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Abstract 

The article addresses two questions about perceptual learning: What are the 
circumstances which produce learning? What is the content of learning? For each 
question, a critical principle is suggested: (1) Objects are constrained to behave in 
certain ways. If a violation is detected, an internal malfunction is assumed and 
subsequently corrected. (2) Learning involves mappings between entire perceptual 
dimensions rather than associations between individual stimuli. The principles are 
applied to two phenomena: the classic adaptation to prism distorted vision and the 
more rec~nt, but equally elusive, McCollough effect. The v'~ew suggests a new 
interpretation of the McCollough effect and accounts for findings difficult to account 
for in other interpretations including which stimuli can successfully lead to contingent 
after-effects, the outcome of correlation manipulations, and why the effect exists at 
all, In addition, the phenomenon is linked to prism adaptation, t, sually regarded as a 
distinct type of plasticity. In general, the view advanced is that the two principles 
help distinguish perceptual learning from other types of learning processes. 

I. Introduction 

W h e n  cogni t ion  e m e r g e d  as a new field, theor ies  of  l ea rn ing  were  r e j ec ted  
a long  wi th  the behav ior i s t  ph i losoph ies  b e h i n d  t hem (see, for e x a m p l e ,  
A d a m s ,  1987, p. 57; Shanks  & Dick inson ,  1987, p. 256, for  discussion).  
H o w e v e r ,  recent ly  there  has b e e n  r e n e w e d  interes t  in how people  learn  and,  
m o r e o v e r ,  ideas  have  prof i ted  f rom advances  in cogni t ion.  For  ins tance ,  the 
sugges t ion  of  a domain-specific acquisition module  for just  biological  
k n o w l e d g e  (Kei i ,  1992) is an ou tgrowth  of  cogni t ion ' s  interest  in d o m a i n  
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specific modules of processing (Fodor, 1983). The suggestion that implicit 
memory and explicit memory should be distinguished from one another 
(Schacter, 1987, 1992) could be reviewed as resonating with cognition's 
interest in whether conscious awareness i, present or not during processing 
(e.g., Kihlstrom, 1990). One area of learning that has not yet enjoyed the 
progress of cognition is perceptual learning. The purpose of the present 
article is to take one small step towards similar modern advances in this 
domain. 

Perceptual learning refers to changes in actual perception of the world, 
rather  than to changes in thoughts, beliefs, knowledge, or reflexes. Two 
paradigmatic cases ere the phenomena known as prism adaptation and the 
McCollough effect. The former involves a change in the perceived spatial 
location of objects while the latter refers to a change in the perceived color 
of a stimulus. Could processes responsible for such changes in perception 
have different rules than those responsible for changes in other types of 
cognition? Evolutionary considerations, as well as the idea of domain- 
specific modules of processing in cognition, suggest that learning processes 
with different goals may have evolved to solve those problems differently 
(e.g., Rozin & Schuii, 1988). However, most analyses of perceptual learning 
phenomena,  when they are even considered learning at all, have appealed to 
the traditional associative rules of learning (e.g., Epstein, 1967; Siegel & 
Allan, 1992; Taub, 1968), which were supposed to apply generally to all 
domains. 

The present article suggests instead two critical principles that may well be 
unique to perceptual learning. The principles concern two fundamental 
topics in an analysis of learning. Rescorla (1988) suggests that there are 
three primary questions to be asked of any learning process: "What  are the 
circumstances that produce learning? What is the content of the learning? 
How does that learning affect the behavior of the organism? (p. 151). The 
first two questions are addressed here. The first principle offered involves a 
condition necessary before experience will lead to a change in perception. 
To preview, I argue that constraints about objects play a central, hidden 
role in initiating perceptual learning. The second is a claim about the 
content of what is learned, once circumstances have allowed learning to take 
place. I will argue that perceptual learning always involves entire stimulus 
dimensions or continua, unlike most learning processes. These principles are 
applied to the McCollough effect, to produce a novel interpretation of that 
phenomenon. An explanation for the McCollough effect has remained 
elusive, and suggested explanations have recently led to controversy. In 
addition, the same principles are applied to prism adaptation, a phenom- 
enon usually regarded to be quite different from the illusory colors. 

in the next section, some background is provided which allows the general 
framework to eme~'ge. In section 3, the two principles of the theory are 
introduced. The next seven sections are divided into two parts, for ease of 
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reading a long manuscript. Part I deals with issues relevant to "getting 
learning to occur" (including sections on which stimuli successfully trigger 
learning, why get learning at all, and deciding what it is that should change), 
while Part II deals with "what  gets learned" (including sections on contin- 
gency manipulations, one-pair training, two-pair training, and muitipair 
training). The final section (section 11) compares the present interpretation 
to other classes of models and concludes. 

2. Background 

In the now classic phenomenon of prism adaptation, a wedge prism is 
placed between the eyes and the world causing everything to appear 
displaced a few inches to the left or right depending on the size and 
direction of the prism. Consequently,  initial reaching and pointing will be 
unsuccessful as a person aims for the seen rather than the actual location. 
Following practice, often given by watching one'~ own hand through the 
prism, the error is eliminated. The correction ,_crsists when ~he prism is 
removed,  and will manifest itself as an error in the direction opposite the 
initial error. The change in pointing that occurs to a visual target, whether 
measured with or without the prism, is known as adaptation (see Howard,  
1982; Welch, 1978, 1986, for reviews). To produce the McCollough effect 
(1965), a magenta and black striped vertical grating is alternated with a 
green and black striped horizontal grating. Following a few minutes of 
induction, a colorless (achromatic) vertical grating elicits the perception of a 
weakly saturated green, and an achromatic horizontal grating appears pink 
(see Harris,  1980; Stromeyer,  1978; and Skowbo, 1984, for reviews). 

Both phenomena  involve changes in perception as a result of experience; 
prism adaptation involves a change in perceived location, and the McCol- 
Iough effect involves a change in per" zived color. Perhaps as a consequence 
of this similarity, a few resc aiclaers have been interested in both (e.g., 
Harris ,  1980; Held,  1968, 1980; Uhlarik,  1974; Uhlarik,  Pringle, & Brigell, 
1977). Usually, however,  different researchers study the two phenomena,  
the research questions differ, and in addition, there exists no common 
explanatory f ramework)  Are the phenomena too different from one another 
to draw meaningful parallels? 

' McCollough's work originated in part by interest in the phenomenon of "phantom'" color 
fringes, where, after wearing prisms for a ',.~ng time, colors seem to become contingent on 
vertical edges. She then did her experiment with orientation and color, and isolated the 
phenomenon without using the prism (McCollough. 1965, see also Held, 1980; Stromeyer, 
~.978). Since then, the McCollough effect and prism adaptation have been studied independent- 
ly. 
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Harris (1980) suggests that the two effects are very different kinds of 
plasticity. He argues that the change in pointing that occurs in prism 
adaptation is due to a change in the felt position sense of the hand or some 
other body part, whereas the McCollough effect reflects a genuine change in 
vision. However, analogs to the McCollough effect have been ~*und entirely 
outside the visual modality. For instance, when t~ . . . .  it-length rectan- 
gles were felt with the hand while each was paired with a different hand 
position, opposite-length after-effects became contingent on the different 
hand positions (Walker & Shea, 1974). Conversely, adaptation to rear- 
ranged vision need not involve the motor system or felt positions of body 
parts in any straightforward way, such as when the visually localized 
positions of objects are displaced with respect to the positions localized 
through audition rather than through proprioception. While a distinction 
based on visual/non-visual change is usually true for the prototypic demon- 
strations, both phenomena are more general and not limited to particular 
modalities. 

Perhaps a more serious obstacle towards a unitary framework is that the 
basis of adaptation to prism distorted vision and other rearrangements 
appears inapplicable to contingent after-affects. Adaptation has been 
defined as "'.4. a semipermanent change of perception or perceptual-motor 
coordination that serves to reduce or eliminate a registered discrepancy 
between or within sensory modalities or the errors in behavior induced by 
this discrepancy" (Welch, 1978, p. 8). When the hand is seen through the 
prism there is a discrepancy between where it is seen and where it is felt. 
Reduction of a discrepancy is virtually never mentioned as applicable to the 
McCollough effect (but see Dodwell & Humphrey, 1990, for a different use 
of discrepancy). However, if one considers what underlies the concept of a 
discrepancy, as it is used in prism adaptation, the general framework begins 
to emerge. 

Why is it considered a "discrepancy" when seen and felt positions have 
different values? Wailach (1968) suggests that whenever two cues determine 
the same perceptual parameter and no longer provide the same value, there 
is a discrepancy between the two cues and this information provides the 
basis and motivation for adaptation. That is, the seen and felt position 
usually provide the same value about location, and now they don't. Yet one 
can go one step further back and ask: why is that considered a discrepancy? 
I have argued elsewhere (Bedford, 1993a) that the reason why a difference 
in the seen and felt position is problematic and requires action is because in 
our physical world an object can only be in one place at any one time; 
moreover, it is likely that such a pervasive coustraint on our world has been 
internalized by our perceptual systems (cf. Shepard, 1984, 1987, 1991, 
1992). Otherwise, detecting an object in two distinct places would seem 
unremarkable. The analysis that internal constraints underlay prism adapta- 
tion leads to the present interpretation of the McCoilough effect and of 
perceptual learning in general. 
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3. A perceptual learning theory 

3.1. General framework 

I will use the term perceptual learning to refer,  broadly,  to a change in 
percept ion  that  results from experience.  To be slightly more  specific, 
perceptual  learning has occurred if, at t ime 1, a part icular  proximal st imulus 
leads to percept  X and then ~t t ime 2 the same proximal stimulus leads to 
percept  Y. But why should a change in percept ion ever  occur? Why 
conclude a proximal stimulus pat tern  reflects something different in the 
world than  it did before? If perceptual  interpretat ions were to change 
haphazard ly  or on a whim, then our  percept ion of the world would 
constant ly  shift and be chaotic. The  same input from the world would look 
or  sound or  feel different from one momen t  to the next. Consequent ly ,  
there  must be evidence that  internal sensory systems are not  functioning 
opt imal ly  before there  is sufficient motivat ion for perceptual  systems to 
change.  Without  this motivat ion,  the experience will be used to change 
knowledge or  expectat ions or reflexes, but not  percept ion.  This,  in par t ,  
dist inguishes perceptual  learning from other  types of learning processes. 

The  circumstances which motivate  actual perceptual  learning then are 
l imited. There  must first be evidence that  perceptual  systems are not  
opera t ing  as they should be. But that  :z~akes the problem even trickier.  What  
kind of evidence coming from the world would signal an internal  e r ror?  Why 
wouldn ' t  a new proximal st imulus pazsern be in terpre ted  as a new, yet to be 
learned aspect of the world? i believe the answer to this paradox involves 
basic internal ized constraints  about  the world (see Bedford,  1993b, 1994). 
Those  constraints  are ei ther  innate,  or well in place early. If sensory systems 
appear  to violate the fundamenta l  constraints,  then this information conveys 
that  there  must be an internal  error.  

Evidence from both adults (Shepard,  1984) and babies (Spelke,  1990) 
suggest that  many of those constraints  center  a round the nature  and 
behavior  of objects. This may be why objects  are critical to the issue of 
c i rcumstances necessary to produce  learning, as will be seen. 

Once  the motivat ion for perceptual  learning is present ,  internal systems 
change.  At  this point ,  I suggest it is dimensions which becomes critical. Why 
dimensions? It may be that  perceptual  systems in general  opera te  on 
dimensions ,  as suggested by psychophysical  and physiological evidence (cf. 
G r a h a m ,  1992). I turn now to the specifics of the theory.  

3.2. Circumstances necessary to produce learning: object constraints 

Perceptual  learning will occur only if there  is evidence of an internal  
error .  This evidence can be obta ined if information coming from the world 
conflicts with internal  constraints  on what we know must be t rue of the 
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world. For prism adaptation, the relevant internal constraint is that an 
object cannot be in two places at the same time, as discussed earlier. When 
looking through the prism, an object, such as the hand, is localized in one 
place visually but a different place proprioceptively. 

Considering the McCollough effect, there appears to be a hidden 
violation. When an experimental induction procedure pairs a vertical grating 
with red and a horizontal grating with green, I argue that the visual system is 
being provided with reformation that as the retinal orientation of an 
o b j e c t - t h e  g ra t ing-changes  so does the object 's color. This is problematic 
because when the orientation of an object on the retina changes, whether 
due to head tilt or object tilt, color should not. The new relationship 
between orientation and color can be considered a "discrepancy" because 
objects do not usually change their selective reflection of wavelength, in an 
analogous way that the new relationship between seen and felt positions is a 
discrepancy because objects occupy only one position in space at one time. 

For both phenomena,  the resolution to the dilemma includes preserving 
the real-world constraints. In prism adaptation, the change occurs within 
one or both modalities such that visual and proprioceptive positions will 
again coincide. Critically, the assumptions that one object occupies only one 
place is not relinquished. For instance, following practice with a prism that 
displaces objects visually to the right, a subject may come to feel as if her 
arm is also located a few inches further to the right. Consequently, when she 
is looking through those prisms, both visual and proprioceptive input from 
an object will again be identical, if adaptation is complete. Note if tested 
without prisms, the subject will appear to point too far to the left. 

For the McCollough effect, the assumption that objects do not change 
color when the head or object is tilted is also preserved. There will be an 
internal correction for the perceived color differences, such that different 
orientations of the same object will no longer have different colors. Red 
vertical lines and green horizontal lines should eventuafly appear exactly the 
same color, if the correction is complete. If tested on achromatic lines, 
vertical will appear green and horizontal will look red. 

According to the present interpretation, both phenomena occur because 
of sensory information that perceptions are discrepant with internal assump- 
tions about real world objects. Perceptions are modified to preserve the 
assumptions and to restore the systems to what is believed to be good 
working order. Both phenomena are manifestation of this internal adjust- 
ment.  

3.3. Content of  learning: dimensions 

Whereas the first assumption involves circumstances necessary to produce 
learning, the second is about the content of what is learned. Both phenom- 
ena involve acquiring a new mapping between dimensions. In prism 
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adaptation, those dimensions are the set of positions from left to right at a 
particular height as they are localized visually, and the same set of positions 
as they are localized with the arm, or proprioceptively (Bedford, 1989, 
1993a, 1993b). Both dimensions range from roughly -180  ° to + 180 °, where 
the central value, 0 °, is straight ahead of the nose. In the McCollough effect, 
one dimension is a red/green opponent dimension (cf. Hurvich & Jameson, 
1957) ranging from one extreme which is activated by imaginary red 
containing no white, green, blue or yellow, through less strong red 
responses, through a central point of neither red nor green activity, to 
maximal green response at the other extreme, which can be produced with a 
completely saturated green containing no trace of white, red, blue or yellow. 
The relative activity within the red/green dimension can be described by a 
scale from - 1 . 0  through + 1.0, where negative numbers arbitrarily refer to 
green and positive numbers to red. The other dimension is orientation, the 
set of tilts from 0 ° through 180 °, where the ending point is the same as the 
starting point. 

Information about a mapping is obtained by pairing instances from the 
two dimensions in close temporal proximity. A 10 ° prism displacement 
produces a series of visual-proprioceptive [v,p| input pairs: a 10 ° visual 
location will co-occur with a 20 ° proprioceptive location [10,20], a 5 ° visual 
location with a 15 ° proprioceptive location [5,15], straight ahead with 10 ° 
[0,10], and so forth. In the McCollough effect, vertical lines (0 °) will be 
paired with a highly saturated magenta of a particular intensity, which 
together will produce a certain level of "red"  activity (y), and horizontal 
lines (90 ° ) paired with green of approximately the same magnitude of 
activity ( - y ) .  Although only two values from each dimension are paired, it 
is argued that this training procedure is a degraded version of presenting 
more  complete information, such as pairing 45 ° with an achromatic stimulus 
[45,0], 22.5 ° with 1/2y, 67.5 ° with - 1 / 2 y ,  and so forth, along with the two 
usually presented pairs. Varying the level of activation within the red-green  
mechanism to intermediate values between - y  and y can be accomplished 
experimentally by keeping the overall intensity levels fixed while decreasing 
the saturation. 

Association by temporal proximity has been suggested before as involved 
both in the McCollough effect and in prism adaptation. For the McConough 
effect, the most well-developed associative explanation is that the phenom- 
enon is an instance of Pavlovian conditioning, where ~,, ,~al lines serve as 
the conditioned stimulus and the color red as the unconditioned stimulus 
(e.g., Allan & Siegel, 1986; Murch, 1976; see Siegel, Allan, & Eissenberg, 
1992, for review). After repeated pairings of the two stimuli, vertical lines 
presented alone will produce a conditioned opponent response of green. 
Prism adaptation also has a long history of being compared to traditional 
learning processes (e.g., Epstein, 1976; Taub, 1968; Taylor, 1962). Like 
these explanations, the present interpretation invokes the notion of pairing; 
however,  it is not a conditioning model. In the perceptual learning 
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interpretation, the pairs are used only to extract an underlying relation 
between entire dimensions of stimuli, whereas in conditionit, g models it is 
the individual associations themselves which are learned. Models based on 
associating single stimuli make different predictions from those based on 
mappings between dimensions of stimuli (e.g., Bedford, 1989, 1993a, 1993b; 
Koh & Meyer, 1991). Recent work in my lab suggests that a dimension 
learning process is more suitable for learning new spatial mappings. I 
suggest that such a view is also mt~i'e appropriate for the perceptual learning 
phenomenon of the McCollough effect 

To summarize the specific application to the McCollough effect, there are 
two novel interpretations: 

(1) Objects should not change their color when the head (or object) is 
tilted. If they appear to do so, then an internal correction is necessary, 
the manifestation of which is called the McCollough effect. 

(2) The McCollough effect involves learning a mapping between entire 
dimensions of orientation and color rather than learning two specific 
red-vertical and green-horizontal associations. 

PART I: GETTING LEARNING TO OCCUR 

4. Stimuli capable of inducing the phenomena 

For both prism adaptation and the McCollough effect, the changes in 
perception result when internalized constraints about real-world objects 
appear to be violated. Consequently, if information contained in the 
proximal stimui.us is not contrary to the constraints, then internal changes 
are not necessary and will not occur. This consideration leads to an 
important set of predictions about when experience will lead to the 
perceptual learning phenomena. Specifically, a difference in the spatial 
localization by visual and touch modalities is problematic only if both values 
refer to exactly the same object, because different objects can be in different 
places. Similarly, the co-occurrence of colors and orientation is problematic 
only if the different colors refer to the same object in different orientations, 
because different objects can have different colors. There are no constraints 
which prohibit different objects from being in different places or being 
different colors. Consequently, for both phenomena, the extent to which a 
training/induction/exposure procedure is successful will depend on the 
extent to which the perceptual system makes the judgement that the same 
object is involved. 

4.1. Prism adaptation 

For prism-distorted vision then, perceptual learning should occur only 
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when the stimulus localized visually and the stimulus localized propriocep- 
tively are judged to refer to one and the same object.  Empirical  and 
theoret ical  work developed largely by Rober t  Welch suggests that  this is 
indeed the case C'uni ty assumpt ion" ,  Welch, 1972, 1978; Welch & Warren,  
1980). In one study (Welch, 1972), the exper imenter  placed his finger 
coated with luminous paint a few inches to the side of a subject 's  finger. 
Subjects  pointed to i l luminated targets in a otherwise darkened room. They  
could also see the exper imenter ' s  glow in the dark f i n g e r - b u t  not their 
o w n - a t  the end of each pointing at tempt.  When the subject 's  finger was 
aligned with the target,  the sham finger appeared  to the side of the target,  
much as it would if looking at one ' s  own finger through a prism. Though the 
subjects  looked only through window glass, they nonetheless showed 
genuine adapta t ion following a few minutes of training. Object ively,  no 
physical constraint  was violated. The seen and felt positions of the fingers 
were different only because they were judging different objects.  Yet a 
perceptual  change occurred anyway because subjects at some level falsely 
assumed that  the exper imenter ' s  finger was their own, and assumed that  the 
informat ion from the different modalit ies referred to the same object.  In 
general ,  the greater  the conviction that a single object  was involved, the 
grea ter  the effectiveness of the training procedure.  

The  study demonst ra tes  that adaptat ion occurs when seen and felt 
posi t ions believed to result from the same object  appear  to differ, even 
when in reality they do not. The opposite effect can also occur, whereby 
adapta t ion  is p revented  when an actual difference is present ,  but  the 
discrepancy between seen and felt positions is falsely assumed to refer  to 
two distinct objects.  Hein (1960s; personal  communicat ion,  February  1991) 
had subjects  hold a pencil while looking through a prism; each subject  saw 
only the pencil, ra ther  than the hand holding the pencil, while pointing to 
targets.  Thi~ condit ion did not produce any adaptat ion.  The  position of a 
subject ' s  hand will be localized through propriocept ion to be in a certain 
location;  if the discrepant  visual location produced by the prism is a t t r ibuted 
only to the pencil rathec than the hand,  then different objects will merely be 
judged  to have different positions. No conflict is detected,  despite the 
presence  of a physical discrepancy. 

The pencil manipulat ion may be similar to the procedures  used in a few 
o the r  studies (Wooster ,  1923; Lackner ,  1974, 1977; Welch, 1978) which used 
" tac tua l  feedback"  where only indirect visual feedback is provided.  For 
instance,  a subject  sees the top of a rod while looking through a prism, while 
she feels only the bot tom half which is hidden from view benea th  an 
occluding surface. Welch (1978) suggests that these procedures  produce less 
adapta t ion  than more  direct visual feedback because the tendency for 
subjects  to register the two sensory events as arising from a single distal 
source is reduced.  

Note  that  in the study just discussed, the object  that gets localized by the 
two modali t ies is a rod, ra ther  than the subject 's  hand. The issue of which 
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s t i m u l i - h a n d s  versus rods, for i n s t a n c e - c a n  induce adaptat ion to prisms 
has been  of little concern.  This may be in par t  because the major i ty  of 
studies use the subject 's  o w n  hand  as a stimuli. When looking at one 's  han.'~ 
moving through a prism, the different seen and felt positions of the hand 
seem to be quite natural ly and automatically assumed to refer to only one 
hand.  Why identi ty is assumed is not precisely known but the richness of  the 
propr iocept ive  and visual information of one ' s  own moving hand,  as well as 
the t empora l  s imultanei ty and synchrony,  may  be contr ibuting factors (e.g.,  
Held  & Durlach,  1991). In the , 'elated problem of jointly localizing objects  
using vision and audit ion,  ra ther  than vision and propriocept ion,  external  
objects  have been used more  often,  ranging from a single noisy flashing light 
( R a d e a u  & Berte lson,  1974) to complicated objects  such as talking people  
and whistling tea kettles (e.g.,  Jackson,  1953). And  in these studies, the 
issue of  object  identi ty and effective stimuli has been more  central.  An  
exper iment  may induce a discrepancy be tween vision and audit ion by 
flashing an L E D  in one location and sounding a noise at the same t ime 
which really originates from a hidden speakers  nearby.  Here  too,  stimuli are 
more  likely to induce adapta t ion and visual capture (ventri loquism effect) 2 
when they provide many cues to suggest that  the visual and audi tory signals 
really come from the same object  despite the difference in their  locations 
(Jackson,  1953; Jack & Thur low,  1973; Radeau  & Bertelson,  1974, 1977; see 
also Radeau ,  1994). Stimuli such as a film of a person talking with the voice 
coming from a few inches away are very effective, whereas a single light and 
sound which are temporal ly  unsynchronized is not  effective at all. 

The  studies all suggest that  the decision on whether  the inputs from the 
two different  modalit~es refer to the same object  is critical in adapta t ion ,  
even though the issue it leads t o - w h i c h  stimuli are e f f e c t i v e - h a s  not  
always been  of  concern.  

4.2.  M c C o l l o u g h  ef fect  

I argue that  the object  identity decision is critical in the McCoilough effect 
as well. Here ,  the two inputs are from two different t imes in the same 
modal i ty ,  r~tther than two different modali t ies at the same time. This view 
provides a rove l  basis for predict ing which stimuli are capable of inducing a 
cont ingent  after-effect.  

q h e  issue of which stimuli are effective has become a prolific topic of 
investigation in this domain.  Vertical and horizontal  lines are not the only 
stimuli  that  can produce a cont ingent  color after-effect.  For instance,  if 
green wide bars (e.g.,  5 cycles per  degree) are a l ternated with magenta  

" Visual capture refers to the short-term resolution to the conflict between two modalities, 
whereas adaptation is the long-term solution. Many investigators (e.g., Hay, Pick & lkeda, 
1965; Radeau & Berteison, 1974), though not all (Welch & Warren, 1980) believe both 
phenomena are due to the same underlying process. 
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narrow bars (e.g., 10 cycles per degree), then pink is ~een when shown 
achromatic wide bars and green when shown achromatic narrow bars 
(Harris, 1970; Lovegrove & Over, 1972). The issue has been central to 
research in part because it is thought to distinguish between two major 
classes of theories. I first summarize those theories and conclusions, before 
getting to the ,-~arrent reinterpretation. 

Harris (1980) summarized the two classes of theories as follows. In one 
class, there is a response change, usually a decrease in sensitivity, within 
single, prewired, neural units that are responsive to combinations cf 
orientation and color. In the other class, there is a change in the linkage 
between separate units for orientation and color. Harris argued that as the 
list of stimuli which produce contingent after-effects grows, explanations 
based upon a change within a single unit become less plausible because too 
many specialized "double-duty" detectors would have to be proposed. On 
the other hand, a straightforward interpretation of the most well-developed 
associative model, Pavlovian conditioning, predicts that any two discrimin- 
able stimuli should be capable of inducing different responses. Thus, the 
former "neural  adaptation" model seem to predict that relatively few stimuli 
should be effective, whereas the later "associative" models seem to predict 
that most should be. Although there have been many refinements to 
theories, especially Pavlovian ones (see section 4.2.4), subsequent research- 
ers have agreed with this general division of predictions into "few" versus 
"many"  stimuli (e.g., Dodwell & Humphrey, 1990; Skowbo, 1984, 1986; 
Stromeyer, 1978; see also Siegel et al., 1992; Westbrook & Harrison, 1984). 
What  do the data look like? 

4.2.1. Successes 
There have been many reports of newly discovered contingent after- 

effects in the last twenty-five years. Besides two orientations, red and green 
paired with two gratings of different spatial frequencies (Lovegrove & Over, 
1972; Breitmeyer & Cooper, 1972), two different directions of motion 
(Hepler ,  1968), two different velocities (Hepler,  1971), or two different 
lightnesses of a frame (Siegel et al., 1992) all produce contingent color 
after-effects. In addition, the reverse effects have been demonstrated. Two 
different orientations have been made contingent on two different colors 
such that following induction, objectively vertical lines will appear tilted one 
way when red, and the other way when green (Held & Shattuck, 1971). 
Motion has also been made contingent on colors, such that a red stationary 
grating will appear to go up (for instance) while a green stationary grating 
appears to go down. Orientation can become contingent on aspects other 
than color, such as spatial frequency. Finally, neither orientation nr,~ c~!or 
need be present. Motion can become contingent on spatial frequency and on 
brightness (see Stromeyer, 1978; and Skowbo, Timney, Gentry & Morant, 
1975, for reviews). The abundance of demonstrations appears to support an 
associative account (Allan & Siegel, 1986; Siegel & Allan, 1985; Siegel et 
al., 1992; Sloane, Ost, Etheriedge, & Henderlite, 1980). 
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4.2.2.  Failures 
However, there are also many failures. Though there is a bias towards 

reporting successes, there are enough reported failed attempts to suggest 
ti~,,t there exist many stimuli which are not very effective. When a magenta 
square and a green cross were alternated every 15 s for 10 min, color was 
not seen when tested on an achromatic square (Foreit & Ambler, 1978). Yet 
a single magenta horizontal bar alternated with a single green vertical bar 
using the identical temporal parameters and procedure did produce contin- 
gent color after-effectsJ The alternation of two concentric circle patterns 
with different spatial frequencies produces contingent after-effects, but 
concentric circles of one color alternated with radiating lines of another 
were reported not to (Fidell, 1968, reported in Skowbo et al., 1975). In a 
series of 10 experiments (Mayhew & Anstis, 1972), opposite directions of 
motion of a disk were paired with red and green color, briglTt and dim light, 
and on broad and narrow stripes. All conditions produced motion after- 
effects contingent on the appropriate stimuli. The authors report, although 
they do not provide details, that they tried pairing one direction of motion 
with small disks and the other with small triangles, but could not produce 
any after-effect. Finally, as White and Riggs (1974) note, no one has ever 
reported color contingent on different makes of automobiles. These authors 
(Foreit & Ambler, 1978; Mayhew & Anstis, 1972) and others (Dodwell & 
Humphrey,  1990; Skowbo, 1984, Stromeyer, 1978) have argued that these 
failures provide evidence against a Pavlovian conditioning explanation. 

4.2.3.  Reconci l iat ion 
The e.idence on stimuli capable of inducing the effect seems to fall 

somewhere in the middle of proposing a separate double-duty detector for 
each pair, and an association between detectors based on classical con- 
ditioning. Researchers who favor the conditioning interpretation have been 
impressed by the large number of effective stimuli, whereas researchers 
more inclined towards the single-unit models have been impressed by the 
large number of failures. The present approach provides a novel way of 
understanding the failures as well as the successes. I begin with the basic 
reinterpretation and more detailed considerations will be offered in section 
4.2.6. 

The induction procedure will be successful only to the extent that the 
same object is involved. Otherwise, no constraint is violated and there is no 
discrepancy. The reason the square and cross stimuli were ineffective is 
because the retinal image of a cross and the retinal image of a square cannot 
refer to the same object-assuming objects maintain rigidity. Consequently, 
pairing a red square and a green cross is not a discrepancy. Different objects 
can reflect different wavelengths of light. Unless the two pairs refer to the 

.4 A recent attempt by Siegel eta!. (1992) has had more success with the square and the cross. 
The issue ot stimuli which lead to weak effects but may still be possible are discussed in section 
4.2.6, which deals with more detailed considerations. 
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same object, there is no motivation for an actual perceptual change The 
same argument applies to pairing small triangles and small circles. There is 
no normal transformation that turns triangles into circles. That is, retinal 
images of triangles and circles always refer te different objects. No internal 
malfunction will be detected, or corrected, and no illusory colors mani- 
fested. 

This is not to say that nothing will be learned in the situation where a 
triangle is repeatedly red, and a circle repeatedly green. An organism would 
be foolish not to take notice of a such a pervasive contingency. But what will 
be learned will be about the external world and not about internal perceptual 
systems. Such learning could manifest itself ~s changes in thoughts, expecta- 
tions, beliefs or behaviors, but there is no need to alter what is seen because 
there is no internal malfunction, 

Alternatively, the successful pairings occur when the two members of the 
pair can be interpreted as referring to a single object. Two concentric circle 
patterns of different spatial frequencies can refer to the exact same 
concentric circle pattern seen at different distances, because spatial fre- 
quency changes as a function of distance. A vertical bar and a horizontal bar 
can refer to the exact same bar viewed either with the head upright, or tilted 
by 90 °. A light-gray disk and a dark-gray disk can be the same disk under 
different overall levels of illumination. Gratings moving up and moving 
down on the retina can result from the exact same grating viewed with 
different up and down head motions. Different velocities can result from 
different speeds of head motion. Once the "same object" constraint is met, 
then one of the required conditions for a discrepancy is met. When the 
retinal image of a single object tilts, the apparent color of the object should 
not change; when the distance between an object and an observer changes, 
the color should not change; when the distance from an object changes, the 
velocity should not change, and so on. 

Note also that the successful stimuli are different values along one 
dimension. Vertical and horizontal lines differ along the orientation dimen- 
sion, bright and dim lights differ in intensity, narrow and wide bars in spatial 
frequency, etc. Although a square and a cross (or small triangles and sn,all 
disks) differ in form, form is not a single dimension. One could not 
unambiguously specify those stimuli that fall in between a small triangle and 
a disk. This provides a link to the other aspect of the present model: 
dimensions get associated, not single stimuli. Typically, perce0tual dimen- 
sions are those where each value along the dimension is related to the other 
by a simple transformation that occurs naturally through bodily motion or 
through changes in lighting conditions. 

4.2.4. Pavlovian alternative 
A Pavlovian conditioning explanation also has an account of the failures. 

Harris (1980) pointed out that associations in conditioning do not seem to 
be arbitrary, a l~nding well known in animal learning. A famous example 
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comes from taste aversion learning, where tastes appear to produce better 
conditioning than sounds or sights when all are paired with illness induced 
by poisoning (Garcia & Koelling, 1966). If you get sick following dinner, 
you'd be mere likely on a subsequent day to avoid the flavor of the food, 
and not the dinner plate on which it was served (see, for example, Rozin & 
Schull, 1988). Harris argues that if in Pavlovian conditioning some relations 
are more predisposed than others, then this may account for the failures in 
the McCollough effect as well. This position has oeen adopted by others 
(Allan & Siegel, 1986; Siegel & Allan, 1985, 1987; Siegel et al., 1992). 

Yet it is not clear that the concept of selective association is being applied 
to the McCollough effect in exactly the same way as it is found in Pavlovian 
conditioning. The standard way to demonstrate selective associability 
phenomena in conditioning is to show that the stimulus which fails to elicit 
conditioning with one unconditioned stimulus will still succeed with a 
d i f f e r e n t  unconditioned stimulus; this aspect does not appear to be present 
for the McCollough effect. In the classical animal learning study, Garcia and 
Koelling (i966) showed that rats avoided a novel taste and not lights and 
sounds when poisoned, but avoided the lights and sounds and not the taste 
when given electric shock. This "'cross-over", where a conditioned stimulus 
(CS) which fails with one unconditioned stimulus (US) succeeds with a 
different US, has become the paradigmatic design for demonstrating 
selective associations in animals (see Rozin and SchuU, 1988, p. 512). 
Without the "cross-over", it is difficult to demonstrate that the selective 
association isn't simply due to the CS itself rather than the C S - U S  relation. 
For instance, if lights and sounds didn't  get associated with shock either, 
then perhaps the rats simply never saw/heard or noticed the lights and 
sounds. If tastes always led to superior conditioning with all USs, poisoning 
and shock alike, then there is nothing special about a taste-poisoning bond. 
In the McCollough effect, disks and triangles paired with different direction 
of motion did not produce a motion after-effect contingent on the appro- 
priate form. An exact parallel to the selective associations in cotMitioning 
predicts that there should be some feature besides motion to which the form 
stimuli can be successfully associated: color or lightness or size, for instance. 
This has not been previously demonstrated. (Note that according to the 
present explanation, it will not be. A disk and triangle will be always be less 
effective than a small disk and a large d isk-regardless  of which dimension 
you choose to pair with them. The retinal images of a small disk and large 
disk will always be more lil,:ely to come from the same object than the 
retinal images of a disk and a triangle, regardless of whether tb~y appear to 
change in color or motion or spatial frequency, etc.) 

In addition, there is a common-sense appeal to the findings on selective 
associations in Pavlovian conditioning, grounded in evolutionary considera- 
tions, which appears absent when selective associations are applied to the 
McCollough effect, Tastes and not noises get associated with i~ternal illness, 
because in nature it is the ingestion of chemicals within food tlaat poison us. 
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Sounds rather  than tastes get blamed for foot shocks, because external  
stimuli produce most tissue damage.  Pictures of snakes pr'~duce more  
effective fear condit ioning than pictures of flowers (Ohman ,  Fredrikson,  
Hugdahl ,  & Rimmo,  1976) because it is sensible to come prepared  to be 
afraid of potentially attacking snakes than immobile flowers. All these links 
would be adaptive to the organism, yet there has been no adaptive reason 
offered for why a vertical grid and a red color should go together  more  than 
a cross and a red color. 

Finally, consider that  there  is no basis to predict which stimuli will be 
effective and which will not. The imprecise idea of selective associations 
predicts  there  can be some failures but  provides no guidelines for how to 
choose which pairs will work and which will not. 

What  should one conclude from these considerations about  a Pavlovian 
account  of the association failures in the McCollough effect? Nei ther  the 
lack of exact parallels,  nor  the lack of principled reasons for predict ing 
which stimuli will work,  prove that  a Pavlovian model  is wrong. There  is no 
guaran tee  that  a correct  explanat ion must be an elegant one. However ,  they 
may help to illustrate that  a Pavlovian model  simply cannot  be disproved 
f rom data  on the issue of  stimuli capable of inducing the phenomenon .  Any  
new pair of stimuli which work are viewed as a tes tament  to the well-known 
remarkab le  arbi trariness of Pavlovian associations; any new pair of stimuli 
which fail are accounted for by the also well-known limits to that  arbitrari-  
ness. Evidence for or against the revised Pavlovian account must come from 
a different  issue. 

The  present  perceptual  learning account is an al ternative that  does 
specifically address the issue of effective stimuli. It provides a basis for 
predict ing which stimuli will be effective, ra ther  than predicting simply that  
relat ively many  stimuli (some Pavlovian models) or  few stimuli (neural  
adapta t ion  models) will be effective. Wbether  they are considered many or  
few depends  on one 's  assessment of whether  all the perceptual  dime,,sions 
taken  two at a t ime are thought  to be many or  few stimuli. 

4.2.5. Some simple predictions 
Small disks and small triangles paired with motion or  color will not 

produce  a cont ingent  after-effect. But the same small disks al ternat ing with 
large disks, or small triangles and large triangles should be effective. This 
would suggest that  it was not  the disk or the triangle itself which prevented  
successful induction. The size manipulat ion would be effective because the 
two triangles or  different sizes can be in terpre ted  as the same triangle seen 
from two different distances. Siegel et al. (1992) have found that  a green 
isosceles triangles pointing up and a red isosceles triangle pointing down are 
effective in eliciting color after-effects, thus showing that  small forms o ther  
than bars can be used successfully. This was an important  demonst ra t ion  
because one in terpreta t ion of prior failures was that forms, unlike simple 
bars ,  cannot  b '~ used to induce a contingent after-effect. Note,  though,  that  
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the two triangles images can be in terpreted as the same triangle viewed from 
different  orientat ions,  thus satisfying the present  "same objec t"  require- 
ment .  Since forms can be used successfully, and since colors and motions 
have been made  contingent  on size (spatial f requency) ,  a demonst ra t ion  
using small and large circles or triangles would taot be too surprising. 

Somewhat  more  compell ing would be successful induction using a red 
circle and a green ellipse. Because the retinal image of a circle seen at a 
slant will be elliptical, circles and ellipses can refer to the same object .  The  
present  in terpreta t ion predicts that  the al ternat ion of a red circle and a 
green ellipse should be more  effective at producing a contingent color 
after-effect th~n the al ternat ion of a red circle and a green triangle. Such a 
color after-effect,  if successful, would appear  to be contingent  on actual 
shape of a form ra ther  than its size or  or ientat ion ( though it would really be 
cont ingent  on slant in the third dimension).  In general ,  whenever  two 
stimuli fall along a single dimension such that  an interpreta t ion that  it is the 
same st imulus is possible,  the stimuli can lead to a contingent  after-effect.  

4.2.6. Further predictions: the case o f  apparent motion 
Most  of the discussion thus far has divided situations simply into those 

that  will succeed and those that  will fail. This would follow if the object  
identi ty decision were a simple one.  But there  is evidence to the cont rary  
f rom a different d o m a i n -  that  of apparent  motion.  Appa ren t  motion refers 
to the illusion of motion experienced when two stat ionary stimuli are flashed 
on and off sequential ly in two different locations. Central  to the phenom-  
enon  is the issue of when two stimuli are judged to refer to the same object  
(e.g. ,  Ul lman,  1979), ~-'d some have used apparent  motion as a tool to 
uncove~r those criteria (e.g.,  Chen,  1985; Warren,  1977). Only when the two 
al ternat ing stimuli are judged to refer  to the same object  will a person 
exper ience a single object  as moving (and t ransforming)  back and forth. 
Otherwise ,  two di: t inct  objects  will be correctly perceived to be appear ing  
and disappear:.ng, tn addit ion,  the type of transform~'.ion perceived indi- 
cates how identi ty was achieved. Several expcriments  have shown that  rigid 
t ransformat ions  are preferred,  support ing the notion that  this is the usual 
basis of object  identity.  For instance,  the al ternat ion of a large polygon and 
a small polygon of the same shape prod, zces the experience of a single 
polygon approaching and r e c e d i n g - a  rigid translation in d e p t h -  ra ther  than 
changing size (Shepard ,  1984). Al ternat ing a ~ectangle and a t rapezo;d 
produces  the experiences of a single rectangle rotat ing in depth ra ther  than 
changing shape ( O h m u r a  & Saigo, 1982; V~tarren, 1977). Al ternat ing  a 
square and a d iamond ( O h m u r a  & Saigo, 1982) or  polygons at different 
or ienta t ions  (Farrel l  & Shepard,  1981; Shepard,  i984) produces  the ex- 
per ience of rotat ion in the plane. The rigid motions are "ecologically valid" 
(Warren ,  1977): the t ransformat ions  are precisely those that  could occur 
natural ly for a single object.  For instance,  two different size objects can be 
ride to the same object  at two different distances. They  are also precisely the 
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same t r a n s f o r m a t i o n s  tha t  I have a lgued  will bc successful in the  McCol-  
lough  effect.  

If cond i t i ons  do  not  al low the in t e rpo la t ion  of  a rigid m o t i o n ,  such as the  
absence  of  an ecological ly  valid t r a n s f o r m a t i o n  (e.g. ,  a t r iangle  and a circle) 
o r  a very  fast ra te  of  a l t e rna t ion  (not  enough  t ime to ins tant ia te  a rigid 
m o t i o n ) ,  t hen  a single ob jec t  in m o t i o n  is o f ten  still seen.  Now though ,  it 
will a p p e a r  as if the  ob jec t  is unde rgo ing  a non-r ig id  plastic d e f o r m a t i o n  or  
shape  change ,  such as a circle tu rn ing  in to  a t r iangle .  Shepard  (1984, p. 430) 
a rgues  tha t  " . . .  the  sys tem will con t inue  to ident i fy  the two views and  hence  
to m a i n t a i n  ob jec t  conse rva t ion ,  but  only  by accept ing  w e a k e r  cr i ter ia  for  
o b j e c t  iden t i ty .  ''4 Typica l ly ,  such mo t ions  are  less l ikely to occur  and  w he n  
they  do  they  are r e p o r t e d  less "v iv id"  or  " 'good"  or  " ' con t inuous" .  T h e  
resea rch  on  ob jec t  iden t i ty  in a p p a r e n t  m o t i o n  suggests tha t  for  the 
M c C o l i o u g h  effect  even  st imuli  such as a square  and  a cross may  be 
accep t ed  as re fe r r ing  to the  same ob jec t ,  t hough  in na tu re  they  never  can.  
Such an effect  should  be h a r d e r  to ob ta in  and not  as compel l ing .  

This  is precisely  the  result  o b t a i n e d  recent ly .  Siegel et al. (1992) repor t  
successful ly  induc ing  a con t ingen t  co lor  af ter-effect  using the  square  and  
cross s t imul i  tha t  were  prev ious ly  ineffect ive  (Fore i t  & A m b l e r ,  1978). T h e y  
suggest  tha t  the  ear l ie r  r esea rchers  did not  find an effect  because  they  used a 
c o l o r - m a t c h i n g  test  p r o c e d u r e  which  is not  as sensi t ive as the  p r oc e du r e  
Siegel  and  co l leagues  used:  a p sychomet r i c  func t ion  shift. 5 T h e  ne w e r  
p r o c e d u r e  was prev ious ly  shown effect ive for  measu r ing  small  effects  (Al lan ,  
Siegel ,  Col l ins ,  & M a c Q u e e n ,  1989). Notr: first tha t  the  co lo r -ma tch ing  
p r o c e d u r e  used in the  ear l ie r  e x p e r i m e n t  by Fore i t  and  A m b l e r  was sensi t ive 
e n o u g h  to de tec t  an af ter -ef fec t  when  the  st imuli  were  a single ver t ical  ba r  
and  a single ho r i zon ta l  bar  in the  same expe r imen t .  C o l o r  ma tch ing  has 
b e e n  a c o m m o n  test  p r o c e d u r e  for  the  McCo l lou gh  effect  and  has been  used 
to  d e m o n s t r a t e  co lo r  con t i ngen t  on m a n y  aspects  inc luding  o r i e n t a t i o n ,  
spat ia l  f r equency ,  and  mo t ion .  This  suggests tha t  vert ical  and  hor izon ta l  
bars  wiil be more  effect ive  t han  a cross and  a square ,  w he n  all o t h e r  
va r i ab le s  are  he ld  cons tan t .  (Siegel  et  a l . ' s  s tudy did not  include co lor  pa i r ed  

The situation in apparent motion arguably forces very weak criteria to be acceptable for 
identity, because the alternative interpretation of two distinct objects appearing and vanishing 
repeatedly may be judged more implausible than a single object moving, no matter how odd 
the transformation required to turn one stimulus into the other. A similar situation may present 
in the McCollough effect. The alternation of two stimuli repeatedly may eventually convince 
the visual system that even if the two stimuli are not normally thought of as referring to the 
same object, it may be better to do so than to accept all the coincidences otherwise. 

~ In color matching, a subject changes a color patch, or chooses a color patch, to match the 
shade of pink or green or white seen on the (achromatic) test stimuli, qt he change in the match 
before and after induction typically serves to measure the effect. In Siegel et al.'s testing 
procedure, subjects gave a forced-choice red or green response to several stimuli which were 
different shades of pale pink, green or white. The change in the probability of responding 
"green" before and after induction was used to measure the effect. 
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with oriented lines for comparison.)  Above it was argued that a cross and 
square can never refer to the same o b j e c t - i f  objects remain rigid. How- 
ever,  given the evidence from apparent  motion, it appears that  even 
non-rigid t ransformations can lead ~o the inference that a single object  is 
involved. We expect such effects to be smaller in magnitude.  It is for these 
reasons that  demonstrat ing color contingent on the forms (Siegel et al.,  
1992) required an especially sensitive test procedure not needed for 
or ientat ion,  yet could still be achieved. 

The  refinement based on the criteria for object identity does not render  
the current  explanation of the McCollough effect post hoc or untestable.  As 
long as the criteria of object  identity are provided from a different domain,  
such as apparent  motion,  the account of which stimuli will induce the effect 
will not be circular. Rather ,  they may even provide a richness to the theory 
allowing predictions not just of whether  stimuli will or won' t  work,  but 
which stimuli will work bet ter  than others.  For  instance, in apparent  motion 
there  is some evidence that one of the weaker  criteria for identity may be 
topological t ransformations (Chen,  1985; Dawson,  1989), which are trans- 
format ions  which allow virtually any change to a form provided distinct 
points aren ' t  glued, or continuous points disconnected. Apparen t  motion 
seen between a number  of  pairs related topologically, such as a circle and a 
square ,  was bet ter  than that  seen between pairs not so related, such as a 
circle and a circle with hole in it. In the McCollough effect, we might expect 
then that the al ternation of red circles and green triangles (tc.~ological 
t ransformat ion)  should also be effective with special at tention,  and more so 
than the red square and green cross (non-topological t ransformation).  Both 
should be weaker  than orientation.  Since the criteria for object identity used 
by the visual system needn ' t  always match our intuitions about  when two 
stimuli are similar (e.g.,  Chen,  1985), expanding the current  explanat ion of 
the McCollough effect in this direction allows it to progress beyond the 
intuitions behind the theory.  

4.2. 7. A final example 
This section will close with one final example of a failure to induce the 

McCol lough effect. It is singled out from the failures discussed above 
because it involves color and orientat ion,  which usually are highly effective 
stimuli. As noted earlier, a single vertical magenta  bar a l ternated with a 
single horizontal green bar, both on a homogeneous  black background,  led 
to a contingent  color after-effect (Forei t  & Ambler ,  1978). However ,  when 
the background and foreground colors were reversed, such that  the two 
or iented bars were black on magenta  and green backgrounds,  then no color 
was seen on the test pat terns (oriented black bars on achromatic back- 
grounds  or achromatic bars on black backgrounds).  Because both conditions 
involved pairing orientat ion and color with the same contingency relation 
and temporal  parameters ,  a s traightforward Pavlovian model predicts that  
they should be equally effective. The authors of the study suggested that  
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color in a figure might be more important for successful induction than color 
on a ground. 

According to the present interpretation, it is not figure/ground per se, but 
rather that when the figure changed orientation it did not change c o l o r - i t  
stayed black. Consequently,  there is no discrepancy. Though the back- 
ground changed color, it did not clearly change orientation. A contingent 
color after-effect should occur if orientation of the background changes 
along with the color change. For instance, the alternation of a black vertical 
bar on a square magenta background with clearly visible borders and a 45 ° 
bar on a green diamond should be effective and would imply that it is the 
discrepancy rather than figure/ground which is the controlling variable. ° 

5. Exis tence  o f  correct ive  m e c h a n i s m s  

Section 4 showed how the present approach helps understand and predict 
which stimuli will be effective in inducing the McCoilough effect. The 
present approach also helps to understand why the McCollough effect can 
be induced at all. The question of function, purpose, or teleology has been 
of interest to some researchers (e.g., Held, 1980), especially recently (e,g., 
Barlow, 1990; Dodweil & Humphrey,  1990; Siegel & Allan, 1992). As 
discussed earlier, both perceptual learning phenomena reflect internal 
corrections of perceptual systems judged to be malfunctioning. A malfunc- 
tion is inferred because the perceptual systems detect what would be an 
impossible state of the world. An object can not be in two places at the 
same time, and the selective reflectance of an object does not change with 
head tilt. These claims in and of themselves help answer the question of 
" 'What is the McCollough effect?" and go further than many accounts. Yet 
one may go even one step further back and ask: why should there be a 
corrective mechanism at all? Why have a mechanism prepared for the 
possibility of detecting an object in two different places when such an event 
is impossible? Why have a mechanism prepared to correct for observed 
color changes with head tilt? Surely not all impossible events are similarly 
prepared for. If you suddenly detected a yellow elephant flying upwards, it 
seems unlikely the perceptual system would adjust itself such that you would 
instead see a gray elephant not flying anywhere. 

5.1. Prism adaptat ion 

For prism adaptation, a widely cited reason for the existence of a 

"There are a handful of effects that do not yet have an obvious explanation in the perceptual 
learning framework. One is the finding that color can be made contingent on words, but not on 
non-words (Allan et al., 1989). A second involves lie transform pairs (Emerson. Humphrey, & 
Dodwell, 1985). Pavlovian models are also not particularly effective at accounting for these 
results. 
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corrective mechanism is growth (Held, 1965). Because of mmly bodily 
changes, including an increase in the distance between the eyes and in the 
length of the arms. objects may initlally be misl0catized when systems 
accurate for [tac smaller-slzed body are used. Moreover,  because tlle growth 
in one n:.odality may not exactly offse~ the growth in lhe other,  there -,,,'ill be 
natural situations where an object is detected in tw¢~ places at the same time 
by the two different modalities. Detection of this discrepancy allows the 
corrective mechani:~m to update ~he systems and restore them to verldi,:ality 
for the new body size. tn adulthood, prism adaptation may reflect vcvt:.gial 
remnants  of this plasticity. Alternatively, i~ may serve the function of 
continuously correcting for spontaneous drift between visi~m and touch 
(He,ward. 1982). where similar situations on a smaller scale may be present 
during ~ldulthood. 

5.2. M<'Collougl, effect 

Reasons for the existence of the corrective mechanism have proved more 
elusive for the McCollough effecl. However,  for this phenomenon as well. 
I-t¢ld (1981)) has a thoughl-provoki,~g suggestion. Held suggests lh:lt the 
McColtough effect results from the same process which corrects for color 
fringes produced by chromatic aberration of lhe eye. He notes |hal one 
source of chromatic z~hcrralion is that the optical axis of the lens is not 
aligned with ttlc lixation axis. a common optic dc.fecl which will differ in 
diffcr,.:nt people and in two eye.-, "4 the same per~on. This misalignment 
produ, 'cs the appearance of color fringes at edges. Crilicaily. I hose color 
fringes will change with head till as the fixed "'ocular prism" will move with 
the eye. Hetd shows that even before any type of training subjects see 
illusory colors which depcp :  on the orier, tation of the stimulus grating with 
respect to the observer. Thus, there appears to be ~ naturally occurring 
situation that w<mld create the otherwise imposs[b|e covariation between 
orientation and color. Consequently,  it is sensibte that n corrective mecha- 
nism alrcady c×ists u) handtc the natural discrepancy, which can als0 be 
~apped by experimenters who artificially induce a similar discrepancy. 

5.2. t. Pritna:3' and secondao, consmncie.~" 
The reasonir~g can be extended to con~,ingenl t~fter-efl¢cts other than 

Ih~.~e involving orienlation. F~r in,lance,  properties of lhe visual ~ystem can 
potcntiMly make the color of an object appear to daange with viewing 
di.,,tancc (Hurvich. 198I}. To cnsure color cunst~mcy, a mechanism which 
corrcct.s for any color changc.s as a funclion of distance would be sensible. I 
snggest ~hat laboratory demonstrali~:~rls where color is made contingent on 
spatial frequency arc reflecting this process. In general, the argument for the 
c x i . s t c n c c  o f  all c o n t i n g e n t  a f t e r - e f f e c t s  m a y  b e  f o r m u l a t e d  in t e r m s  o f  

maintaining perceptual constancy. I dislinguish here between two types of 
constancy: pritnarv constancy and seco~idary conslanc)'. 
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Primary con.~tancy is the classic accomplishmem where the perception of 
'~he property of an object remains constant despite continually varying inpm. 
For instance, size constancy refers to the perception of the s~ze of an object 
remaining constam, despite changes in retinal size with distance. Color 
constancy refers to the perception of color of an object remaining constant 
despite changes in relative luminance which rcsul~ from different lighting 
conditions. Secondary constancy has the same general description, except 
the cause of the varying input is Iess d i rec t .  Whereas different lighting 
conditions directly cause 0ifferen~ luminance distributions, head tilt or 
change in distance is not causal h~ ~hc same way. Yet they can cause a 
different distribution (as with m~saligned optic,d axes) a~d wilt undermine 
the purpose of primary constance, if they too are not corrected. It may 
therefore be useful to insure that when you til~ your head, for instance, not 
only shouldn't  perceived orientation change {primary constancy),  but 
neither should perceived size or color or motion (secondary constancy). Due 
to the importance of keeping pereeptio1~ constant and veridical while 
besieged with bodily movement~ and changes in lighting conditions, these 
indirect corrective mechnnisms n~ay have proved adaptive. 

5 . 2 . 2 .  M o r r o c u l a r  a n d  r e t i n a l  d e p e n d e n ~ ' e  
Basic properties of the McCollough effect resonate with this view, As 

Held notes, the tack of interocular transfer is sensible because the opti~.~ of 
each eye is different and would need different adjustments for chromatic 
aberrat ion.  The high effectiveness of gratings as stimuli may be due to lhe 
fact that chromatic aberralion is particularly visible at t igh t -dark  
boundaries.  The dependence oll predominantly retinal, rather than spatial 
or  real-world properties (Bedford & Reinke, !993; Ellis, 1976; Harris. 1980; 
McCollough, 1965) is an often overlooked aspect of the phenomenon that is 
also made sensible in this view. 

McColl0ugh (1905) observed that when n subject tilted her head 90 ° 
during testing, the comors seen on lhe vertical and horizontal stimuli switched 
places. The dale suggested that color became contingeni on retinal orienta- 
tion, which changes with head ti~t, ra~her than the real and perceived 
orientatk~n, which renlains unchanged with head ~it. Recently,  Bedford and 
Retake (1993) pursued this finding by asking whether color c o t d d  be  made 
contingent on real-world orientation. They dissociated the two coordinates 
during induction by having subjects view red vertical and green horizontal 
s~imuli with head ~ilted on half of the trials. This remove0 the retinal 
contingency entirely, Ieaving only a re|arian between color and sp~tial 
orientation.  They found that inducliOn led to little or no alter-effect. A 
condition which instead remm,'¢d the spatial contingency leaving only a 
co|or-retinal orientation link~ge led to an after-effect as strong as the 
standard McCollough effect. That  is, relinal orientation is sufficient for 
induction and, moreover,  a clear statistical relation between color and only 
the real-world orientation does not lead 1o u contingenl after-effect. 
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Consequent ly ,  any process that specifically evolved to gather new infor- 
mat ion from the world is unlikely to also underlay the McCoilough effect, 
because the McCoilough effect is clearly not about  gathering new in- 
format ion from the world. Pavlovian condit ioning may become an unattrac-  
tive candidate  as an explanat ion if, in fact, condit ioning is a process whose 
function it is to apprehend  new relations among events in the world (e.g.,  
Rescor la  & Holland,  1976; Rescorla,  1988). A phenomenon  based entirely 
on retinal propert ies  is naturally accommodated  within the present  frame- 
work of internal corrections and the general a t ta inment  of perceptual  
constancy.  

6. Which system gets corrected? 

Section 5 speculated on why the specific error  correction mechanisms 
might exist at all, and section 4 discussed which condit ions are necessary to 
tr igger those mechanisms.  The  purpose  of this section is to discuss the issue 
of source of the error.  Tha t  is, in the present  f ramework it is not enough for 
the system simply to decide there is an internal error.  The system must  also 
identify which system is in error  in order  to know what to correct.  
Interest ingly,  research relevant  to the question of locus of error  has been 
prolific in prisra adapta t ion ,  but the question previously unformula ted  for 
the McCollough effect. 

6.1. Prism adaptation 

In prism adapta t ion,  the issue can be seen in the extensive work on which 
system changes following exposure to the prism. When vision and touch 
disagree about  the location of an object ,  agreement  can be res tored by 
changes ei ther  within vision or within the arm,  or by a combinat ion.  Elegant  
work by Harris  (1965) showed how empirically to distinguish between such 
visual and propriocept ive shifts. Since then,  a p redominan t  empirical 
quest ion has been about  which training procedures  lead to which end- 
products  (see Redding & Wallace, 1988a, 1988b, 1992a, 1992b; Welch, 
1978). For instance,  watching one 's  had through a prism cont inuously 
moving from side to side leads to a change that  affects the arm, but seeing 
one ' s  hand only at the end of a visually unguided (sagittal) ballistic pointing 
response,  adds a change that  affects vision as well. 

How does the system decide which modali ty is to blame? Object ively,  the 
mismatch  between vision and touch is due to faulty visual i n f o r m a t i o n - t h e  
prism causes the visual location to be incorrect.  However ,  there  is no 
evidence that  this information is used. Subjects a ren ' t  always aware they are 
looking through prisms, and even when they are it is not clear how this 
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conscious knowledge influences a d a p t a t i o n - a  process that needn ' t  require 
conscious awareness of the error and may not be penetrable  by such 
conscious knowledge when it exists. The training procedures  in prism 
adapta t ion exper iments  rarely intentionally provide information to bias a 
judgement  about  which component  is malfunctioning. Yet the system does 
seem to reach a decision by using whatever  information is available, even if 
subtle.  

For  example,  the position sense of the arm may be recal ibrated more  
f requent ly  than vision because vision is generally more precise than position 
sense (Harr is ,  1980). in addit ion,  when the usual precision en joyed  by 
vision is reduced by having subjects look through stained glass which clouds 
vision, the usual dominance  of vision over touch seems to reverse (Heller ,  
1982). Individual difference in modali ty precision influence which system 
will change (Warren & Platt ,  1974; see Howard,  1982). Momen ta ry  
at tent ional  changes can also be i n f luen t i a l - t he  modali ty to which one is not 
a t tending is more  likely to change: " 'presumably there is more  uncer ta inty 
about  the position of something to which one is not a t tending than there  is 
about  the posit ion of something to which one is a t tending" (Howard ,  1982, 
p. 511; see also Canon,  1971). In the absence of bet ter  information about  
which system to blame,  these decisions all seem sensible. 

The  availability of audi tory information leads to even be t te r  decisions. 
Cons ider  an exper iment  where half of the subjects heard a talking ex- 
pe r imen te r  while they walked around a corr idor looking through prism 
glasses, whereas  the o ther  half heard and saw the exper imenter  (Redding  & 
Wallace,  1987). Subjects who saw the talking exper imenter  showed greater  
shifts specifically within the visual modali ty than subjects who did not. 
Walking around a hallway produces a v isual -propr iocept ive  discrepancy,  
due  in part  to bumping  into a wall that  visually was localized fur ther  away 
(Redd ing  and Wallace, 1988c). Without  addit ional  information,  e i ther  
modal i ty  can logically be at fault. The  addition of a v i sua l -audi tory  conflict, 
exper ienced by those who saw the talking exper imenter ,  helps disambiguate 
that  si tuation.  Only  a change within vision would resolve both  the v isua l -  
propr iocept ive  and v i sua l -audi to ry  conflicts, thus making that  the par- 
s imonious inference.  A similar logical inference may explain an early finding 
where  subjects  who wore prisms for an extended period of t ime first showed 
limb changes which were subsequent ly  replaced by visual changes (Hay  & 
Pick, 1966). The more  precise visual modali ty wasn ' t  b lamed until a number  
of different  conflicts, such as v i sua l -audi tory  and v isual -propr iocept ive ,  
pointed  to the visual modali ty  as the t rue source of error.  

The  examples  demons t ra te  that  considerable sophistication can be used to 
infer whe ther  the detected malfunction is due to vision or  touch, The  system 
judged least precise through a combinat ion of general biases, individual 
biases, and current  information available from the world is the one b lamed 
for the detected error.  That  part icular  system is then updated.  



276 F.L. Bedford / Cognition 54 (1995) 253-297 

6.2. McCollough effect 

Likewise for the McColiough effect, we expect there to be logical 
decisions about  where the error  resides. I suggest that the issue of "source  
of  e r ro r "  is manifested in the McCollough effect by an issue that  is rarely 
made  explicit, that  of  the "direct ion of cont ingency".  When orientat ion and 
color  eovary,  it is usually color that  becomes contingent  on orientat ion.  But  
why this direction of  contingency,  when color and orientat ion are presented  
at exactly the same t ime? In fact, the reverse relation has been demon-  
s t ra ted (Held  & Shattuck,  1971; Held,  Shat tuck-Hufnagel ,  & Moskowitz,  
1982). Held  and colleagues a l ternated a red grating tilted 15 ° to the right 
with a green grating tilted 15 ° in the opposite di¢ection, ra ther  than 
al ternat ing the s tandard  0 and 90 ° gratings. During testing, red vertical lines 
appeared  to lean to the left and green vertical lines appeared  to lean to the 
right. In the s tandard  McCollough effect perceived color is changed,  and in 
the Held exper iments  perceived or ientat ion is changed.  Was it the smaller  
separat ions  that  led to the different result ,  or  some other  feature  of the 
p rocedure?  What  is the logic behind why different procedures  produce  
different  end-products?  Similar issues exist for o ther  dimensions.  Direct ion 
of  mot ion  may  become contingent  on spatial f requency,  for instance,  or  
spatial f requency cont ingent  on motion.  

An  approach  based on internal correction suggests that  the perceptual  
system must  act as an intelligent problem solver to infer the source of the 
e r ror  in o rder  to de te rmine  what  needs to be corrected,  if the in terpreta t ion 
is that  colors are inappropr ia te ly  changing with head tilt, then color will 
become contingent  on or ienta t ion to nullify that  error.  The reverse interpre-  
ta t ion is also possible. The  change from red to green may reflect a natural  
var ia t ion in i l lumination that  occurs depending on height of the sun and the 
amoun t  of water  vapor  in the a tmosphere  (Shepard,  1991, 1992)7 Orienta-  
t ion of an object  may be judged to change inappropriate ly  with changes in 
i l luminat ion,  which would lead to or ientat ion cont ingent  on color to correct  
tha t  error .  There  may be more  reports  of color cont ingent  on or ientat ion 
than vice versa because it is a more  likely source of error  that  colors will 
e r roneous ly  change with head tilt, than orientat ion with i l lumination. 

Note  there  should be a measurable  t radeoff  of the two possible outcomes:  
condi t ions  which lead to large color after-affects will lead to small orienta-  
t ion after-effects and vice versa. This raises a methodological  issue. Until  
the factors that  de termine  which system will be " b l a m e d "  are known,  it is 
critical that  exper iments  include test of both possible outcomes.  The 
s tandard  McCollough effect exper iments  test only for perceived color 
changes,  which could produce misleading conclusions. For instance,  whereas  

7 Shepard suggestt; that the red-green and blue-yellow opponent mechanisms may exist to 
achieve color constancy in natural illumination which changes along red-green (water vapor), 
blue-yellow (direct sunlight), and white-black dimensions (daytime/nighttime). 
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strong color after-effects were found following induction with orthogonai 
orientations, the strength and incidence of the after-effects decreased with 
decreasing angular separations of 45 °, 22 ° and 11 ° of separation (Fidell, 
1970). The author suggested that patterns which are similar in orientation 
fail to stimulate different populations of edge detectors, which in turn was 
viewed as support for edge detector explanations of the McCoilough effect. 
However,  separations of 11 ° may- ~-~ot cadse color to be contingent on 
orientation, but may instead produce orientation after-effects contingent on 
color; if true, then it is likely that different populations of detectors were 
stimulated. Given Held's result, it would not be an unlikely outcome. In 
general,  any conclusion about the effectiveness of a procedure towards 
producing contingent after-effects, or the relative effectiveness of two 
procedures,  requires measuring changes in orientation as well as color. 
Because in general we expect a tradeoff, small or non-existent changes in 
color may be accompanied by large changes in orientation. 

Though it hasn't  been an explicit issue, there are findings consistent with 
the general interpretation of searching for the source of the error. People 
with amblyopia show a greater color McCollough effect in the amblyopic 
eye than in the normal eye (Seaber & Lockhead, 1989). As in prism 
adaptation,  more uncertainty about precision may make cha~lg~s easier. The 
phenomenon of "blocking" usually used to support a Pavlovian interpreta- 
tion can be viewed instead as a search for the underlying source of error. 
Blocking, a term from Pavlovian conditioning, refers to a phenomenon 
where the same conditioned stimulus can be made more or less effective 
depending upon the prior conditioning history with other stimuli. An 
analogy from contingent after-effects (Brand, Holding & Jones, 1987) is first 
to prevent  vertical and horizontal gratings colored red and green during 
induction, followed by joint presentation of both the colored oriented 
gratings and colored moving spirals for a second induction phase. Following 
induction, testing on each stimulus separately showed color is less likely to 
become contingent on the moving spirals compared to a group where the 
first stage of induction with only the colored gratings had been eliminated. 
The oriented gratings are said to "block" learning about the moving spirals. 
(For  other examples, see Siegel & Allan, 1985; Sloane, Ost, Etheriedge, & 
Henderl i te ,  1989; Westbrook & Harrison, 1984.) 

The phenomenon of blocking is consistent with an error correction 
mechanism that must first identify the source of error. If color is already 
thought  to change erroneously with orientation from the first stage of the 
experiment,  then it would be parsimonious to assume the same cause in the 
second stage when oriented gratings are presented again. The examples 
from prism adaptation show the same type of logical and sophisticated 
decision processes. Perceptual learning and Pavlovian conditioning are 
probably only two of the many processes where blocking-like phenomena 
can be demonstrated.  For instance, conscious problem solving leads to the 
same conclusions about causality in a situation with the same formal 
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structure (Shanks, 1989; Shanks & Dickinson, 1987). Although one conclu- 
sion from these parallels is to argue that conscious problem solving is 
conditioning, or that the McCollough effect is Pavlovian conditioning, there 
are other interpretations. Distinct mechanisms may develop the same 
solution through convergent evolution if they are subject to the same 
external pressures (Futuyama, 1979). Causality in the world is subject to 
various physical constraints on time and other properties. Any psychological 
processes which involve judgements of causality should reflect those con- 
straints so as not to systematically make the wrong inferences. Since many 
different psychological processes involve causal attributions, the rules about 
the causal inferences will all look the same. 

PART II: WHAT GETS LEARNED 

The last three sections followed from consideration of the present general 
framework of error correction ;and specific conditions necessary to get 
learning. The next three sections focus on the second novel principle, which 
involves the "content of learning" once correction has been initiated. To 
review, the second principle is that for both prism adaptation and the 
McCollough effect what is learneL/ involves a new mapping between entire 
dimensions rather than the independent associations of individual stimuli. 
Whereas objects appear to play a critical role in getting correction started, 
dimensions are central to what gets learned. 1 have argued elsewhere 
(Bedford, 1989, 1993a, I993b) that data on adaptation to prisms and other 
rearrangements of space are better explained with dimensions than in- 
dividual stimuli. Here, I suggest that the McCollough effect is better 
understood that way as well. I begin with a d.etailed section on "'contingency 
manipulations'" in the McCollough effect. This issue, like the issue of which 
stimuli are capable of inducing the phenomenon (section 4), has recently 
received a great deal of attention because it too is thought to distinguish 
between the two classes of theories. 

7. Contingency manipulations 

7.1. McCollough effect 

7.1.1. The basic cc ntingency finding 
Skowbo and Forster (1983; see also Skowbo, 1984) conducted an 

experiment which manipulated the contingency, or logical relation, between 
the color-orientation pairs, and concluded a Pavlovian interpretation was 
wrong. In addition to the typical reo-vertical pairs, they interspersed trials 
of just a uniformly colored red patch without the vertical lines (and likewise 
for green-horizontal and just green). They discovered that neither present- 
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ing an equal number of color-alone trials along with the orientat ion-color 
trials, nor interspersing nearly triple the number of color-alone trials, 
reduced the amount of color seen on appropriately oriented gratings. The 
after-effect strengths were ~.qual to two different control inspections: one 
without any trials between orientat ion-color  pairs and one where homoge- 
n-~us achromatic stimuli were substituted for the color-alone trials. 

To argue against a Pavlovian interpretation, the authors drew attention to 
the well-known fact from conditioning that it is not the contiguity, or mere 
pairing, of the CS and US that determines learning, but rather the 
contingency, or logical relationship, between the two stimuli (see Rescorla & 
Holland, 1976). In Pavlovian conditioning, manipulations which decrease 
the correlation between the two stimuli interfere with learning. For instance, 
interspersing trials of just shock along with the trials of shock preceded by 
tone reduces conditioning to the tone (Rescorla, 1968). Tone is less effective 
predictor of shock because shock appeared in the absence of tone as well as 
in its presence. By analogy, interspersing trials of a red homogeneous patch 
with trials that pair the vertical grating with red should decrease the green 
after-effect seen on vertical lines. Yet this manipulation has failed on more 
than one occasion to interfere with induction of the McCollough effect 
(Skowbo & Forster,  1993; Siegel & Allan, 1987). (Recently, a different, but 
related, manipulation was used by Siegal et ai., 1992, to interfere with the 
McCollough effect. This experiment will be discussed in section 7.1.3.) 

7.1.2. The dimension interpretation 
In the present view, the data suggest that individual stimuli are not what is 

associated. If individual stimuli are what is associated, as in a Paviovian 
model, then the system would learn that vertical lines and red color go 
together in the sense that they are likely to appear and disappear together. 8 
When two individual events are correlated, four permutations together 
determine contingency. On each trial, each of the two stimuli can either be 
present or absent; if we assume for convenience that one stimulus is a CS 
and one a US then the four permutations are: presence of CS and presence 
of US; presence of CS and absence of US, absence of CS and presence of 
US; absence of CS and absence of US. No other information is needed to 
determine if a logical relationship exists between the two stimuli. For 
instance, if the CS and US co-occur often, but the frequency of occurrence 
of US is just as high in the absence of the CS, then there is no logical 
relation between the two stimuli despite the accidental pairings of the CS 
and US on some trials. The McColiough effect experiment found that even 
when red ( " U S " )  is equally likely (or even less likely) to occur in the 

S That would be the interpretation if a "simultaneous association" model is u=ed. If a 
successive associatioil model is used instead, then the interpretation changes from red and 
vertical appearing and disappearing together to the prediction of red by vertical. For either 
interpretation, the subsequent argument remains the same. 
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presence of the vertical grating ("CS")  than is~ its absence, learning to the 
vertical grating still occurred. This should not occur according to the 2 × 2 
contingency analysis. I suggest this implies that the presence of one event 
(vertical) is not correlated with presence of another event (red). 

Instead, what is correlated arc entire dimensions of orientation and color. 
The presentation of a color without an orientation, as in Skowbo and 
Forster's experiment, would then be interpleted as the presentation of a 
" Y "  value without an "X"  value; "absence of orientation" is not a value 
along the dimension of orientation. That is, the trial is simply a missing data 
point. Consider an analogy of calculating the correlation between height and 
weight by recording the height and weight of a large number of peop!.e. If 
the weight data are missing for a few people, or even for many people, the 
detected relationship between height and weight remains unchanged. Those 
missing values do not affect the calculation. While the presentation of red 
alone trials wout.l decrease the correlation (contingency) between the 
stimuli "vertical" and "red" it should not decrease the correlation between 
the dimensions "orientation" and "red-green color opponency". What is 
learned is not that vertical lines and red color appear and disappear 
together, but rather that i f  color and orientation co-occur, then the values of 
one dimension are related in a particular way to the values along the other. 

7.1.3. Pavlovian alternative 
Proponents of a Pavlovian model have explored different explanations for 

the core finding that interpolation of red-alone stimuli did not reduce the 
strength of the McCoilough effect. First, it was thought (Siegel & Allan, 
1987) that a longer training period might be needed because in Pavlovian 
conditioning interference from US-alone trials is not always apparent early 
in training. But they found that lengthening training did not change the 
results. Next, it was thought (Siegel, Allan, Roberts, & Eissenberg, 1990) 
that a more appropriate way to reduce the contingency was spatially rather 
than temporally. There are at least two different ways to apply Pavlovian 
conditioning to the McCoiiough effect: simultaneous and successive associa- 
tions. Paradigms which use successive associations are the most familiar: a 
biologically important stimulus, such as food, is preceded in time by an 
initially neutral stimulus. More recent paradigms which use simultaneous 
associations pair two stimuli both of which are relatively neutral, and 
present them both at exactly the same time (Rescorla, 1981). Siegel et al. 
point out that interpolation of trials containing only the unconditioned 
stimulus, a temporal manipulation, may only be effective for successive 
associations. They suggest that McCollough effect may be more like 
simultaneous associations, in which case a spatial manipulation may be more 
effective. In their study they reduced the contingency spatially by extending 
the red color beyond the confines of the grid. They found that the 
McCollough effect was not reduced, thus disproving their hypothesis. 

Most recently (Siegel et al., 1992), a somewhat more complicated 
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explanat ion was put  forth. Briefly, they point out  that in condit ioning one 
account  of how US-alone trials reduces the amount  of condit ioning to the 
st imulus is through condit ioning to the background.  They also point out  that  
McCollough effect experiments  are conduced in the dark where only the 
re levant  stimuli are present ,  whereas in Pavlovian condit ioning experiments  
there  are many background stimuli present  as well. Note,  first, that this 
analysis should predict that if a McCollough effect exper iment  were 
conducted  in the light, like Pavlovian experiments ,  then,  like Pavlovian 
exper iments ,  many background stimuli would be present  and now presenta-  
tion of color-alone trials should diminish the effect. This was not the 
expeciment  conducted by the authors,  and it seems highly unlikely that  this 
predic ted  outcome would occur. What  Siegel et al. did was to add a second 
st imulus present  throughout  induction to serve as a background stimulus. 
Interspers ing these co lor -s t imulus  trials did diminish the after-effect. 
However ,  this result should not be a surprise to anyone.  By using co lo r -  
s t imulus trials ra ther  than color-alone trials, the exper iment  essentially 
replicates " b l o c k i n g " - a  phenomenon  already known to occur and discussed 
earl ier  (see section 6.2). 

In the view that  Siegel, Allan,  and Eissenberg were exploring, interpola- 
tion of US-alone trials and blocking are traceable to a single explanatory 
f ramework  (see Rescorla,  1972). It is possible that their  latest explanat ion of 
why color-alone trials do not  reduce the McCollough effect is correct;  
however ,  we are asked to believe an increasingly convoluted account of a 
ra ther  simple finding. To make the account work,  a model  based on 
"successive associations" ra ther  than "s imul taneous  associations" must be 
used,  even though if one were making an analogy to Pavlovian condit ioning 
s imul taneous  associations are a closer match.  One  must  adhere to a 
par t icular  view of US-alone interference that  not everyone studying con- 
di t ioning agrees with. We must also buy that  for the McCollough effect only 
some stimuli can serve as background,  even though no special backgrounds 
need  be created for Pavlovian conditioning, and we are given no guidelines 
that  come from the theory  on how to pick these stimuli. The present  
in terpre ta t ion  is an alternative:  individual associations between vertical and 
red are not  formed at all. 

7.1.4. More contingency manipulations 
Interspers ing red-alone trials during induction has no influence on the 

s t rength  of the McCollough effect, but interspersing vertical-alone trials 
does  diminish the effect (Siegel & Allan,  1987). This finding is also readily 
accounted  for by the present  interpretat ion based on dimensions ra ther  than 
individual stimuli. While the presentat ion of a homogeneous  red stimulus 
does el iminate  the dimension of or ientat ion,  the presentatio~.'~ of  achromatic  
vertical lines does not  el iminate the dimension of r ed -g r een  opponency.  
Vertical-alone trials are actually ver t ica l -whi te  trials and consequent ly  will 
interfere  with the ver t ica l - red  presentat ions.  White is a value along the 
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opponent  dimension, namely the central point of neither red nor green. 
Thus, unlike a red-alone presentation, a vertical--"atone" presentati.on is not 
a missing value but instead provides new information about the relatior.ship 
between orientation and color. 

In general, we can predict when interspersing trials will or will not have 
an effect. W b ~ e "  you can successfully remove one dimension, those trials 
with the n, .  ra ltmens[on will be completely uninfluential. On the other 
hand, whenever apparent removal of one dimension is really just the 
substitution of one value along that dimension for another,  then those trials 
will affect the relation and hence the strength of the effect. For instance, if 
color is made contingent on a direction of motion ratiaer than on orienta- 
tion, such as up-green  and down-red ,  then both ~he addition of motion- 
"a lone"  trials (achrom:tic moving stimuli) and of color-"alone" trials 
(stationary colc.ed stimuli) should diminish the effect. The dimension of 
up/down mot!on, like that of red/green color, cannot be eliminated because 
even a s~,ationary stimulus is a value along that dimension (the central 
point). To consider ~."..other example, if spatial frequency is made contingent 
on motion, such : t~p-wide and down-r.arrow, then motion alone (moving 
homoge~.~ous pz zhes) will not reduce the effect but spatial frequency 
"a lone"  (stationary gratings) will. Spatial frequency, like orientation, can be 
eliminated though by removing an extended pattern. Note that from a 
Pavlovian perspective it would appear as if sometimes C$-akone trials 
interfere and sometimes they do not. These predictions have not yet been 
tested. 

7.2. Prism adaptation 

An analogy to the contingency manipulations of the McCollough effect 
would be to have an object localized visually but not proprioceptively, or 
vice versa. While these manipulations are not referred to as contingency 
manipulations in prism adaptation, they are nonetheless done all the time. 
The intent has not been to determine if "proprioception alone" trials 
interfere with adaptation; instead there is an assumption that such trials will 
in fact not interfere with learning. Trials where visual feedback of the hand 
is w i t h h e l d - t h a t  is, open loop p o i n t i n g - a r e  used to test subjects precisely 
because they are expected ~,ot to interfere with what has been learned. Such 
trials have been intermixed with regular trials to track the acquisition of 
adaptation. (Note that if spontaneous decay occurs, it is attributed to the 
mere passage of time, rather than an influence of vision or proprioception 
per se.) Neither the visual presentation of an object without getting to touch 
it, nor the felt position of the hand or some other object without getting to 
see it, is expected to i~',terfcre with adaptation. 

According to the perceptual learning account, the logical relation that 
exists for pairs of spatial locations also involves dimensions rather than 
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individual stimuli. The basic argument for color--orientation pairs was that 
we don' t  learn that red and vertical appear and disappear, or that the 
appearance of vertical signals that red is soon to follow. Rather,  it is as if we 
learn that if color and orientation will be present together, then what goes 
with vertical will be a particular red, rather than some other color. 
Orientation and color do not always have to co-occur, but when they do the 
values of one dimension are mapped onto the values in the other according 
to a particular relation. Th,s relation determines which contingency manipu- 
lations will and will not affect what we learn. Analogously for spatial tasks, 
the existence of a linkage between vision and touch does not imply that the 
two modalities always have to co-occur, but rather that if both looking and 
touching do co-occur, then the values from the two dimensions ai'e arranged 
in a particular way. Objects are often localized visually without reaching for 
them, and are localized proprioceptively without vision when looking 
elsewhere or in darl,'ness. Perhaps in this domain it is intuitively more 
obvious that visual and proprioceptive judgements of an object also do not 
go together in the sense of appearing and disappearing together. 

8. One-pair training 

An account based on mappings between dimensions assumes that one pair 
is a severely degraded input to the actual learning process. An account 
based on establishing individual associations assumes that one pair of 
associated stimuli is the core unit of learning. What happens when only one 
pair is used in training? 

8.1. McCollough effect 

One of the most salient features of the McCoilough effect is rarely 
emphasized. The standard effect involves the alternation of two distinct 
color-or ienta t ion pairs, rather than just one. As noted, any account which is 
based on the association between individual stimuli assumes that the core 
phenomenon is a single associative connection. For instance, in a Pavlovian 
model,  the two-pair induction reflects "conditioned discrimination". Two 
discriminable stimuli lead to two distinct outcomes, such as light followed by 
shock, but tone without shock. Effective conditioning requires explicitly 
pairing only one stimulus and consequence, such as trials of light followed 
by shock. The standard two-pair McCollough effect induction procedure 
then ..~ould be an unnecessary embellishment of the real phenomenon 
which involves one color and one orientation. Yet the majority of studies 
continue to use two pairs, and the relatively few studies that have investi- 
gated the propertien of one pair training have found conflicting results. 
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An early study by St romeyer  (1969) found that pairing only vertical lines 
with red is in fact sufficient to elicit a green after-effect on a vertical 
achromat ic  g r a t i n g - a  finding that has since been replicated (Allan & Siegel, 
1991; Ellis, 1977; Amble r  & Foreit ,  1978; Humphrey ,  Dodwell ,  & Emerson ,  
1989). However ,  S t romeyer  also found that when the colors used were 
closer to pure yei!ow, the data were not as clear. Repea ted  presentat ions of 
a single yellowish red or yellowish green grid often produced no after-effect 
at all, even when induction with both the color-oriented pairs produced 
vivid color after-effects. No one has a t tempted  to replicate those results. In 
addi t ion,  a more  complicated contingent  after-effect could not be induced 
with a single pair (S t romeyer  & Mansfield, 1970). If an expanding moving 
spiral that  is red on the left half and green on the right half is a l ternated with 
a contract ing spiral that  is green on the left and red on the right, then an 
achromat ic  expanding spiral will appear  green on the left and red on the 
right,  and an achromatic  contract ing spiral elicits the reverse colors. But 
when only one of these pairs was presented and al ternated with periods of 
darkness ,  achromatic  moving spirals did tlot elicit any percept ion of color. It 
appears  that  induction with one pair may not  always be sufficient for all 
cont ingent  after-effects,  though this has never been systematically investi- 
gated.  

Ano the r  source of conflicting findings concerns the effects of a single 
inducing pair  on non-induced orientat ions,  in those instances where a single 
pair  is sufficient to induce a cont ingent  after-effect. As discussed by 
H u m p h r e y  et al. (1989; see also Allan & Siegel, 1991), studies which pair 
only red-ver t ica l  a l ternated with darkness  or a dark screen somet imes find a 
red after-effect on non-induced horizontal  lines (e.g., S t romeyer ,  1969), and 
somet imes  do not (Amble r  & Foreit ,  1978). The  conflicting results have 
occurred  more  recently as well; Allan and Siegel find the "'indirect effect" 
when a l te rnated  with a black screen and H u m p h r e y  et al. do not. 

According to the present  interpretat ion,  one pair is not the fundamenta l  
unit of this learning process. Rather ,  a single pair is a severely degraded 
version of connectiiag entire dimensions of opponent  color and orienta-  
tion. Consequent ly ,  ambiguity is created by using only one value from 
each dimension,  which in turn can lead to different resolutions of the am- 
biguity in what seem to be very similar experiments  and perhaps in different 
people.  

Three  sources of ambiguity follow from the present  interpretat ion.  One  
source concerns a decision about  whether  there should be any mternal  
correct ion at all. According to the present  in terpreta t ion,  the impossible 
si tuation of having di f f eren t  (retinal) or ientat ions of an object  accompanied 
by different r ed /g reen  colors produces the discrepancy. A single c o l o r -  
or ienta t ion  pair may be judged to reflect this discrepancy anyway,  but it 
needn ' t  because there  is nothing impossible about  having an object  with 
only one color. Chromat ic  aberra t ion may be so common  that  minimal 
informat ion involving or ientat ion and color will initiate correct ion,  whereas 
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m o r e  complex  displays such as the  b ico lored  moving  spirals may  requi re  less 
a m b i g u o u s  ev idence  tha t  an e r ro r  exists as well as what  the  e r ro r  is: J 

No te  tha t  two pairs resolves  this ambigui ty .  A n  i l lustrat ive example  
involves  the  a l t e rna t ion  of  a green  vert ical  gra t ing and a hor izon ta l  gra t ing  
wi th  the  same color  g reen ,  r a the r  than  the usually p re sen ted  oppos i te  co lor  
red  ( H u m p h r e y ,  Dodwe l l ,  & E m e r s o n ,  1985). Fol lowing t ra in ing ,  subjects  
d id  not  see any color  on e i ther  s t imulus ,  but  p re sen ta t i on  of  a single gra t ing  
co lo r ed  g reen  ( H u m p h r e y  et al. ,  1989) does  p roduce  a con t ingen t  after-  
effect .  W h e r e a s  a single o r i e n t a t i o n  may  be ambiguous  with respect  to 
w h e t h e r  t he re  is a d i sc repancy ,  the p r e sen t a t i on  of  two o r i en t a t i ons  of  
exac t ly  the  same  co lor  should  m a k e  it c lear  tha t  the re  is not .  If the  ob jec t  
does  no t  a p p e a r  to change  co lor  when  the  re t inal  o r i e n t a t i o n  changes ,  t hen  
sys tems are work ing  p rope r ly  apd the re  is no e r ro r  to correct .  A mode l  
which  assumes  the  core  p h e n o m e n o n  involves  only  one  pair  would  have  a 
h a r d e r  t ime accoun t ing  for this s imple and intui t ive  finding. In Pav lov ian  
c o n d i t i o n i n g ,  for  ins tance ,  a p rocedure  where  an an imal  receives  shock  
fo l lowing  bo th  light and  tone  on  separa te  trials would  not  p roduce  an an ima l  
t ha t  was  afra id  of  n e i t h e r  s t imulus .  

A second  source  of  ambigu i ty  conce rns  the  ident i f ica t ion of  the  r e l evan t  
d imens ions .  Suppose  a par t i cu la r  vert ical  grid is co lo red  red.  A ssumi ng  the  
j u d g e m e n t  is m a d e  tha t  the re  is an e r ro r ,  why should  the  in fe rence  be  tha t  
co lo r  var ies  with o r i e n t a t i o n  and  not  with spat ial  f requency  ( for  example )?  
T w o  pairs  d i s ambigua te  tha t  p rob l em.  If the  o t h e r  pai r  is a hor izon ta l  grid,  
t h e n  o r i e n t a t i o n  is r e l evan t  and  if it is a grid whose  bars are  twice as wide,  
t h e n  it is spat ia l  f r equency .  P r e sen t a t i on  of  a single grid could  lead to e i the r  
conc lus ion ,  the  o u t c o m e  of  which would  inf luence wha t  is seen on non-  
i nduced  st imuli .  E x p e r i m e n t s  with one  o r i e n t a t i o n  and  co lor  whe re  n o t h i n g  
was seen  on  the  o r t h o g o n a l  o r i en t a t i ons  may  be ones  where  spat ial  
f r e q u e n c y  was " b l a m e d " .  H a d  spat ial  f r equency  been  var ied  dur ing  tes t ing 
ins t ead ,  p e r h a p s  the  ind i rec t  effect  would  now be appa ren t .  O r  v iewed f rom 
the  o t h e r  pe r spec t ive ,  a s i tua t ion  which p roduces  a very  s t rong  indi rec t  
ef fect  on n o n - i n d u c e d  o r i en t a t i ons  would  be expec ted  to p roduce  li t t le o r  no 

9There is also a methodological concern with all one-pair inductions. Humphrey et ai. 
suggest that pairing green-vertical may also indirectly pair red-horizontal. The presentation of 
a green stimulus leads to a brief pink after-image when the stimulus is extinguished. 
Analogously, the presentation of a verticai stimulus shifts the balance of orientation coding 
away from vertical and towards horizontal. The authors suggest that this indirect red-horizontal 
pairing is responsible for the indirect effect, where the non-explicitly presented horizontal lines 
appear green. It seems possible then that the indirect pairing affects not only non-induced 
orientations, but also the induced orientation. One-pair induction may actually be pairing two 
orientations and colors. After-images have indeed been found to induce the McCollough effect 
(Day & Webster, 1989). Consequently, any investigation of the properties of one-pair 
induction, including its sufficiency, its effect on non-induced orientations as well as how it 
compares to two-pair induction may require elimination of the simple after-effects. One 
approach would be to introduce a pattern ma;k following each trial to override the imbalance 
of orientation coding mechanisms. 
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effect on non-induced spatial frequencies. The indirect effect has not been 
investigated for other dimensions, such as spatial frequency. 

Assuming that the relevant dimensions have been guessed, thcre is finally 
ambiguity about the relation between those dimensions. A green color on a 
vertical grid provides little information about the color for other orienta- 
tions. For instance, will the grid when viewed horizontally be red or will it 
be white? The inference made from the one induction pair will determine 
what color after-effect will be seen on non-induced orientations. Yet a single 
pair provides little information from which to extract the underlying relation 
between the dimensions. 

8.2. Prism adaptation 

An experimental analogy to "one-pair" consequences in this domain is 
initially hard to identify because most experiments on spatial adaptation 
involve training with a large continuous range of spatial positions. For 
instance, a subject may watch her hand moving from far left to far right 
through a prism, which provides information at many positions. However,  in 
one study (Bedford, 1989) training was restricted to only one, two, or three 
discrete locations. The intent of the study was to determine if a mapping 
between spatial dimensions is reducible to a list of independent associations, 
in which case a single pair of locations is the fundamental unit of learning, 
or whether one pair reflects instead degraded input to a dimension learning 
process with additional constraints. 

The primary conclusions were that one pair is degraded input, a mapping 
is not a collection of independent associations, and that the learning process 
instead involves calculating parameter values for relations between entire 
dimensions (See Bedford, 1989, 1993a, 1993b). To briefly summarize one 
experiment,  subjects were trained that only one location was visually shifted 
to the right (e.g., V =  0, P = - 1 0 ) .  If each pair is independent, then training 
should essentially have no influence on other locations, and we would expect 
a typical generalization gradient. Instead, generalization conformed to a 
rigid shift, such that pointing (motor space) shifted to all visual positions 
equally. 

There has not been enough one-pair studies to determine if some of the 
same kinds of conflicting results that occur in McCollough effect studies will 
also occur here. Note though that many of the same type of ambiguities that 
result from only one input pair in the McCoUough effect are also present 
here. There is ambiguity identifying the right dimensions. In the study on 
spatial adaptation (Bedford, 1989), the two intended dimensions were a set 
of horizontal positions from left to right as localized visually, and the same 
set of horizontal positions as localized proprioceptively. One of the one-pair 
training conditions required the subject to point further to the left whenever 
the visual stimulus appeared straight ahead. In the absence of additional 
information, the shift in pointing could become associated with the vertical 
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position of the stimulus, the circular shape of the target light~ or any other 
feature, rather than the horizontal position intended by the experimenter. 
Assuming the dimensions are guessed correctly, there is also ambiguity 
about the relation between those d~mensions. For instance, if the visual 
location is 5 ° and the proprioceptive location is 15 °, then this pair could 
reflect a uniform displacement, where all visual locations are displaced 10 ° 
with respect to proprioceptive locations ( Y - - X  + 10), but it can also be ~n 
instance of magnification where proprioceptive locations are three times as 
far away as the visual ones (Y = 3X + 6). Alternatively, it is consistent with 
a bizarre many-to-one mapping where all objects are to be found at 15 °, 
regardless of the visual position (Y -- 0X + 15). There are an infinite number 
of functions that can accommodate the single point, and consequently no 
single correct way to generalize. 

The data from the one-pair study, however, suggests that one-pair 
training is still sufficient to produce change, despite the ambiguities. Rich 
internal structure, as well as pre-experimental learning, may substitute for 
the external information which is lacking. This suggests that the existence of 
a one-pair McCollough effect does not imply that a single red-vertical 
association is the core phenomenon. Ambiguity in the input needn't 
preclude learning. 

While the dimension interpretation does not preclude learning from a 
single pair, it does imply that single pairs are not independent of one 
another, both for learning new spatial mappings and for contingent after- 
effects. The outcome of training with more than one pair cannot always be 
predicted based on the outcome of each pair in isolation. For learning 
mappings between spatial dimensions, there is evidence that individual pairs 
are not independent (Bedford, 1989, 1993a). For the McCollough effect, 
there is some suggestion that each pair is not combined additively to 
produce the standard two-pair effect (Ambler & Foreit, 1978; Stromeyer, 
1969) but not all the data are consistent (MacKay & MacKay, 1977). A 
systematic test of independence would require both consideration of the 
methodological problem with one-pair induction (see footnote 9) as well as 
combining a wider variety of colors and orientations than the standard 
McColiough effect. 

9. Two-pair training 

For both prism adaptation and the McCollough effect, training with two 
pairs of stimuli resolves some of the ambiguity found with one pair. Yet in 
the present interpretation, two input pairs still provide degraded input. They 
provide incomplete information about the nature of the mapping between 
the two dimensions. 
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9. i. Prism adaptation 

There are few two-pair exposure procedures in the domain of spatial 
adaptation, as noted earlier. Bedford (1989, 1993a, 1993b) trained subjects 
under a variety of two-pair conditions and that research pointed to a 
dimension-learning process with constraints. For instance, in one manipula- 
tion, during training a target localized visually at 15 ° to the right was found 
proprioceptively 25 ° to the right and a target localized visually 15 ° to the left 
was found proprioceptively 25 ° further to the left. Testing at untrained 
locations between the two trained locations revealed that behavior (point- 
ing) always conformed to a linear function, Although there were an infinite 
number  of potential generalization patterns, the data suggested a linearity 
preference when forming mappings between visual space and motor space. 
Because two visual-proprioceptive pairs provide only ambiguous or under- 
determined experimental information about the mapping for all of space, 
this training condition allows the constraints that the system itself brings to 
bear to be uncovered. 

Indeed, the interpolation data from two-pair experiments are so clean that 
if, though some historical accident, two-pair experiments had come first, one 
could easily be misled into believing that the core phenomenon of prism 
adaptat ion involved the association between two pairs of spatial locations. I 
believe this has essentially happened in the McCollough effect. 

9.2. McCollough effect 

The McCollough effect training procedure, which uses only two pairs for 
all experiments,  may be viewed in an analogous way. Two pairs underde- 
termine the mapping between orientation and red-green  dimensions, but is 
sufficient along with the internal structure to assume a particular relation. 

Note this leads to a different interpretation of colors seen on non-induced 
orientations. In this view, a testing stimulus that is slightly off from vertical 
looks less saturated, and a 45 ° stimulus looks white, and so forth, because of 
an active process o f  rule-governed application. The underlying function 
extracted applies equally to all orientations, not just those used in training. 
Contrast  this with the more standard account that the colors seen on 
non-induced orientations are due to generalization decrement, where the 
effect will simply fade as the stimuli get increasingly dissimilar from the 
training stimulus. It is difficult to tease apart these two different interpreta- 
tions using the standard McCollough effect induction. One possibility is to 
compare the variances at induced and non-induced orientations. If con- 
nections between the individual stimuli are what is learned then the 
explicitly trained stimuli must be stored and behavior between trained and 
untrained stimuli discernible in some way, such as through variance. If the 
individual training stimuli are used only to extract the underlying relation 
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between the dimeusions, then it should be impossible to determine from 
performance which stimuli were explicitly trained and which were not. 

More importantly, whereas many of the current experiments use ortho- 
gonal orientations, and nearly all use complementary colors, the current 
approach calls for two-pair studies where orientations and colors are 
systematically v a r i e d - f o r  instance, vertical green lines alternating with 
horizontal green lines of half the saturation rather than the opposite color 
red. Is linearity a preferred relation for dimensions of orientation and color 
as well as for visual space and motor space? If so, the interpolated colors on 
non-induced orientations will be linear under a variety of different two-pair 
training conditions. If not, then investigation of the patterns of generaliza- 
tion can be used to uncover the built-in functions and constraints. This is a 
different type of research question than has been asked previously about the 
McCollough effect. 

10. Multlple-pair training 

Because standard two-pair induction is here viewed as a degraded case of 
dimensional learning, this approach dictates a new line of research for the 
McCollough effect which uses multiple induction pairs. For instance, a 
training procedure which presents not only red vertical lines and green 
horizontal lines, but additionally white diagonal lines, and lines of inter- 
mediate orientation colored with appropriate reds and greens of inter- 
mediate saturations, should yield the strongest contingent after-effects. 
Conversely, a_ay approach which instead emphasizes single pairs as the 
fundamental  unit predicts added difficulty as the number  of pairs is 
increased and additional bits of information need to be stored. 

Using multiple pairs also allows the investigation of different relations 
between color and orientation, particularly non-linear relations which are 
not possible with two pairs. Is the error correction reflected by the 
McCoilough effect constrained to linear corrections? Can non-linear rela- 
tions be acquired? Will a linear function be imposed on non-linear mappings 
between orientations and red-green color as they often are for spatial 
dimensions? 

Finally, increasing the number of induction pairs to the limit would 
produce continuous information, whereby color is gradually and continually 
transforming from green to less green to red as a function of continuous 
change in orientation of lines. This continuous induction procedure more 
closely parallels standard prism adaptation experiments and perhaps also 
natural situations where the discrepancy would be encountered. 

~1. Conclusion 

What type of theory is the present perceptual learning account? Two 
classes of models for the McCollough effect were summarized earlier: 
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associative and neural adaptation. Is the present interpretation an instance 
of the associative or the non-associative class of theories? I suggest it d~,cs 
not fit cleanly into either division, as they are typically construed. Associa- 
tive models usually imply that two entities never before connected are 
brought together and a link forged between them. In this sense, "dinlcnSi~n 
learning" as applied both to the McColiough effect and to prism adaptation 
is non-associative. Orientation and color are already related before ex- 
perimental  training trials, as shown by Held's (1980) empirical demonstra- 
tion. Indeed, it is the pre-existing relation between the two dimensions that 
motivates the system to detect any deviation. In the spatial domain, there is 
already a linkage between vision and proprioception which is manifested not 
only by normal (open-loop) visual-motor coordination in adults, but also by 
infants. On the other hand, dimension learning is associative in the sense 
that pairs of values from each continuum presented in close temporal 
proximity provide the information for new learning to take place. 

The apparent contraction can be reconciled by considering that "associa- 
tive learning" is too often viewed as synonymous with Pavlovian con- 
ditioning, This in turn leads to undue emphasis on forging a connection 
between previously unconnected entities. If the entities to be associated are 
two individual stimuli, as in conditioning, then those two stimuli can either 
be unconnected,  or connected in an excitatory or inhibitory fashion. 
Consequently,  a central issue becomes whether there is or is not a relation 
between them and uncovering the conditions necessary to establish the 
connection. Once they are connected, there appears little left for associative 
processes to do. Contrast that with associating entire dimensions, where 
many stimuli from each dimension become connected. Here,  rather than 
just an excitatory or inhibitory relation, there are countless ways in which 
the stimuli can be connected and reconnected. This shifts focus from simply 
whether  there is a relation to the t y p e  of relation. When more broadly 
construed, associative learning processes can do more than establishing 
initial connections. It is likely that both Pavlovian conditioning and dimen- 
sion learning are tw6 instances, but distinct instances, of learning processes 
that should be consid,~red associative. 

Whereas  the associative class of models have been equated with Pavlovian 
conditioning, the non-azsociative class has been largely equated with 
physiological models (e.g., Stromeyer,  1978). This is an unusual contrast 
because all the theories of the McCollough effect, whether they be 
Pavlovian or non-Pavlovian, associative or non-associative, learning or 
non-learning, require physiological instantiation. Physiological and non- 
physiological models are different levels of discourse, rather than adversari- 
al. The dichotomy may have developed in part because the early physiologi- 
cal model, fatigue within double-duty detectors that code for both orienta- 
t ion and color, contained within it an implication for psychological theoriz- 
ing. Such a view precludes associative learning in the narrow sense, since 
color and orientation are already processed together. Not all physiological 
models need have the same implications for psychological theorizing: more 
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recent models  (e.g.,  Barlow, 1990) are consistent with an associative view. 
Because reduction to physiological underpinning do not substitute for a 
psychological t h e o r y - b o t h  levels are n e c e s s a r y - i t  is not surprising that one 
of  the few developed psychological approaches to the McCollough effect, 
Pavlovian conditioning, has held ~.ppeal. 

A d ichotomy of "associa t ive /Pavlovian"  and "non-associa t ive /neura l  
adap ta t ion"  classes then is not a very useful categorization of learning 
processes in general.  An alternative classification in~,olves three broad 
divisions (Bedford ,  1993b, pp. 2 -5) .  One division involves processes that  
function to apprehend  new information about  the external world. Examples  
include Pavlovian condit ioning and (explicit) memory .  The second division 
consists of processes designed not to learn about  the world, but instead to 
improve upo,1 the perceptual  systems themselves.  It is here that  prism 
adapta t ion  and the McCollough effect belong, as well as others such as 
Helson 's  adapta t ion level, and the en t ra inment  of circadian rhythms.  (The  
third category involves matching internal states with those of others ,  
int~t'~Li~ ianguage acquisition and motor  skills.) Because of their vastly 
difie; . .~t functions,  learning mechanisms known to help learn about  the 
external  world, such as Pavlovian conditioning, may have only limited 
applicabili ty to those responsible for internal correct ion,  such as manifested 
by the McColiough effect. 

Consis tent  with this very general  view would be Dodwell  and Humphrey ' s  
(1990) recent work on the McCollough effect. They  a t tempt  to answer two 
questions:  what  is the effect for, and what are its physiological underpin-  
nings? The  second question is beyond the scope of the present  article. 
Consider ing the first quest ion,  a similarity between their  view and the 
current  view is that  both interpretat ions explicitly assert that the McCol- 
lough effect reflects a process of internal error  correction,  along with only a 
few others  (Held ,  1980; Warren,  1985). However ,  the two views differ on 
what  they  believe triggers the correction. According to Dodweil  and 
H u m p h r e y ' s  in terpreta t ion,  in the long-run there is statistically a zero 
correlat ion between or ientat ion and color (see also Savoy, 1987, section 4). 
Induct ion trials pair or ientat ion and color such that  after a number  of  trials 
there  will be a non-zero correlat ion which is discrepant from the usual zero 
correlat ion.  According to the present  interpretat ion,  there is an internal 
constraint  that objects  do not change color when the head is tilted. 
Consequent ly ,  if they appear  to do so, the sensory information is discrepant  
f rom knowledge about  the world. Ra ther  than assuming the constraint  is 
wrong,  it is assumed the internal systems must be wrong, which leads to the 
internal  correct ion.  This view leads to a number  of  re interpretat ions and 
predict ions that  do not follow from Dodwell  and Humphrey ' s  analysis. For 
instance,  on the issue of  which stimuli are effective at inducing cont ingent  
after-effects (section 4),  the present  view predicts that the two stimuli of 
different  colors need to represent  the same object  for a discrepancy to be 
detected.  

A n o t h e r  aspect of Dodwell  and Humphrey ' s  interpretat ion concerns use 
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of Hclson's adaptation level theory. Similarly, Warren (1985) suggested that 
both Helson's adaptation level and the McCollough effect are two examples 
of the mere general "criterion shift rule", whereby the norms of a 
perceptual dimension change in the direction of previous stimulation. One 
appeal of these ideas is that it calls attention to an entire perceptual 
d i m e n s i o n - a  view which is central to the present interpretation. Note that 
many other studies also use the term "dimension" to refer to orientation or 
color, without explicitly considering how that may differ from modcls which 
use individual stimuli. While Helson's adaptation level or the criterion shift 
rule operates on dimensions, it is a process concerned with changes that 
result from repeated stimulation of only a single dimension. Such processes 
differ from those which map one dimension into another. Both Helson-like 
processes and McColiough-like processes are likely instances of perceptual 
learning, which differs from other types of learning (See Bedford, 1993b). It 
is likely not a coincidence that both processes use dimensions; as noted 
earlier, perceptual systems in general operate on dimensions and any update 
of these systems may be expected to operate at the level of dimensions as 
well, 

This article began with the hope that progress in the field of cognition 
could be used to advance perceptual learning the way it has for other areas. 
I believe it has done this by helping to solidify ideas that perceptual learning 
is a unique domain-specific learning process, distinct from other kinds of 
learning. Perceptual learning has (1) different inputs  from other learning 
processes: incoming data must provide evidence of an internal error, often 
by violating internal constraints that we know must be true of the world; 
other  learning processes have no such requirement. (2) The processes have 
different internal states: learning affects stimulus dimensions in their entire- 
ty, unlike other learning processes that can operate on individual stimuli. (3) 
They differ in output:  it is perception which gets modified by experience, not 
thoughts,  knowledge, or reflexes as in other learning processes. (4) And 
finally they differ in .function: the purpose of perceptual learning is to 
correct internal malfunctions or to otherwise sharpen the ability to perceive 
whereas other more familiar learning processes serve to apprehend new 
information about the world. Thus, processes involved in perceptual 
learning also improve our ability to interact with the world, but they do so 
indirectly rather than through a direct representation of environmental 
properties. The perceptual learning processes keep the sensory systems in 
good working order to allow world learning to occur. 
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