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When we open our eyes we spe entire scenas, perceptions, not
colored points, sense data, or sine functions. These parceptions
in their entirety form the evidence from which paychophysicists
must meld their theories. Essentially, psychophysica is the
specification of a relation F:5+P which takes the space of all
possible stimuli, & , into the space of all possible conscious
perceptions, P . There are considerable limitations to what can
be inferred about the details of neurcphysioclogical organization
on the basis of knowledge obtained about F . Even if we make
_the assumptiﬁn that there ic a ohe to one relationship batween
L;ain atates and conscious states, we still are not much further
within.

In particular, psychuphysicis%s cannot resolve uniguely one
of the age old thematic questions (1} in psychology - what are
the elemental units of perception., During the last decade or so,
a numbar af psychophysicists héve proposed and claimed to find
evidence for a variety of elements or features., These have included
lines and edges (2) and sinuscids (3, 4, 5, 6).

If any of these functions do form the bases of our perceptual
world, we probably canmet determine it by psyéhnphysical methods,
Scalpels and microelectrodes are probably the only tools which
will vield unambiguous results {7). |

In this paper, I #ill discuss in detail only the intrinsic
ambiguity of the results of subthresheld summation experiments,

however the implications for the general problem of interpretation

facing psychophysicists will be me ntigned, I will show that a

great deal of psychophysical threshold data can be axplained by
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rather naturalistic assumptions akout what a subject tries to do

in a threashold experiment. I will show that internal ncise determines
the extent to which the structure of the system is elucidatable by
threshold experiments, and that Signal Detecticon Thecry (B, 9)

must be ¢onsidered in the interpretation of almost all thresheld
data, -Hpr& than anything elsea, I want to exﬁress the beligf that
the explanations offered for perceptual systems need to b&.cuuched
in terms of concepts which allow manipulation of entire patterns

of stimuli and of neural activity as single entities. Theée
concepts are extant in modern control theory, systems theory, and
dynamical systems theory (10). The basic concept is that an entire
pattern can be @nvisioned as a point in a wvery high, or even
infinite dimensional space., As the stimulus changes from pattern
to pattern, the point specifying its perceptual representation
muveﬁ on a very high dimensional surface or manifold determined by
F . ?gychnphysical thraeshold tasks test the subject's ability

to discriminate between points or between paths on this manifeold.
Distinguishability of points in the world is determined by the
stochastic nature of the stimulus pattern itself and the stochastic
nature of T . F is continuous and smooth (differentiable),
almost everywhere, the exceptions being boundaries along which
major changes or state take place. The differentiability combined
with the statiztical nature of F induces a Euclidean or more
properly Reimannran metric on the space of ﬁatterns almost every-

where. This causes threshold loci to generally be elipscidal.
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These notions are elaborated below and several experimental
consequences are pointed out.

Terminology

Hopefully this paper will be accesgible to people with moderate
lavels of mathematical training. The majer concepts reguired are
those covered in an elementary linear algebra course and most of
the mathematice is virtually identical to that of analysis of
vafiance and factor analysis. The basic objects we will discuss
are patterns. As I said earlier, we will conceive of thase as
points OF vectors in multidimensional spaces. T will denote patterns
{vectors) by lower case boldface letters, &.9. a, t, ete. 1In
visual experiments, typical stimulus patterns are functions which
agsign a luminance level to each point in the visual field. A
function is a vector in an infinite dimensional space. I will label
entire functicns with bold face letters just like any other vectors.
The value of a function at a particular point will be denoted by
a form like fix,v). A particular element of a finite dimensicnal
vector will be dencted Ey a subscripted letter, e.9. a;. As long
as the resulting pattern does not assign negative luminance values
to any points, we can add or subtract any two patterns to get a
third. We can also multiply a pattern by a.nnnstant. This simply
changes the amplitude of the pattern.; Constants will be denoted
by ordinary letters.

We will be particularly concerned with functions, also called
transformations or mappings, which change one pattern into another.

I will dencte transformations by capital letters, e.g. F, T, L,

etc. A transformation, T 1is continuous near & point (pattern)
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a if the transformed pattern T (a) is close to T (&+g) when g
iz small so that a+e 1is close to a.
To make sense out of the previous sentence, we need some notion

of distance. We will asaume Hilbert space or Euclidean structure
on all our vector spaces. The analytic and empirical justifiogation
for this will be demonstrated later. At this point I will only
comment that this structure is pr&r&quisité for the notions of
angle and orthogonality to make any. sense, It is also reguisite
for the application of the Fourier transform. Hilbert space struc-
ture means that an inner product is defined on vectors in the space
and distance is defined in terms of this inner product. Specifically,
we will define the inner preoduct of two finite, dimensional vectors
to be

n
“Ke¥” =.E X:i¥ye

i=l

for infinite dimensional wvectors we define
<K, ¥> = _J'R x{r)y(rx)dr

where R is the region on which x and y are defined.
The ®Buclidean length or "norm" of a vector is defined as
the square root of the inner product of the vector with itself.

We denote the norm of the vector X aé

[x[} = /<xx>

Two vectors are said to be orthogonal or perpendicular to each other
if their inner product eguals zero,
A unit wvector is a vector whose length equals 1. Any vector

can be made into a unit vector by dividing it by its length.
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When manipulating linear transformations, standard linear
algebraic notation will be used for both finite and infinite

dimensional vectors and transformations.

The concept of feature detectors

Perhaps the strongest claim of this paper is that there are
major limitations on what can be said about the detailed internal
structure of the brain on the basis of psychophysical evidence. 1
will begin by examining the notion of "feature detectors" which has
arisen in recent years,

The original impetus for the psychuphfsicistﬁ' gsearch for
feature detectors probably derives from Lettvin, Maturana, MeCullech,
and Pitts classic 1959 paper, "What the frog's eve tells the frog's
brain™ (ll), and seminal werk of Hubel and Wqﬁéel on the rasponhse
of neurons in the visual cortex of the cat and monkey {12). These
papers in turn were motivated by concepts arising from early efforts
at maechanical pattern recognition.

Arnund.the same time, methods of linear systems analysis were
horrowed from certain fields of engineering and applied to the
analysis and description of the performance of the wvisual system.
Studies uszing these techniques are recognizable by the frequency of
their use of repetetive one-dimensicnal patterns described as sums
of sine and cosine functicons. In 1%6B, Campbell and Robson in a
highly influential papér (3] merged the notions of feature detection
and Fourier analysis and proposed that the wisual system was composed,

at least in part, of channels or filters responsive teo relatively

narrow bands of spatial frequencies. A theory was developed which
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might be called the "multi-channel linear filter hypothesis,”

which proposed that the perception of patterns is mediated by

the responses of channels or detectors which are maximally

regponsive tn-partiuuiar pattern eiements and respond linearly, at

least near threshold. ‘A pattern was assumed to come %o thfe#hﬂld

when the rgsPnnaa_ﬁf some channel reached threshold. Campbell and

Robson proposed that such a model could explain discrepancies

between ﬂaﬁa they obtained and a simple "peak detector hypothesis”

which propesed that the thfeshuld for a pattern is determined simply

by the peak to peak amplitude of the MTF weiqhted wave form. I will

show later that neiﬁher aof these two assumptions ls very plauaible

from the standpolnt .of signal detection theory and that nelither

fits Campbell and Robscn's own data. | y
However, let us stop for a moment and“examiné mere closely

what is mqgnt by a featufe datector. _Epparéngly the EEFputs of

these detectors are supposed to be the grounding for our perceptual

experiences.. Consider a simplified outline of what is known

physidldqinally tﬁzhappen in the early stages of the wvisual system,

An external pattern s, is tran;}aémed by the optics of therg}e

into a pattern of light, Tﬂigl, on the retina which causes a

pattern of activity Tr{TGEE]] in the receptors of the retina,

This pattern iz modified by the middle layers of the ratina and

produces a pattern of ‘retinal ganglion cell ocutput Tq{Tr{Tn{EI]}.

The next way station in the chain to cortex is the lateral genigulate.

It produces a transformation in the incuming_patﬁern flg[Tg{Tr{Tﬂ{gllii.

Finally, this transformed pattern reaches visual éurﬁé; and we
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will say that at, first stage a transformation T is performed.

We will lump everything else which happens to the pattern, from

this point until it reaches consciousness, under T, . I could

further refine and dissect these transformations but it is not

necessary for making my point. The overall function F , is of

course simbly aqﬁal o the compesition of all of these functions

T aT

Fa T ‘Tc“Tlg g® 'z’ Ta'

1]

In some sense, the output of each of these stages is a grounding
for our percéptugl warld. The first neural stade, Tquﬂ , provides
a basis of colored points, analagous to a basis of Dirac &-functions,
T el oT o T oT, Provides a bésia of Hubel-Wgfisel cells -- edges,
bars, Lie derivatives or whatever. The question psychophysicists
have tried to answer is, given F can the individual effects of T,
through T_ be made visible in any way? Psychophysicists are.
looking fuf some signature in our visual experience left by each of
the stages. It could be argued that the best system wonld not
leave any. The stages in a linear system d¢ not.

In genéral, when we gain knowledge about the behavior of a
black box or lumped system like F , we can specify its contents,
its actual organization only down to some equivalance clags of
functions. For instance, the existencé of series representations,
Taylor, Fourier, Volterra, or whatever, for almost any arbitrary
gystem demonstrates that the performance of ﬁ black box can be
duplicateﬂ by organizations which are highly unllkaly tn bear much
regsemblance tn the actual system being mimicked. Englneers usually

are not cnncerned by their lack of uniqueneas, but that is

specifically what we are concerned with here.
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In brief, all that psychophysics can specify is the equiva-
lence claés of structuras.which embody the transformation F.
However, I will gshow that some interesting things can already be
gpecified ahnu£ tha equivalence classes of F near specific points.,

For this we need some more theory.

A theory of thresholds

'Thréshuld; for discriminating patterns are obviously determined
by many factors including such things as abilities of attention,
memory , fikatinn, and so forth. However, a fairly naturalistic
model uf-ﬁﬁ@t-a subject does in an experimeﬁt compined with the
notions about perceptual systems mentioned earlier can lead to gome
rather strong predictions about t@;eahnld pehavioxr. Since a
subject has similar information available no'matter what the
experimental paradigm, we will discuss just one which will be
gufficient to get the majuf i@eas involved across. The notions
are eﬁsaﬁtiﬁlly those of modern signal detection theory (SDT) as
elaborated in elesctrical engineering and commumication theory (8}.
Psychologista have for some time been acquainted with a subset of
this theocry (9) which ié inadequate for descriptioen of vigion
exparimantg. Purthermore, some nonlinear ﬁransfarmatinnn,have
been proposed in the name of psychological signal detection theory
(P5DT) which will be.gxplicitly rejecﬁed here (13}.

We must start by cnnsiﬂering the description of the'atimuli.

The stimalus patterns we will be concerned with are stochastic

functions assigning each point in some region of the plane a
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luminance value, or more generally a distribution of intensities
of the wvarious wavelengths of light {l14). So a pattern is a
function €£(x,y). 8Since any physical pattern contains noise --
gquantal if no cfheri—— f is a stochastic functinn. If the
neige iz purely quaﬂtal, £i%,vy) has a Poisson distribution. For
our purposes we will make the simplifying assumption that we can
express £ as the sum of its expected or average appearance f and
a noise= cnmpnnenf e where eix,y) is approximately normal with
zero mean and covariance funcction C(x,x’ ,yfy‘}. I£ the neoise is
Poissen, the noise is virtually independent from point to point and
has variance sgual to the mean luminance at that point, f£{X,y).
_Notice that oqur stimuii are nnt_ﬂxpressed as functions of time.
Since in this paper T am not qning.tn discuss the dynamiecs of F
but cnnsider nnly the detection of perturbations from staady states,
the time series character of the actual stimuli wiil be Eupresseﬁ.
The justification for this will be presented elsewhere,

It wili be useful to think of a pattern f as being an ensemble
of patterns £y o=1,2,3,... whicﬁ on the average look like £
but 2ach of which has Haﬂ a pattern of noise, e, add&d to it,

On any particular presentation of the putative stimulus £, some
alement ;ﬂ . 0f the colleotion actua}ly aogcurs. It will be assumed
‘that through repeated exposure, the subje&t gains knowledge of the
approximate appearance of f and the approximate "shape" of the

cloud of Eﬂ 's which occur. Thus he develops an intuition as to

the likelihood of deviations of various sizes in various directions

in stimalus space.
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Now assume that a subject is presented an.adapting stimulus
& =a +e, and a test stimulus which i a perturbation of a.
That iz, t = a+6p+ e, where§ im a small numher and p is a unit
vector. Wh are assuming that the dlstrihutinn of errors & around
J€, 8+ 85 18 approximately the same as the distribution around

alone., This is reasonable if the maximum deviation over ail

value of a(x,¥).

The suhjact, of course, has no immaediate knuwledqe of
t or a. The obgerver's definition of what E_;nd a "really" are
dependg on correlationa betwsen the readings of various instruments
which have in_saﬁg seﬁse better acuity than he does. The gubject's
perception of t is given by F{t). Remember, our fundamental
aﬂnumptinq stated earlier is that P is smooth, fi.e., differentiable
in the viciniﬁy of a. Epecifically,'this means that there exists a

linear transformation L auch that
(1)

whera P E} gnes to 0 as the "size" (nnrm} of § p goes to zaro. {15)-
In other words, a small change in the physical pattern produces
a small change in the pattern perceived, twice aﬂ large a change in
the physical stimulus produces about twice as large a change in the
cutput, and the change produced by the sum of two parturbations is
apﬁruximataly egqual to the sum of the chang&s produced by the two of
them acting individually, That is, L iz a funétinn'with the property

that

o
1
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L{ax+by) = aL{x) + L{y} (2)

Unfurtunatglg, differentlakility is an abstract concept with almost
no empirical import. MNote that (2} implies that L{§p) = éLp. For
the real world, we requira"a_snmewhat'strcnqer agsumption - that
F can be appruximateﬂ by a linear function uvﬁr the range of
threshold size perturbations. Thiﬁ is not unreasonsble since, for
instance, tﬁa_lug function ﬂhich is a reasonable approximation to
overall visuai system response is neéligibly nonlinear aven for
parturbafiunh as large as 10%. Most thresholds are achieved with
smaller deviations than this and we will restrict our attention to
these cases. T:t should be noted the transfnrmatinn L (in genexal)
depends upon the point E, i.e,, the'apprﬁpriaté approximation to F
ig different for different values of a. | |
We will aahuma that the nolse ¢ is also émall relative to a
which it must surely be since no threshold strategy could preduce
better data than that dictated by the intrinsic noise in the
stiralug and we are concerned with situations in which threshold is
reached with small perturbations of the stimuluh; Therefore, we can

write
t*= F(t) « F{a#hpte) = P(3) + LEF+e) = FAZ) + LBED) + Lie) (3)
Since we will ke manipulating the perception F(x) produced by a

gtimulus x rather freguantly, I will denote the perception created

"
by the stimulus x with a superscript asterisk, i.e. F(x) = x .
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For ease of presentation I will discuss “Toseed-eheice"
expﬁrimﬂnts in which either a test pattern, t, of an adapting
pattern, a, is presented on each trial. Which of the two 18
ﬁreaentaﬂ on a given trial is.detarﬁinaﬁ randomly. ‘The subjects'
task in the experiment is to decide.nﬁ éaﬁh friﬁ; ﬁhich of the two
possible ﬁtimuli-actually occurred. In other words,

a stimalus Elis presented where i is either a or t. The subject
has to guess ﬂﬁathar his perception, Efr arosé from
pregsentation of t or a. |

Wa will.first cunﬁidﬁr the cape in which the sﬁhjact has
complete knowledge of the apﬁearance-nf t and a. We can.asaume,
for example, that he gains knowledge of the relative appearances
af £ and a ﬁhruugh feedback as to the correctness of his decisions
during the course of the experiment or by being acquainted with
a by itsalf and a suprathreshold exemplar of £,

However it 1is accampliﬁhed, we assume the subjact has exact
knowledge of the manner or direction in which t deviates from a ’
and a knawladqe of the "shape" of the cloud of duviutiﬂnﬂ from
average sensation created by E&Ch stimalus. As gtated earlier, we
will assume that the errors around E have the Bamé distribution as
the errors around a. fhe local linearity cnnditiqn, equation (1}
above, implies that Ef'is distributed with the same distribution,

_» * -
Lie) around ¥ as a 1is around a¥,

A suhja:tlwill perfarm'hest in such a tgsk'if on sach trial
he guessmes that the Ef arose from that distribution which makes its
occurrence most likely (9). This is the behavior assumed by gtandard

PSDT. The ﬁnly difference that I wish to emphasize ig the many
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dimensional character of the situation. Figure 1 ghows a three-
dimenaional representation of the subject's problem. The clﬁuds
around the points 2* and t* represent the distribution of sensations
ari=ing from the presentations of a and t respectively. x¥* represents
the perception arising an.some given trial. The subject’s task ig to
quess which cloud the perception is really an element of. His best
bet 18 to guguh that a was presented if the prababllity of aéeing x*
given that a was presented is higher than the probabllity of having the
parcaptinn x* if the ptimulus was actually L.

The standard measure of discriminability in PSDT {labeled 4'} is
the distance betwean the means of the distributions of the teat and
adapting stimuli divided by the standard daviation of the distributiona.

In tha_multidimunainnal cage we have been discussing, it can he ghown that

=Zar

U

- [Et_E*}T C*"l{it_i*} = {5 Et}T Ci-lﬁﬁﬁ = & EE*T ci_lﬁt {4)
where ﬂ*-l ig tﬁe inverse of thelsuhjective dbvariaﬁce function, and
guparscxipt T utanﬂé fnr transpose. This is .the eqﬁatinn for a molti-
dimensional ellipscid(16}. If the system is smooth in the sense
discuesed ahﬁéa, and the subjeﬁt has good knowledge of the ptimili

he 1s discriminating, contours of equal discriminability for compounds

of two stimuli must lie on an eilipse. such an experiment where

p = &p; * hEg* a“" +pr =1
or more generally
) ! oy
= Y ] = 1
T 1= 1

is callad a subthreshold summation axperimeﬁt.'
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That this performance can be achieved with human subjects is evidant

in the data of Figure 2.(17) Thuiﬁ-allipsnidﬂ‘hava been collected with
widely differing stimuli by people wito had no theoretical Juatification
!ﬁt the occurrsance of #llipaas. In two cases, thay expressed surprise
at the apparent né&d_fur a. "sguare-law" of ;ﬁnérgy" detector. In

fact, no such nperaﬁinn'is implied by this performance. The contour
spacified in (3) ims unchanged if we take the square root -:lf. tha
equation, thus axprassing the relationship in terms of Euclidean

(more Pproperly, Reimannian) distance rather than sequared distance.

The und&rlyiﬁg "cauge" of the observed behavier is simply the nature

of the underlying statistical situation.

The necessary existence of noise internal to the nervous system.

Return with me now to equatiun-ilja Wers the eQﬁatiunLtrua 4 it
stands, we could learn nuthing.abnut tﬁe structure of the visual
manifold in fhe neighhurhnﬁd of the hd@pting_atimuluﬂ other than
its dimenaian@lity. To seé any ,ﬁther ééfectﬁ of its structure,

a loss of information muﬁt.ﬁcﬁﬁrlin.the'sysfam. .In nthﬁr'wnrdﬁ,
tha_syatam must introduce noise which changes the Btatiutica of the
detection sitpnation. The difference between the performance posaibl 2
given the iﬁ;rinaic noise in the stimulus and the actual.paffurmanua
poasible by nhaﬁrvers does shed some light on the processing taking
place inzide albeit rather dim aﬂﬁ diffuﬁé. )

We can'expréss the occurrence of this iﬁtarﬂal nuise.hy replacing

equation (1) with

F(t! = F(@) + LEp) + Lig,) +8 I (5)
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where ¢_ is the oxternal noise associated with the stimulus and which
can be measured by physical instrumernts, and e; is noise from all
sources internal to the systen. The two nolse sources, g, and e
are assumed dintriﬁufad, with zero mean and covariance functions

C, and C, respectively. The covariance fuﬁdtinn of a linear
tranafurmatinn.ﬁf a random variable, in fhia ;nltance L{EE}, is
given by LEELT. So the covariance functinn.deta:mining detection of
perturbations around a is

cr = e L ey - (6)
Since there arE'qnlf a finite number of cnmpnnénts in the nervous
sysetam and in ﬁarti:ular only about a million fibers in each aptic
nerve, the range of F is finite diﬁeﬁiiﬁﬁal and 2, ix finite
dimensional. Therefore, €; can bé repreu&ntéd by a matrix. It is

- apparant that if Cy is identically zero, which means that e, is
invariably jq#t A vector nf zeroes, then eq; (5] reduces Eu aj. (3)
anﬁ'tﬁ} raduﬁﬁs to | |

T
C* = LCL

(7)
Let ue consider first the contention that were there ne
“internal noise, i.e. that C;, = O, nothing could be lsarned about
the properties of F in the neighborhood of a other than its
dimnnsinnality. For the sake of concreteness, consider the

transformation which takes the visual patterns to the outputs of

retinal ganglion cell ‘outputs.
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The pattern in the outside world is an infinite dimensicnal
vactor as mentioned earlier - an infinite number of values, cne

for each point in a region of the plane =~ are needed to specify
. potikern of

.a particular pattern. Thqﬁuutputs of the ganglion cells is given-

=T T ,T

by F .
Y aye g® r® o which were defined earlier. The reason for using

thia example is that the greateat loss of information in the systim
ococurs between the outside and the uptic nerve. In particular, all
visuval information must go through the bottleneck of the optic nerve.

Noamount of slaboration after that point can restore the lost degreas

—— -

of fresdom.

The ocutput of this transformation 18 the firinq rates
of the million or so axons in the optic nerve. Suppose we could
attach each uf'thase optic nerﬁe fibers to a viewing screen so that
the briqhtnass_nf each point on the screan waﬁ determined by tha
firing rate of one fiber. We would see a pattern y = F_

. ¥
any pattern of light, x_ cast on the retina. Assume Faye ag just

e X} for

described is totally deterministic.

It is obvious that Feya iz singular; it takes patterns from an
infinite dimensional space and collapaes them into a space of around
1ﬂIE dimensions. Therefore, there must be an infinita number of
patterns whieh are indistinguishable simply becausu thay gatlmnpped
to the sane nufput pattern - they are not resolved by the system.
We can separate the patterns which are resolved from those which
are not, in the following way.

We nead to work first with non-stocastic patterns before
inveastigating what happena to ensembles of puttérns. .Glven a
non-stochastic pattern, &, we will call the et of all patterns X

o (8} (equivalently L

for which Fo eys

E{E+g} = P (x} = ¢} to be the

¥ ey
nul)l space or kernel of Faya at a or equivalently the null space of
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LEyE{E}. We will label this space Nz. We will call the

orthogonal complement of the null space Cg ,the co~kernel of F at a.
In this waf we have divided the total space of stimulus patterns into
two unique éubspaces such that any pattern X can be expressed as the

pum cf a Enmpﬂﬁfnt, x from the null space and ¥ from the co-kernel,

- - — — o o
X = X + X, Eg_is an igmorphisn when regtricted to CE. Patterns of
the form 8 = & + X, which contain no component from Cz obviously

cannot be resolved from 2. Their thresholds are arbizfarily high,
noise cnnsi&eratinns aside., Conversely, were it not for noise, any
pattern in Cy should be discriminable from any other.

Howeve;. there is nﬂisé.in'the atimuiug., Equatleon (3) represents
this situation. We only have to concern purselves with the portions
of the patterns in Cz, S0 frum-here on we will tacitly assume that

we are ignering the cnmpnﬁents of patterns in N According to

eq. {3) we can write
theg* = (BRI @t = LED) + Lie)

so (5p)* is céntered at L{Ep) = §Lp. Combining eq. (7) and eq. (4d)

we have
& _ o 2 T .'T -1
{d*")}" = 3§ tI.E”] *{LEE-L ) TLp
-1
2T T T -1_-1
= 4 .E LL !':e L "Lp
_ GEETC'E-]'E | .{3}

giving us the result we were saeking. If there were no nolse internal

to the system, the threshold loci would be determined by the statistics
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af the stimulus. All that could be distinquished would ke the
dimangionality nf the kernel and the cn-kefnéi. That this dimen-
sionality tcan be determined without referencﬁ to the statistice of
the aystem is illustrated by the many ways it can be shown that our
coloxr parceptinn is three &imensional.

- Of cnurue_it is poinkless to try to determine tha dimepsiunality
of & system as complex as the visual or auditory systems, however,
it is important to note that their dimanainﬁality can be no higher
than the number of fibers leading fram.thﬂ_récéptana te the brain.
In certaln systems such as smell, whare 1itt;e.is known even about
the varietia;'uf receptors eﬁEnt, psychuphysic&l measures cculd perhaps
determine just how ﬁany there are.

The aaﬁﬁmptiun of a nﬂisélesg system is nonsenss, of coursa.
Even the viawing screen analogy drawn eﬁrliar.ia unrealistic in
diaregarding'the noise of the light coming from the screen, We will
now axamine tha effect of internal noise on the performance of the
gystem and ﬂhuw how, in the wisual aystem itﬂpresenca gives rise to
the madulaticn transfer function.

As indicated earlier, equations (5) and {6) expreas the
distrihutiuns-gﬁverning detection whaﬁ the system containg internal
nclse. Figure 3 illustrates;in thrae dimehsiuns, the relationships
we are cunaidefing. Several simplifications have been made to
clarify the.picture. Flrst, the distrih;tinns of e, and g AIS
assumed to be ﬁpheri:al.. Thﬁt is, their covariance functlons are

agpumed to be of the forms aezI and gizI where I ig the identity

P

fun&tinn and 0,

and uiz are the external and internal variances
respectively. -Secondly, the locations of the means of two test

pattexrns are represented, but their distributicnal clouds
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{which are assumed identical to a's) are elided. An extarnal
adapting stimulus distribution and the means of two afbitrary test
patterns are represented in 3a. These patterns are transformesd by

F to the pattern in Figure 3b. This plcture illustrates the

situation if there were no noise internal to the systen. El has bhaan

transformed to %, which is further away from a* than E,was from z,
and conversely E*, has been squished closer to a*. However, the
standard dg?iatiﬂnﬁ;uiae in the direction of .E*l has increased, and
in the direction of £", decreased in proportion to their own
movemnent :ﬁ thé statistics determining their detection remain
unchangéd. - Now, if the internal nni%a repregented in 3C adds
to the tranasformed external noise, the gnverhing distribution i as
indicated in 3d. E&E has been virtuwally buried in the noise,whereas
t*; is still relatively disprimin&blél |

Notice that as the ratio of the external noise variance to the
internal daﬁfaasa:, the aguation ccntrolling detection ranges
from equatinn (7} to | |

}2 1

(@2 = 5%prTc,"lps
' 52 T T. =1 :
=5 pRC; "Lp _ (B)
In this casa, which holds when the external noise is

negilgible, threshold contours are determined by the matrix LTCiL.
Even here there is ambiguity between the shape of the
{nternal noige distribution . and the transformation the stimuius

undergoes,. To make assertions about L, we must make assumptions

about C,- It can be demonstrated that if we replace L with G-lL
-1 -1 .
and Ci with G CiGT the guadratic form determing thresholds
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rimninu constant. This is8 true whatever the ratic of external and
internal noise. We might ag well aﬂaumﬁ fha Eannn that C, = UiI,
in other words that the diqtributiun of internal noise is spherical
. and ,all differences in the discriminability of atimuii are due to
tﬁe transfurmntianﬁfram_ﬁhg'wald to percepé. In*;hrﬁ*uiugieai
koxani—the—assanptien-meant—that she-nUiwe-in—esch-menromre—fising

el AT A 1L s Ty

1&!MFHE-ﬁin—tn—nnu=an. In any case, it is important to reccgnize
that since the "true" state of events in the ﬁxté:nal environment ig
not availabie internally, there i=s nec ralewﬁnt basia against which
to agsert a pa;ticular form for ci. All that can matter 1ls the
relaticn hetﬁaen'n and Cj. |
 “ An illustration of the points made iﬁ this mection iz provided by
the change in shape wﬁich the cunfrﬁht'ﬂapuitivity function (CSF)
undergoes with ﬁhange in luminance level. A CSF is the graph of
the reciprocal of the contrast required for dsetection of a grating
vﬁfluu_the Hpﬁtial fraquency of the grating. In'gen&ral; tha
| luminance waveform of the grating is a sinusoid, as is the current
”&Esﬁ."ﬂuwuﬁ!r, later we will be cnm@aring {S8FPe obtained with sguare
waves to thnéa'ahfained wlth sinesa. Since there is not the space to
gﬁhlnfb detail here, I will just point out that the loss of distinctive
shape, {particularlf the loss of the low frequency roll-off which is
necessarily of neural origin) in the lu##r iuminance gcurves in
Figure 4 can be attributed simply to the chanjg in the relativa amount
of neufal noise and ;xternal guantal nolige whiﬁh accurs wlth

charges in light flux. Specifically, if a compreassive tfanufnrmation

ﬁﬁdh as the 1unarithmic'takns place at the receptnrs,thé variance

of noise which is pointwise independent will decrease relative to
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neural noise which occurs after th& signals are mix&d'by neﬁrnl
processing. If the receptor tfanafnrmatinn is logarithmic, and if_
we assume that neural nolse central to receptive field traqsfnrmatibnﬂ
etc. is re;ati?gly constant ( 18 ], the change from the de v?iel-nﬁiu
law:tu Huher'é 1aw is axﬂlainéd:at the same time as the change of |
shape of the csr (19) . | o

From this puint on ﬁe wlill cunaider unly visunl experimuntﬂ
gonducted under luminance levels at which external nolse is

insignifiecant.

The measurement of lecal eigenfunctions

We now return to the gquestion of the wiability of the notion nf
feature datuﬁtﬂrs.an a psychophysical exﬁlaﬁatnry device. Assuming |
that external nocige 1s inaignificaﬁt:'aﬂﬁ the pubjact has Ffull
knowladge of the stimuli, we have seen that
(@+)? -_ﬁlg*Tci'lgt EZETLT Cy 11-E | - {9}

I now wish to point out several propertieas of thie quaﬂratic form.
It is apparent that the information about the system we can gain |
by varying p depends only on the total lump LT Cyl not the individual
functicns producing it. I hava already indicated how ci can be
replauad with any other cnvarianca matrlx if a complimentary change
{s made in L. In particular, there exists a matrix K such that

Ci = KIET and we can express our threshold form ae

2 - ' ' L .
@)% = & 2pTLT (k1K) "Lrp=s 2pTo T0p = & ‘p 0 Qp | (1)

where (O = 1L
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For simplicity we will work with equation 10 and conglder
Q to be the matrix specifying the ovarall action of F near our adapting
stimalus. Tn_tie what we have done back to the original 1ssue of
the viability of feature detectors, we can interpraf Q to be a matrix
vhose ruws_ara'sumn get of ﬁrﬂpﬂ!ad detectors, Flgurs 5 illustrates
such a matrix picturiﬁlly. Each column corresponds to a location
on the ratina. 'Each.raw is uﬁe putaﬁiva detector. As axam@les,
the rasponse fuﬁctinna of "bar-like®, and "edge-~like” and
tpaurier" detectorsare illustrated. The output of each detector
is givean hy'thainmw product of the response function of the cell and
the pattern cn the retina. . Assume there are n detectore which are
combinationa of m receptors =0 Q is n ¥ m, Hatiﬁe firat that since
QTQ iz m x m we can never tell that the number of detectors is
greatar than ﬁha number of racepturuj'réilluﬁtrating the point made
more ganerallﬁ earlier that the dimension of the system cannct be
ahown to be greater then that of the _tighte'at 1‘:1.:'Enmatinn bottlenack
in the system.l | |

Next note that for any orthonormal matrix O,

0T

o%oToo = @'1q =
due to the defining quality of orthonomal matricies -- thair
transpose is their inverse. 5o, for anf'pruﬁpaad sat of detectors,
¢, there is an infinite class of sets producing identical

threshold data;_ This class 1s called the simiiarity elags of the

matrix Q.
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S0, tha most we can determine on the ﬁaaia of threshold
axperiments is this aimllarity class. I.mentinnﬂd above that a
guadratic form cf the sort we are discussing defines a multi-dimensional
eMlpsoid. The =mimilarity class of Q 1s simply the class of all
syastama which produce exactly the same sMipscid as Q does., Of
fhe;;untinuum“qf fnfmp-which could generate the observable data,
it ig useful to choogse one which preaenta‘the'infnrmatinn in an
intuitive manner and which allows Enmpariaﬂn.hetwean similarity
clapses, o |

A very appealing description is simply to spacify the
nriahtatinn anﬁ length of each of the axes of thﬁ threshold
alipanid. The principal axis theorem (16,20} yhich is the under-
pinning of factor analysis tells us tha; any symetric matrix such
ag & = QTQ can be written in the fﬁrﬁ’ETnE whera E is an
orthonormal matrix whose rows are the eigenvactors of S and D
in a matrix of wﬁuse main diagonal containg the corresponding
eigenvalues gnﬁ contains zeroes everywhere else, These sigenvectors
are the axes uf the elipsocid, sach of whose length is giwven hy_
twice the squﬁre root of its associated elgenvalue. These sets of
eigenvalues and vectors summarize all that can be learned about
thea steady state performamce of a éansﬂry gystem near some particular

adapting stimulus.

The experiment of Campbell and Robson

We now have the tools to consider the experiment by Campbell
and Robson which was the original motivating influence behind this

article. The rationale behind the use of trigonometric (Fourier)

functions for the analysis of systems can now be placed in its
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proper context.
There lg a very common class of linear systems,

which we will call invariant linear systemg, for which sines and
comsines are the eigenfunctions. In our terms, these systems are
those whose similarity class contains a matrix whose rows are
identical to each nthEr'eﬁcapt fur'a'shift in ﬁusitinn. For instance,
if the matrix illustrated in figure 5 contained only "bar" detectors He Thoe
shown in the first and second rows and all were identical tn.aach
other excapt.fnf the.ratinal position upon which they were centered,
then sines aﬁd cofsines of various fregquencies would be the
aignavecturslnf tﬁe matrix, and the CS¥ ﬁhich gave the eigenvalues
as:nciatad_with each fregueancy would 'cnntain.ﬁll the information
needed for complete descrlptian of the perfqrmaﬁce of the system.

In the experiment upon which they based mﬁgt of their thenrizing
they determined subject's thr&ahﬂldsfgur.perdeiving bar patterns on
a telavipion-like secreen. The luminance profile of the bar pattern
was either a sinusoid or a aquare wave. The fraquancf of the bars
ranged from about 0.2 to 40 cyclaé_par degrea ﬁisual angie. The
gsubject's taﬁﬁ'was to adjust the contrast nf-thé grating pattern
until it was barely discrtminahie from a tntally'hlank screen. In
other words, ﬁhey cnllécted {8Fs for both ﬁiﬁuanidal and sgquare wave
pntterna. In our nntﬁtiun the adapting pattern, a, was a blank
scraen ﬁf some fixed luminance, %. The test pattern was either of

'

the form

Eg{'”} = § +ﬁcnﬁ (osx ) ' | ' | {11}
or

Eafm} = 1.+iﬁagn{cﬂs{mx}? | “. .' | (12}
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where sgnix) = +1 if x > ¢, -1 otherwlse, Eﬂ can alsc be expressed

in terms of sinusoids by the infinite Fourier series

d 1 . : '
bo(w) = &+ ) = COS (nux) - {13}

n*lfsr-i'.'.

in tﬁis latter form t  can be considered a stimulus in a gubthreshold
‘summa tion axperiment as defined earlier.

Figure 6 shows their-data and scme gimulations Pf it I have
added. The open circles in the upper portion of the figure are
their obtained CSF for cosine gratings. The salid line through
these points is a least squares four th degrge-ﬁnlynumial fitted
ta thai:é data for purpoces of *E‘T"'“J- the notions at lssue here. The other
curves I have_added to this figure are cal;ulated with no free
parameters from this estimate and ﬁny errors in it are prcpagatud.
into the derived curves. The filled squares in the upper portion of
the picture farm their CSF for square wave gra;ings.

In the lower portion of the Figure the ratiocs of the senmaltivities
for the sguare waves to sine waves are plntﬁed with filled circles.
Line segments indicate their standard errors around these ratios,
They have piaced a golid horizontal line through 4/7 which is the
ratio of therfundamantal cosine component af Eﬂfm} to Ec“”]' The
final line of their original illustratiﬁ£ is the dashed line which
rises to the left above their nﬁtained ratios.. This line gives
the ratios of the amplitudes of the stimuli whi&h would be predicted
on the assumpti&n ﬁhat "the threshold is determined by the peak value
of the function nbtai;éé-hy passing the modulation wave form of the

grating through a filter whose attenuation characteristic has the

form af'the contrast-gensitivity function” {3;p.553].
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The ratioc they compute under this model for each frequency w is

| -

m:x E % cos (nwx)CSF (nw)
n=l,3,5.. — .

CE5¥F{w)

= |

They propoge thlE model as a straw man agailnst which they cﬁntrust
their data. The notion they propesed in its stead Ls "that the
visual eystem behaves not as a single broad-band spatial filter
but as a number of independent detector mechanisms each preceded
by a rslatively narraw-band filter "tuned' to a diffarent frequency”
(3,P564). No specific predictions can be mad& from this model, and
I_Hﬁn't pursue its several logical problems any further here.

The last two curves in tha figufé ﬁra preﬂictiuns based on
the ideas developed in this paper. They rest on two assumptions:
first, and wost solidly, the general theory of threshold detection
ander conditions of atimulua':arﬁainty presented above: secondly,
1%?#ﬂumﬂM1that ginuscldas a factor of 3 apart in freguency would
be nrthngﬁnai with respeact to the system. Two patterns, B and B2

TE; = {§, Two patterns are

are orthogenal to cne another if By

orthogonal with respect to the system G if EJ_TGTGE2 = 0. The

relevance of this notion in the present situation is that the
. .

detectability of the sum of two patterns is determined by

{El+EE Ta G{E1+Eg] - El TgT Gp, + By ToT Gp, + 221 T GP o | {14)
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This expression can be readily extended to conbinations of more than
2 patterns such as the infinite sum representing the sguare wave in

our current example, Only if the pattern components are orthogonal

with respect to the system carn the square of the detecgtabiltiies of
two patterns be added to yield the square of the detectability of

the sum.

These assumptions yield thresholds for the sguare waves given by

s3] (?— CEF{nm})z

1Tn-l,3,5,.. nt

The line through the square wave CSF is the curve predicted using
this expressicon and the line tﬁrnugh*ghg ratios is the corragponding
predictions for them. The apparent better fit for the ratios is
probably due to the cancelling of some of the error in the polynomial
fit of the raw.data. Ell_harmnnica for which there 18 any
appreciable response hf the visual system contributed to the
detectability of the pattern. For the lowest freéquency, even the
addition of the 21lst harmonic to the calculation made a slight
improvement in the £it. This is not surprising since the perceived

pattern ig_thﬁ entire sum, not some arbitrary pertion of it.

Note that the wvalidity of the sdbqnﬂ assumption made.
abybe is fortuitous. Other data indicates adja&ant frequencies are
not orthogonal vis a vis the-syatem (21), and in fact frequenuias
‘aven a facthr_nf 2 apart are not generally found tc be orthogcnal.
These dependancies have been interpreted as demonstrating the
"tuning" of the varicus potential mechanisms. What they actually

demonstrate will be discussed elzswhere.
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It ahcuid be noted that Reimannian metrics of
the form given here are the only metrics in which the norm of a
pattern is not depandent upon its representatinn. In other words,
we arrive at identical datectabi;ities for square waves
whether we represent tg by elther expres;iﬂn 12 or 13, Such systems
are the only context in which Fourler analysis makes sense, 80 all
thoge experiments which have shown the applib;hility of Yourier

technigues to psychophygical phenomena lend support to the thesis

pregented here,
Effects af uncertainti

I am inclined to lump all ways in which data daviates from the
hasgic thaqry_preaantad here into just 3 catagnriea: a]deviations
of the perceptual manifold from linearity for larger signals, b)true
non-differentiabilitier and catastruphfés'on the manifold, and,
c) the numercus effacts of uncertaihty menticned below. The first of
these is not a major conceptual problem. It is merely what requires
us to usa the notion of & manifold rather than a linasar apmroa. Simple
nondifferentiabilties probably are obscured by the stochaetic
nature of things aven if they do occur. Hnﬁe?ar, discontinuities
or catastrophifs and the associated phenomenom of multiple ateady
gtates are guite cowmmon, particularlf in binocular vision. I
discuss the prohlem of ﬂistlniﬁiSEiEEEhEFween them and effects I
would rather label uncertainty 4 (22}. ‘Here I will only briefly
discuss the third catch-all category - uncertainty.

Books need ta be written delineating the multlplicity of
affects engandered when either the stimulus sltuatiﬂn, the subject's
expectations, or the inprecision of his memory changa the appropriate

statigtical model. Many of the stimulus paradigms which have been

used in the past have currgsﬁnnding statistical models which are

— == [ J———
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nearly intfu:tahla._ Each such aituation requires detailed analysis
before any solid predicitons can be mada. The general algnal
detection. egquations for these problems are given in Middlaton (8)
and I'm sure a large number of specific situations have been
examined by wnrkaEP in communication thenry in the intervening vears.
Rathar than developing any particular axamplas, T will just
state a few general conclusions. | |
l}uncerﬁaiﬁty effdcts are vbiquitous, | 4,23¢21} list a few
papers demcnstrating them. | Eﬁ%
2}The sloperof the psychnmetric funct:l.ctns obtained generally
increase relative to tha&meanfaa uncertainty increases {(23).
The siﬁplest cage to handle ig that in which uncertainty is
subspacewlge -~ that'is,'the paﬁﬁern to be detected is
speclfied only duﬁn to a auhaba&e.' Far exampla, if the pattern
to be detected is simply of the furm,E = M a where M 15 a matrix
whnua_columns are a sat of arthngﬂnal,-un;t length
patterna and‘griﬁ a random vector of coefficients for the
ccmpangnt-patterns. In this case {d']2 will be disgtributad
as a xi_. It is well known that the standard deviation of
thase dfutrihﬁtians increagas as just_JH3while the mean eguals n.
3)Contrary to pépular dogma, it is usually a bad idea to
randomize the conditicns of an experiment. Randomization
causes effects due to increased uncértainty (24) and differential
amounts of uncertainty between canditinné containing stimuli of

differing degrees of complexity { 4).
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Critical Bands and similar masking phenomina

The fina; toples I will discuss are the phenomenocn of critical
bands and a related observation by campball'n Robson. I will dia-
Cuss Camphéll E'Rnhsun's aeffect first, then build upon its
explanation to expldin in the discrimination of a pattarn from a
background of randomly selected members of any speclfied set.

Campbell & Robson examinéd ¥ ..the contrast lavel at ﬁhich...
square-wave gratings can be distinguished fruﬁ gsine-wave gratings
having the smame spatial frequency and the sameé fundamental
amplitude. A display was devised which altarnated at quarter sacond
intervals from a sine-wave to a agquare-wave. "The experimenter set
the‘uina /square ratio to 4/7 and_thg subject waz provided with a
control which énahlud him to hdjugt the cunﬁraﬁt of both gratings
togethar while maintaining the ratia_ﬁf thair contrasts constant.

At each pre-set spatial frequency thé subject ralsed the contrast of
both gratings together until he could diatinqﬁiﬁh one grating from
the other". (3,560-561), |

o may

Figure 7.-shows the gecmetry of the situwation. It,alac help clarify
soina of the concepts preseclal gparlier, Frequencies a factor of 3 apart
are appareﬁﬁly orthogonal. Thus it is apprnpriﬁte tq plot the
fundamental vector perpendicularly to that representing all the
other components. Campbell & Robson prgsgﬁt.data anly for
frequencies above approximately 1 cyclé par degree visual angle.

It 1a apparent. from Fig; 6 that at these frequenciesa, harmonics

above the third are relatively insignificant. Fig. 7 represents the

3 cycle per degrea case. Even at this fregquency the sansitivity for
tha third harmonic ia only about 1/3 that for the fundimental. BSo as

can be seen in the figure, it appeara that the square wave comes to

threshold about when the fundimental alone doss. In their
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digerimination experiment, Campbell & Robson increase the contrast of
the square wave (increasing amplitude along the dlagonal line}, while
constantly comparing this stimulus against"an adapting pattern
consisting of the fundamental components. From the picture it can
be seen that one would expect the two pattarns to be digtinguishable
Innly when the pnrfinn of the sguare wave orthogonal to the.fundamental
reaches its own threshold. This 18 what thay:fnund. Actually,
the most interesting aspects of their confirmation of this picture
are the facts that 1t shows that there 1s ﬁnthing sacrad about the
blank field adapting pattern, an;:;Le aystem is linear within
experimental precision in a considerable region in pattern space
around the bhlank pattern. The general principle that two patterns
become discriminable whenh their vqetnrigl difference reaches
threghold explalns a great variety d} ﬁasking'phannmena in which
alteration of the system due to adaptation is minimal,

We finally turn to the explanation of c¢ritical bands. If a
pattern is presented against a Eackgruund of noise it becomes
more difficult to detect. Also, as indicated earlier, its
detectahility' bhecomes more dependent upon the statistice of
this external noise. However, what counts in datection is the
variance of the noise "ia the direction of" the pattern to be
detected : {af, figure 1}. In audition, it was observed
& pure tone was harder to detect when pfésentad in white noilse.
However, when a sufficieﬁtly wide gap in the spectrum of the noise
ig made arcund the fregquency of the tone, the detection of the tona

is virtually unaf fected by the presence of the noise. This gap.-

is called the critical band (25), Analogous effects have been

found in vision {206},
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the principle inveoked in explanation of these affacta.is
straightforward -- the distribution of the nolse with a gap in it
forms a cloud in a hyperplane in pattern apace. 1f. the pattern to
be detacted ig within this hyperplane, its datmction is determined
by the nniaa-distribuﬁinn. If the pattern is orthogonal to the
hyperplane, its detection is unimpaired by the ncise. If nelther, its
datectability ie dependent mainly on the :nmphnant of the paftarn
orthogonal to the plane of the noise,  Thua, if the pattern is

orthogonal to the noise,lts perception is unimpalred.

Summary

I have presenfed here the outline of a general thaoxy of
threshold behaviar and indicated several peints of correspondence
betwean it and available data. Hﬁpéfully, the ovarall pleture
{which seems to ma to have almost the status of a tautology) will
not be lost in debates over details which mny require modification.
This thanry in no way denies the complexity of psychnphys;cll
phenomana. 'However, 1t does elahnrata severe restrictions on the
interpretationg which can be legitimately based on these data. Nor
i's it meant to trivialize the insights which can be gained from
the intrnupecti?e_teﬁhnique of psychuphysics; .The presant paper is
jtself a product of that tradition. Indeed, an'implicatiun of the
ideas presented here is that rather scpﬂisticated statistical models
are regulred tﬁ describeé a subject's behavior in even the simplast
experlmant.

Finally, a comment on experiments. which contain a temporal

component, =g. Btudies of forward and backward masking ‘and motlon

parception. The analysis of these situations is considerably more
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complex. HMowaver, it is not fundamentally different in principle.
Thesge prdbiamn of digerimination can be pictured either as problems
of discriminationa of paths on the sansnry'manifald as deacribed
here or, more adecuately, as the discriminatinn of points on a
manifolad in.the carteslan product of the %paca of static patterns
cnnuiderud.here and the time axis. In any event, the character

of the data obtained and the implications which can be supported

by them 'ie unchanged.



~ FIGUBE CAFTIONRS
1. R#:ea&ntatiun in three ﬂiuansinn- of the subjects' dilemma in &
threahold a:plri_.mt-. "Bach point repregents the paerception of the subject
- on @ sif:u'”tr:l.nl. 'l.'hn cloud centarqd ﬁn : consists of percepts arieing

H

from prunﬁt.ﬂ.m af tht- adapting itiﬁ;ua a4 : the alan:tntl of th;a ¢loud
ctntiﬁd'___un. F are percepts arising from presentation of the test stimulus
t . ODm .'n'givan trial, the subject's parcept may, pur'v.:hanr:e, coxrespond

- ko n_pnint at _;*. The :ubjeét. must decide whathar.i;he experience is more
likaly to ba nfnﬂlber. of the .diitr:l.but:l..m:' generated by a prasentation of
a or of t.
2. Em_a:ﬁpnu found in v;rin.u- fields of pnyﬁﬁnphyuiu. (17).
a}). Thfu.hnlﬁ- for luminence imcrements and dncrnﬁnnta of small ¢ircular
tll‘llﬁ .Prnnntmi binu:ﬁlarly; The M'mca change :|.n tha right eys
1s plotted hoxizontally; that in thi hfl_:,._'-_'irt;:_l:lllylf- Data from two
n_thjn-:l:ﬁ i-._nhm.

b} MacAdam color &isq:ininatinp a¥ipmes plotted ﬁn tha standard
ﬂl‘mt#itr diagram. Eiip;u'nu :':r_luttad ten t:illgﬂ actual acale.

EJ, Plnl:l. of the relntin;nhip h:ﬁﬁn two b;ﬁf .f.l-l.:ll;hﬂl; at threshold

with ﬂ-‘-ff_arnnt intervals between them. The interval between the flashes

in txmec. ia marked near the origin of aanﬁ cum. From Raghbass.

3. A 3-d.1nnn:iun:1 i1lwgtration of the sffecta of thi_trmfumt:lnnu
performed by and noise added by the vinun]:. nratu;_ See taxt for ;:pl_mat:l.nn.
4. Contrast aanair.ivit:y funcclon for various levels of retinal

{1lumination (measured in trolamda}. {(19;

5. Respresentaticn of the product .!'Df ﬁrpnthntic.al matrix of "detectorsy,"

Q, and an arbitrary psttern, p, in the visual field. Only one dimensional
profiles :if: the funnﬁm and patterns aAre t:praunl;ad. Each row rapresents

the spatial response function of one detector. From the nasal, N, to -
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texporal, T, aides of the wiliaual field. The respoose of each datector

iz given by the immer product of the detector function and p. The total
output pattern 1s given by tﬁe veétur of the outputs of all the detectors.
The firat two detectors repfesan:ed are gimilar in form to proposed “bar
detenﬁnra." They are identical to each other exnap£ for position with
respect to the visual field. The third function 1§ similar to "line
detectors.” (2) The laat two functions are like proposed sine and

copine detactors.(5)

6. The contrast sensitiviey functions obtained by Campbell and Rnh-un.{ﬂ}
for sine (open circles) aud square (filled circles) wave grating patterns.
See text for discussion.

7+ Tha genpﬁtry of Campbell & ﬁpbﬂun'a sig&-sﬁuarn wave discriminatfon

=:pariman£. . The picture Is ascaled to correspond to their three-period
per degree data. a la the point represeniing the blank adapting pattern.
Et and h, are the thresholds for diﬂcrininatin# the fundamental component
{the 3c/d sinuscid) and fh& highef harmonica {mninlf the 9cfd component)
from a raqpaﬂtivalk. Squareé waves are produced {apprn:imntely} by ;he.
vactorial addition of 1/3 of the 9¢/d component to the 3 ¢/d component.
The diagnnii.line represents square waves of varying smplitude with

threshold reached at $ To discriminate the square wave irom its funda-

__'_tl
mental component, however, requires detecting the component of the square

wave orthogonal to the fundamental component. This component is not
dlacriminable {as indicated by the daghed vectors) until gt when the thresh-
old found for discriminating those components from a blank pattern ia

reached.
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