quite
separable from the correlation criterion, is
especially necessary when we consider the
large number of experiments in which it
simply is not feasible to measure correlation
in any direct fashion. All of the experiments
which use time, either reaction time or speed,
as the measure of performance fall into this
category, Performance as correlation with an
input variable cannot be measured in these
experiments, because maximum accuracy is
expected of the subject, with differences in
time then presumed to indicate differences in
difficulty or performance. Also, those experi-
ments in which the stimulus inputs do not
have measurable correlation (e.g., separate
speech channels) need to use the performance-
parity criterion of independence. Even though
the formal logic of the relation between parity
and correlation is not applicable in these cases,
the conceptual problem of untangling these
two aspects still exists.

Other control conditions. There are control
experiments other than the use of a single
input channel that are useful in determining
the existence or nature of perceptual inde-
pendence. One ideal set of experiments might
be worth mentioning because it forms a fairly
complete and self-contained set of excellent
converging operations (Garner, Hake, & Erik-
sen, 1956). There would be, for a two-variable
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stimulus such as visual area and brightness,
the complete orthogonal experiment. Then two
control experiments would be run in which
each stimulus variable is used alone. Then
two more control experiments would be run
using the orthogonal stimulus set, but with
the subject being required to respond selec-
tively to just one stimulus variable in each
experiment. Direct calculation of all contin-
gent uncertainty terms would be made from
the orthogonal experiment. Then the two ob-
tained direct contingency terms would be
compared against the values obtained with
the single input experiments. Suppose these
values are lower with the orthogonal experi-
ment, so that there is a loss of parity. Now
compare each of these simple contingencies
from the single input experiment to the values
obtained when orthogonal stimuli with selec-
tive responding were used. If the compari-
sons show no difference, the conclusion would
be that additional perceptual load per se does
not lead to lower performance, so that the
lowered performance obtained with the com-
plete orthogonal experiment is due to the
extra task requirement of responding to both
variables. Alternatively, a result showing that
the loss occurs when the stimulus variables
are orthogonal, regardless of whether response
must be made to one variable or both, would
indicate that the parity loss is almost certainly
due to some perceptual incapacity. Still fur-
ther, both the complete orthogonal experi-
ment and the selective response experiments
have terms which can be identified as cross
contingencies. Comparison of these terms
would lead to clarification of the nature of
the process correlation.

In other words, to gain a reasonably ac-
curate picture of whether and what kind of
perceptual independence exists requires not
one but several experiments all hopefully
converging on the same presumed process.
(As an illustration using d' measures, see
Taylor, Lindsay, and Forbes, 1967.)

Correlated Input Experiments

The last major experimental paradigm con-
sidered is that in which the stimulus variables,
inputs, or sources of information are them-
selves correlated. For example, if geometric



PERCEPTUAL INDEPENDENCE

forms are to be discriminated, the form is al-
ways the same regardless of the number of
them. Or if speech context is one source of
information, and tachistoscopic presentation is
another form, the context is appropriate to
the word tachistoscopically presented. Still
further, if judgments of visual area and
brightness are required, a given brightness is
paired with a given area, and only a correlated
subset of the orthogonal combinations is used.

From the viewpoint of understanding per-
ceptual independence, the widespread use of
this experimental paradigm is unfortunate,
because learning something about independ-
ence of the perceptual process is funda-
mentally easier if the stimulus variables are
themselves independent. The use of correlated
stimuli confounds the problem of independ-
ence and also provides such a reduced set of
data that very limited information about per-
ceptual independence is obtainable from such
experiments.

Yet this experimental paradigm must be
considered, and we must attempt to under-
stand it, because the paradigm represents a
problem in and of itself. It is the problem of
the organism’s ability to make use of redun-
dant information, and some of the earliest
experiments done on the problem were con-
cerned with this very problem (e.g., Eriksen
& Hake, 1955). The question of perceptual
independence enters in because the ability of
the organism to use redundant information
obviously depends on the extent to which
this externally correlated information is pro-
cessed independently internally, and Garner
and Lee (1962) argued that there should be
no gain in perceptual performance with re-
dundant stimulus information unless the per-
ceptual processes are independent. So the
problem of perceptual independence is a
critical aspect of the problem of utilization
of redundant information.

A major problem in studying perceptual
independence with correlated inputs is that
the data are necessarily so reduced. We have
seen that quite detailed analysis and under-
standing of independence are possible if both
stimuli and possible responses are orthogonal
and that the analysis becomes quite restricted
if a unitary response system is used. Yet, as
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Equation 4 shows, some direct measurement
of process correlation is possible with a
unitary response if the stimuli are orthogonal,
although there is no reasonable way of di-
rectly measuring state correlation. If in addi-
tion to limiting the response we now also
limit the input by correlating stimulus values,
we completely destroy any possibility of di-
rect measurement of either process or state
correlation because we have only a single,
two-dimensional, input-output matrix of data
available. Therefore we may use only indirect
models which state some consequence of the
parity and/or correlation criteria of independ-
ence, and if correlation, then with respect to
process and/or state correlation. Further, as
elaborated later, decision rules need to be
assumed, and these rules likewise can be
specified with regard to perceptual process or
perceptual state. Thus an indirect normative
model which states what kind of performance
should be obtained with correlated input must
deal with more conceptual distinctions than
our models can ordinarily handle.

Parity and/or correlation. Performance with
correlated stimuli will be affected by a correla-
tion between the underlying perceptual pro-
cesses or states as well as by any parity con-
siderations that enter in when more than one
input channel is used. No direct measure of
either parity or correlation can be obtained
from the single experiment with correlated
stimuli. However, independent estimates of
performance relevant to the parity criterion of
independence are usually obtained by running
control experiments with single stimulus vari-
ables, just as described above with respect to
orthogonal input experiments. These inde-
pendent measures of performance level then
provide a base line against which to compare
performance on the joint task.

Usually, these independent measures of per-
formance are used to construct a hypothetical
matrix of data based on the assumption of
zero correlations; that is, a matrix presumed
to reflect process in the organism which can-
not be overtly measured, as it is with the
complete orthogonal experiment. Then if per-
formance with correlated stimuli is different
from that expected from this normative model
of zero correlation, the discrepancy in effect is
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attributed to the existence of correlation.
However, performance on the correlated input
task will be affected by either a loss of parity,
by perceptual correlation, or both, and this
experimental procedure cannot differentiate.
A more complete and satisfactory procedure
would be to run the additional control for
process correlation by obtaining data from the
orthogonal stimulus experiment. Given the
correlations obtained there, a normative model
could be constructed which assumes perform-
ance with correlated stimuli to involve the
same parity and process correlation con-
siderations as are found in the orthogonal
case. If performance is different, then we know
that the use of correlated inputs has somehow
changed the perceptual task for the subject.

Correlation: process and/or state. When
process and state correlation with the com-
plete orthogonal experiment was discussed, it
was pointed out that state correlation in re-
duced data matrices can be identified with
a process correlation term, and in the five
sets of illustrative data matrices used, only
one showed state correlation, although four of
them showed process correlation. This dis-
cussion now continues within the context of
the correlated input experiment. What we
shall see is that the introduction of correlation
in the stimulus variables thoroughly com-
plicates the relation between process and state
correlation and makes essentially impossible
a simple interpretation of a discrepancy of
obtained performance data from a value com-
puted from a normative model assuming per-
ceptual independence.

Assume that there are the same two
dichotomous stimulus variables, 4 and B, and
that these are now presented in a correlated
fashion. Two responses are allowed, one ap-
propriate to each of the two stimuli. The
data are then reduced to a correct-incorrect
form as before (although the term reduction
is now less appropriate than transformation,
since it is a 2 X 2 matrix to start). Per-
centage correct responses should be computed
for the ideal case of complete perceptual in-
dependence, and for this purpose a decision
rule based on data in percentage correct form
is assumed, although the decision rule is pre-
sumed to exist in the organism and to produce
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the manifest data, rather than to exist ex-
ternal to the organism and to be applied to
the manifest data. Expected performance for
each of the other data matrices is then com-
pared in turn:

The reduced matrix in Table 2, for the
perceptual independence case, is the same
whether or not correlated stimuli are selected.
An assumed internal decision process which
uses an inclusive disjunction rule shows that
there should be 84% correct when two stim-
ulus variables are used in a correlated fashion.
That is to say, when another variable is
added, and perceptual independence exists,
then percentage correct responses increases
from 60% to 84%. There has been some gain
in perceptual performance.

The reduced data matrix in Table 4 is also
true regardless of the subset of correlated
stimuli selected, and this is the matrix in
which there is state correlation. Thus perform-
ance should be less than the normative value
of 84%, and for the inclusive disjunction rule
it does indeed drop to 76%. Thus the state
correlation has produced lower performance
than expected, given independence; we there-
fore reject the assumption of zero state cor-
relation, correctly.

For the matrix in Table 5, and the other
two matrices, new reduced matrices must
be formed because they are different for
correlated stimuli and furthermore depend
on which subset of correlated stimuli we use.
Table 12 shows the two possible matrices
taken from Table 5. The reduced matrix
in 12A is obtained by considering only the
first and fourth columns of Table 5 and
transforming the data to percentage cor-
rect as before, except that after summing the
appropriate numbers they are changed to per-
centages again. Thus the value for A+B+
is the sum for A1Bia;b; and AsBsaxby from
Table 5, which is 22, but becomes 44 to
maintain the numbers in percentage form. The
reduced matrix in 12B is obtained from the
second and third columns of Table 5, with the
cell entries obtained in comparable fashion,
Thus the cell entry in Table 12B for A+B+
is the sum of A1Bsa;0s plus AsBqasb, values
in Table 5.
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TABLE 12

DATA MATRIX $ REDUCED TO PERCENTAGE CORRECT
FOR THE Two TyPES OoF STIMULUS CORRELATION
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TABLE 13

DaTtA MATRIX 7 REDUCED TO PERCENTAGE CORRECT
FOR THE Two TYPES OF STIMULUS CORRELATION

Variable Variable
Variable )] Variable z
A+ A - A+ A-
AtA and B take same values A:A and B take same values
B+ 44 16 60 B+ 36 24 60
B-—- 16 24 40 B— 24 16 40
b 60 40 100 h3 60 40 100
B:A and B take opposite values B:A and B take opposite values
B+ 28 32 60 B+ 24 16 40
B— 32 8 40 B— 36 24 60
> 60 40 100 = 60 40 100

Note.—‘'+" is correct and '‘~—'' is incorrect. Cell entry is

percentage of joint occurrence of correctness for stimulus
variables A and B, For an actual experiment, these matrices
would be hypothetical, referring to a presumed internal process,
Tables 13 and 14 are to be interpreted in similar way, For
A:U(Ac:Bo) = 0.081, Percentage correct for: inclusive dis-
junction = 76; 50-50 on doubtfuls = 60; conjunction = 44,
For B:U(4.: Ba) = 0,084, Percentage correct for: incluslve
disjunction = 92; 50-50 on doubtfuls = 60; conjunction = 28,

Note that there was no state correlation in
the reduced matrix from the complete or-
thogonal experiment, but that there is sub-
stantial correlation (shown as the contingent
uncertainty for correctness in the note to
Table 12), for each of the two matrices
selected for correlated stimuli. Furthermore,
the inclusive disjunction rule gives a value
for correct responses of 76% in one case
and 92% in the other. These two values
average out to the value expected for
perceptual independence (as shown for the
reduced matrix in Table 6), but we would
conclude that performance was better than
that for independence in one case and
poorer in the other. What has happened
here is that the selection of stimulus subsets
has converted a fairly straightforward joint
response bias into two state correlation terms,
one positive and one negative, depending on
which subset of correlated stimuli has been
selected. Thus the particular nature of the
joint response bias will produce apparent non-
independence in the perceptual state, even
though none exists in the complete reduced
matrix. The use of correlated stimuli interacts
strongly with the nature of perceptual process

Note.—For A:U(A:Bo) = 0. Percentage correct for: in-
clusive disjunction = 84; 50-50 on doubtfuls = 60; conjunc-
tion = 36, For B: U(A; Bo) = 0. Percentage correct for:
inclusive dlsjunction = 76; 50-50 on doubtfuls = 50; con-
junction = 24

correlation to produce apparent state correla-
tion where none truly exists.

The data from Table 7 are reduced into
the two separate matrices in Table 13, In
this case, the stimulus selection does not
produce apparent state correlation, reflecting
the lack of the partial response contingent
uncertainty, Uyp(@:d), as shown in Table 11.
However, note that in this case the inclusive
disjunction rule gives an 84% value (thus
suggesting perceptual independence) for the
matrix in which stimulus values are the same,
while showing the lower value of 76% for the
matrix in which the values differ. This latter
result, obtained in an actual experiment,
would be interpreted as indicating state cor-
relation. Inspection of the two matrices, how-
ever, shows that it is due to the paradoxical
result showing 60% errors to B, offsetting the
apparent 60% correct with the other selected
subset of correlated stimuli. Both of these
values are produced only by selection of the
subset of stimuli, since in the original matrix
there is no correlation between B and response
to B.

The data from Table 9 are shown in
the two separate matrices in Table 14. This
idealized case is, of course, extreme for
purposes of illustration, since the data were
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constructed on the assumption that a is per-
fectly correlated with 4. And yet it better
makes the point. Here once again there is a
state correlation produced in each of these
matrices by the selection of correlated stimuli.
It is negative in one case, positive in the
other. Furthermore, we again have the para-
doxical result of more than chance etrors for
B in Table 14B. The inclusive disjunction
rule, for these two cases, gives 60% for one
matrix (no improvement over a single vari-
able) and 100% in the other, a result which
would be difficult to interpret, to say the least.

Thus the selection of a correlated stimulus
subset introduces changes in apparent average
performance and introduces state correlation
as a result of the existence of process correla-
tion not related to state correlation in the
complete matrix. The use of the correlated
input experimental paradigm truly makes
understanding of perceptual independence
difficult.

Decision rule: process and/or state. We
have seen that the particular decision rule
presumed 1o exist in the organism greatly
affects the calculated percentage correct re-
sponses which is to represent the value for a
normative model of independence, and that
furthermore the rule used gives differential
expectations about performance for the five
basic sets of data used as illustrations. That is
to say, which nonindependent case will give
greater performance depends on the decision
rule assumed to be going on in the organism,
A still further consideration needs to be dis-
cussed and that is whether the decision rule
pertains to process or to state.

All of the decision rules discussed so far,
and those illustrated in the various tables,
are rules pertaining to the organismic state,
not the process. Thus, for example, when we
speak of an inclusive disjunction rule, this
rule is being applied to correctness of re-
sponses not to the responses themselves or the
perceptual processes which they reflect. The
inclusive disjunction rule says that the sub-
ject will be correct for the correlated input
case if he would have been correct on either
of the two stimuli presented alone. This is
the type of decision rule used most frequently
in models of perceptual independence, and yet
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TABLE 14

DATA MATRIX 9 REDUCED TO PERCENTAGE CORRECT
FOR THE Two TYPES oF STIMULUS CORRELATION

Variable
Variable z
A4 A~

A:A and B take same values

B+ 60 0 60
B— 0 40 40
¥ 60 40 100

B:A and B take opposite values

B+ 0 40 40
B— 60 0 60
¥ 60 40 100

Note.—For A:U{A4¢:Be) = 0971, Percentage correct for:
inclusive disjunction = 60; 50-50 on doubtfuls = 60; con-
junction = 60, For B:U(A.:B;) = 0,971, Percentage correct
for: inclusive disjunction = 100; 50-50 on doubtfuls = 50;
conjunction = 0.

it must surely be a questionable procedure,
with its implication that somehow the organ-
ism makes a joint response based on whether
it was right or wrong with respect to the
separate input channels. If the organism
knows whether it is right or wrong, then it
can rectify things. More sophisticated decision
rules can be used that are more reasonable
(see Eriksen, 1966), but there is a further
and more important point to make, namely,
that expected outcomes with respect to differ-
ent assumed underlying processes are re-
arranged if expected correct responses are
calculated with a decision rule based on pro-
cess rather than on state.

To illustrate reasonably realistically, assume
an experiment on detection of presence of two
visual stimuli, 4 or B, each of which is present
or absent together on any given trial; that is,
there are trials on which no stimulus occurs
or trials on which two stimuli occur. This is
a straightforward redundant stimulus experi-
ment. The subject is required to state whether
or not he saw anything on each trial. Then
assume that what happens in the organism is
reflected variously in Tables 1-10, so that if
the subject had been permitted, he would have
at times said he saw both stimuli, one and
not the other, or neither. But since he is al-
lowed only a dichotomous response, he must
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invoke a decision rule. If his decision rule is
based on whether he would have been correct,
then the consequences of different decision
rules for different basic perceptual situations
are what has been shown in the various tables.

Suppose, however, that his decision rule is
based on what his response would have been,
not whether that response would have been
correct; that is, his decision rule is process
based, rather than state based. The use of
the inclusive disjunction rule assumes he will
say that he saw a stimulus any time he would
have said yes to one and/or the other stim-
ulus. We look at the columns in the complete
orthogonal matrix and find what percentage
of the time a correct response would have
been made. To illustrate, assume the data in
Table 1, and that a subscript of 2 means the
stimulus has been presented and that the
response would have been positive. In Column
1, with neither stimulus presented, the subject
would have said he saw a stimulus whenever
he would have used at least one “2” response,
and would be wrong in each of 16 such cases.
Alternatively, he would have been right only
9 times of the 25 times no stimulus was pre-
sented, that being the number of times he
would have said “no” to both stimuli 4
and B. In Column 4, with both stimuli
presented, he would have said that he saw a
light 21 times of the 25 presentations. The
total of correct responses for both no stimulus
and the redundant positive stimulus is 30, or
60%.

This value is furthermore true for each of
the matrices in Tables 1, 3, 5, 7, and 9. Thus
not only is the calculated value considerably
lower than one based on a state rule, but it
does not differentiate between these various
conditions at all. Still further, suppose the de-
cision rule which gives 50-50 on doubtfuls is
used, again applied to expected responses, not
expected correctness (i.e., half the responses in
the second and third rows of the complete
matrices are assumed to lead to a positive
response). Every matrix again would pro-
duce 60% correct responses. Thus neither the
rule nor the data matrix gives differential
expected correct responses for the correlated
stimulus case. And the value expected with
correlated stimuli is exactly what can be
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expected with just one stimulus variable
operating. Perhaps such a result would be
surprising if obtained. This result, however,
has been obtained in more than one experi-
mental situation (see Garner & Lee, 1962).
Thus perhaps it needs more consideration
than it has been given.

There are many types of experimental
situation in which it makes eminently more
sense for the decision rule to be based on
process rather than state, and since we have
seen how great the discrepancy can be be-
tween normative values based on process rules
rather than state rules, this distinction re-
quires serious consideration. For example,
consider experiments in which speech con-
text provides one source of information and
a brief visual or auditory exposure provides
the other source of information, and let us
consider a realistic illustration. A subject is
given the sentence context: “The animal that
just walked into the barn isa . He
considers possible alternative responses and
decides that “dog,” “cat,” “cow,” “horse,”
and “pig” are possible responses, and over a
large number of such cases he would use all of
these five possible responses, but they all exist
for him as possible responses in some
hierarchy of choice on each occasion. Suppose
that the correct word (as decided by the
experimenter) is pig and that the subject
uses this word 20% of the time. Then the
word pig is presented auditorily, but in noise.
The subject considers as alternatives “pig,”
“big,” ‘““tick,” and “pick.” He chooses pig
50% of the time and thus is correct that per-
centage of the time. Now given these two
values for percentage correct for each source
of information separately, the inclusive dis-
junction rule for independence based on per-
ceptual state can be used, with the conclusion
that with both sources of information, the
subject, or many different subjects, should be
correct 60% of the time. If then they are
correct more often than this, we conclude
that there is nonindependence, with some sort
of facilitating interaction between the informa-
tion inputs.

Consider a reasonable rule based on process,
however, which is that the subject will give
that response which coincides for the two
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possible sets of alternative responses. (In
milder form, this is the kind of process de-
scribed by Tulving and Gold, 1963.) Since
only one word coincides, he will use it and
will be correct 100% of the time. Thus if we
find a result less than this, we will conclude
that there is nonindependence, with duplica-
tion of information in the two sources.

Once again, perhaps such an expected result
seems unreasonable. Yet results close to it
have been obtained (Pollack, 1964; Tulving,
Mandler, & Baumal, 1964).

Can independence be tested with correlated
stimuli? When we consider the number of
factors about which underlying, not directly
testable, assumptions must be made for a
normative model of perceptual independence,
it is difficult to be sanguine about the value
or possibility of asking whether perceptual
processes are independent when the experi-
mental paradigm using correlated inputs is
used. We can assume parity independence,
but not correlation independence, in either
process or state form, and we can assume
different decision rules in either process or
state form, The number of possible com-
binations is so great that surely a normative
model can be found demonstrating perceptual
independence, at least of some kind, for any
given experimental result. Equally true is that
we can disprove the assumption of perceptual
independence for any given experimental
result. Under such circumstances, the question
cannot be very meaningful.

Furthermore, at best, a normative model
used with correlated inputs can allow us to
reject or accept the concept of independence
but would be quite unable to let us know
why a particular experimental result is ob-
tained if the independence concept is rejected.
As pointed out in the beginning, this property
of a normative model is certainly one of its
strengths as contrasted to models or theories
of the psychological process itself, which
are true or false insofar as they correspond
to data rather than insofar as they help clarify
an experimental result. Thus it is clear that
the experimental paradigm using correlated
inputs has limited utility in the study of
perceptual independence.
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INTERACTION OR INDEPENDENCE

The question of perceptual independence
does have some meaning in psychology, par-
ticularly when the complete orthogonal experi-
ment is feasible. And perhaps it can have
some meaning with redundant or correlated
stimulus inputs if there are logical grounds
for establishing a more sharply delineated set
of concepts pertinent to the problem. Then
we would not test for independence as a gen-
eral concept, but as a much more specific
concept.

However, consider briefly the possibility
that the basic approach is not meaningful
and that other conceptualizations of the per-
ceptual problem might further our under-
standing more rapidly. In particular, we think
that models and experiments aimed at specify-
ing the nature of interactive processes in the
organism will probably be more useful than
those which are especially concerned with the
particular type of interaction called perceptual
independence.

W here Does Interaction Occur?

Certainly a major consideration in under-
standing perceptual interaction is the locus of
the interaction. The assumed locus of decision
rules makes a large difference in assumptions
about perceptual performance with multiple
sources of information. Further consideration
of possible loci of interaction may help clarify
the question of perceptual interaction and
may show that some of the apparent con-
tradictions in conceptualization of independ-
ence in terms of process separability are not
necessarily as confusing as at first glance.

To illustrate, assume two extreme cases of
locus of interaction, and consider how these
assumed loci of interaction will affect the
kind of apparent perceptual independence.
First, consider two channels which are literally
independent in the sense that they are com-
pletely separate organisms. One organism is
given stimulus variable 4 and it responds
with response variable @; the other organism
is given stimulus variable B and it responds
with response variable . Variables 4 and B
are then presented in correlated fashion, and
the outcomes from a and 5 are independent.
There can actually be four response outcomes
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from the two organisms and the distribution
of outcomes for stimulus 4,B; and for stim-
ulus A2Bs can be seen. We will assume the
distributions from Table 1 to hold, and from
these we (the experimenters, that is) make a
dichotomized decision. Given on our part
knowledge of the outcomes, without knowledge
of the stimuli, there is no decision rule we
can use which will give us greater than the
60% accuracy shown to hold with an assumed
process rule for the organism itself.

Is such an outcome from a single organism
ever realistically to be expected? If in fact the
two channels of information are so completely
separated that a subject can apply a decision
rule only to his responses, the answer is cer-
tainly yes. And there are experimental results
which show little or no gain due to the use
of redundant stimulus information. For ex-
ample, for simple multiple visual stimulation,
Garner and Lee (1962) found no gain in
discrimination accuracy with increased num-
ber of elements; Eriksen and Lappin (1965)
found small gain as long as the subject was
uncertain of position for the smaller number
of stimuli, Both of these results have been
corroborated by Garner and Flowers (1969).
So there are experimental results which sug-
gest that the interaction occurs very late in
the total system between input and output.

But of interest here is the relation of such
results and the interaction concept to that of
independence. Usually we assume a gain in
performance with independence, because the
two or more sources of information, being
processed independently, add to improve dis-
crimination. If the processes are correlated,
thus duplicating information at some stage,
little or no gain is expected. Yet this con-
ceptualization of interaction only at the re-
sponse level carries with it the idea of com-
plete independence of the information chan-
nels. Thus the use of the independence idea
leads to incorrect assumptions about expected
performance, whereas the use of the inter-
action idea at a specified locus does not.

Now consider the opposite end of the con-
tinuum. Double stimuli, correlated, but in the
same organism, are presented on the same
retina, on the same location of the retina, and
at the same time. If ever a condition where

257

nonindependence exists was produced, this
is it, Yet what will such a result show? That
there is a gain in discriminability, because the
two stimuli will add in energy. This is what
Garner (1965) called energic redundancy, be-
cause there is an actual or potential summa-
tion of stimulus energy.

To refer once again to the Garner and Lee
(1962) experiments, they found no gain in
discrimination when stimulus elements were
added at the same time but in different retinal
locations. But they found considerable gain
when the duration of the stimulus was in-
creased on the same retinal location. Within
the present context of discussion, this dif-
ferential result would be interpreted as being
due to the locus of interaction, large gain oc-
curring when the locus is at the sensory
periphery, and no gain occurring when the
locus is at the response periphery.

Again of interest here is the relation of
the concept of interaction to that of independ-
ence. Since literal spatial and temporal
duplication of stimuli should produce non-
independence, then we should expect little
gain in performance with duplicated stimulus
elements. But the opposite effect occurs. Thus
it no longer seems clear that independence
is a very useful concept, whereas locus of
interaction is.

Notice that the assumed locus of interaction
will have great effect on the kind of inter-
action which can occur, In our example of a
decision process occurring after the response,
then the interaction must occur with the dis-
crete responses; on the other hand, at the
sensory end, the interaction can occur with a
continuum. Thus models with continuous
metrics are appropriate. Models using d’ are
of this form (see Taylor, Lindsay, & Forbes,
1967; Ulehla, Halpern, & Cerf, 1968), and
the underlying process model assumed by
Garner and Lee (1962) was a variance model
also.

Morton (1967) has shown, using the o’
metric, that the locus of interaction affects the
normative outcome to be expected with sys-
tems otherwise preserving independence. He
showed that the expected gain in discrimina-
tion with correlated inputs is greater when the
information was combined prior to a decision
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mechanism than it was when a combinatorial
rule is applied after decisions are made. Thus
the importance of the locus of interaction in
no way depends on the use of the simple
probabilistic combinatorial rules discussed.
As a further illustration, Morton (1969)
has elaborated a Logogen Model for word
recognition which deals with multiple sources
of information. In a “logogen,” evidence
relevant to a particular response is collected
indifferently with respect to the source of
information. The correctness of the response
actually made is a function of the amount
of evidence for that response and the amount
of evidence for other responses. For the case
of a verbal context followed by the noisy
presentation of a stimulus word, the model
predicts interaction between the two sources as

logitP,. = logitP,
+ logitP, 4+ constant [10]

where logit P = log [P/(1 — P)], and P,, P,,
and P,, are, respectively, the probabilities of
being correct with stimulus alone, with con-
text alone, and with both sources of informa-
tion. This relation, which gives a reasonable
account of the data, is clearly in the form of a
performance-parity statement. The important
point of the above equation, however, is that
the logit transformation required to make the
parity statement is the result of a particular
assumed locus of interaction and an assumed
nature of the decision rules. Other loci of
interaction and other decision rules would
require different transformations of the data
in their parity statements. Thus models which
explicitly take into account differences in
locus of interaction and in decision rules ap-
plied can be used and will hopefully allow
greater clarification of the underlying pro-
cesses involved.

This idea of locus of interaction rather than
independence is useful also in understanding
some of the results found in multidimensional
distance judgments, where the interstimulus
difference seems to depend on the nature of
the stimulus dimensions and their relations
to each other (e.g., Handel, 1967; Hyman &
Well, 1968; Shepard, 1964). And concepts
such as Lockhead’s (1966) integrality and
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Shepard’s (1964) separability perhaps are
more meaningfully phrased in terms of locus
of interaction of the stimulus dimensions, with
locus of interaction being more toward the
receptor periphery with integral dimensions.

CONCLUSIONS

While the aim in this paper has been less
to draw definitive conclusions about the nature
of perceptual independence and how to in-
vestigate it than to engage in a discussion of
the rationale of the problem, certainly some
fairly definite implications do emerge:

1. The concept of perceptual independence
is not a unitary concept and cannot be studied
as such. There are too many variations in
basic definition, type of normative model, and
experimental paradigm for it to be so.

2. The only experimental paradigm which
is reasonably effective in dealing with per-
ceptual independence is the complete or-
thogonal experiment (plus some controls for
parity), since several different terms involved
in the independence concept can be separately
identified.

3. Even with restricted definitions of per-
ceptual independence, experimental paradigms
using correlated inputs are not effective in
dealing with the problem. So many assump-
tions must be made about type of independ-
ence and decision rules for obtaining com-
posite responses that some normative model
of independence can be found to satisfy al-
most any experimental result.

4, While the concept of state independence
is potentially valuable, it is clearly inter-
related with process independence and if pos-
sible should not be used without considera-
tion of process correlation and parity. Cer-
tainly reduction of data to test for state in-
dependence destroys much potential informa-
tion about perceptual independence and can
obscure results clearly indicating noninde-
pendence.

5. Our understanding of perceptual pro-
cesses will be advanced more effectively with
models designed to elucidate the nature of
an interaction process, particularly the locus
of interaction, than with models which deal
only with that kind of interaction called
independence.
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