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Abstract Recent models of the visual system in pri- 
mates suggest that the mechanisms underlying visual 
perception and visuomotor control are implemented in 
separate functional streams in the cerebral cortex. How- 
ever, a little-studied perceptual illusion demonstrates that 
a motor-related signal representing arm position can con- 
tribute to the visual perception of size. The illusion con- 
sists of an illusory size change in an afterimage of the 
hand when the hand is moved towards or away from the 
subject. The motor signal necessary for the illusion could 
be specified by feedforward and/or feedback sources (i.e. 
efference copy and/or proprioception/kinesthesis). We 
investigated the nature of  this signal by measuring the 
illusion's magnitude when subjects moved their own arm 
(active condition, feedforward and feedback information 
available), and when arm movement was under the con- 
trol of the experimenter (passive condition, feedback in- 
formation available). Active and passive movements pro- 
duced equivalent illusory size changes in the afterimag- 
es. However, the illusion was not obtained when an after- 
image of subject's hand was obtained prior to movement 
of the other hand from a very similar location in space. 
This evidence shows that proprioceptive/kinesthetic 
feedback was sufficient to drive the illusion and suggests 
that a specific three-dimensional registration of proprio- 
ceptive input and the initial afterimage is necessary for 
the illusion to occur. 
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Introduction 

A number of experiments have demonstrated that the 
ability to judge the true size of an object breaks down as 
visual cues to distance are eliminated (e.g. Holway and 
Boring 1941). Many theorists interpret this "size con- 
stancy" as reflecting a size-distance invariance mecha- 
nism that uses veridical distance information and the vi- 
sual angle subtended on the retina to compute an esti- 
mate of actual target size. A commonly referred to dem- 
onstration of size-distance invariance was described by 
Emmert in 1881. If an afterimage of a visual target is 
produced, "projecting" the afterimage onto distant sur- 
faces causes the observer to perceive the afterimage as 
larger than if the afterimage is projected onto a near sur- 
face (see Fig. 1). Such a demonstration shows that per- 
ceived size is a function of the visual angle subtended on 
the retina by an object, and the distance of the object it- 
self. When referring to afterimages, this relationship is 
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Fig. 1 Emmert's Law. The distance where the afterimage of the 
lightbulb appars to fall dramatically influences the perception of 
its size 
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Fig. 2 The illusion. Moving the hand away in complete darkness 
results in a percept of a larger image. We used this apparatus to 
control the distances moved by the subject in active and passive 
trials. In half of the trials the hand was moved to the near dowel 
from the far dowel 

called Emmert's law (see Edwards and Boring 1951 for 
further discussion). 

In a typical Emmert's law demonstration, the distance 
of the target is usually specified by visual cues in the 
testing environment such as linear perspective, occlu- 
sion, stereopsis, and the retinal image size of familiar ob- 
jects. Experiments by Taylor (1941) and Gregory et al. 
(1959), however, suggest that non-visual signals can also 
specify target distance in situations similar to the demon- 
stration of Emmert's law. Taylor described illusory 
changes in the size of an afterimage of a hand-held card, 
viewed in complete darkness, which occurred when sub- 
jects either moved their head away from the card or 
moved the card away from their head. If the distance of 
the card was increased, the card's afterimage appeared to 
increase in size, while a decrease in distance resulted in a 
decrease in perceived size (Fig. 2 illustrates the illusion 
using hand movements without a card). The similarity of 
the illusion to classic Emmert's law demonstrations was 
noted, and Taylor provided some evidence for the sug- 
gestion that these effects were mediated by changes in 
the degree of vergence of the two eyes (well established 
as a cue to distance; see Erkelens et al. 1989). Gregory et 
al. (1959) reproduced the head movement effects that 
Taylor (1941) described and also reported some "curious 
phenomena" when afterimages of the hand itself were 
obtained. This group noted, as did Taylor, that what is 
unusual about these demonstrations is that changes in 
target distance could not have been specified by visual 
cues, since the afterimages were always viewed in com- 
plete darkness. Nevertheless, the perceived size changes 
were appropriate, given the fact that the retinal image 
size of the card's afterimage did not change, while the 
distance of the card did. 

This illusion has been described as a special case of 
Emmert's law (Dwyer et al. 1990), which most investiga- 
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tors interpret in terms of size perception and constancy. 
However, this type of interpretation necessarily implies 
that a motor-related signal about the distance of a hand- 
held target (or the hand itself) can influence the per- 
ceived size of that target in the same manner as a visual 
signal. Given the recent functional description of two 
cortical visual systems in primates advanced by Goodale 
and Milner (Goodale and Milner 1992; Milner and Goo- 
dale 1995) and the earlier model proposed by Ungerlei- 
der and colleagues (Ungerleider and Mishkin 1982), the 
notion of a motor signal contributing to size perception 
and constancy is peculiar. That is, size perception and 
constancy mechanisms are typically relegated to ventral 
stream areas such as V4 and inferotemporal cortex (e.g. 
Cohen et al. 1994; Humphrey and Weiskrantz 1969; Un- 
gerleider et al. 1977). Non-visual signals about eye, limb 
and head position are usually found in areas of the dorsal 
stream of visual cortex, where such signals enable the lo- 
calization of targets in space and/or the guidance of 
movement, and not perceptual identification or constan- 
cy (e.g. Anderson et al. 1990; Colby et al. 1993; Galletti 
et al. 1993). 

As a first step in re-examining the mechanism behind 
this illusion, we have adapted Taylor's paradigm in order 
to reveal the nature of the non-visual signal responsible 
for illusory size changes in the afterimage. The two pos- 
sible sources of information which could specify limb 
position are feedforward, efference copy sources or feed- 
back information from proprioception. The role of these 
motor signals has been studied rather differently in two 
domains of motor control research. The study of feedfor- 
ward signals has been emphasised in the eye movement 
literature, where efference copy is thought to have a vital 
function in maintaining a percept of the world unaffected 
by eye movements themselves (exemplified by studies of 
the effects of eye paralysis with curare on the perceptual 
consequences of attempted eye movements; see Matin 
1976; although see Brindley et al. 1976 for alternative 
findings). In contrast, the study of feedback signals has 
been emphasised in the arm movement literature 
(Jeannerod et al. 1979; Steinbach 1987). 

The present study represents a rare attempt to investi- 
gate the link between signals related to arm movement 
and their effects on the attributes of a visual percept. Al- 
though there have been previous demonstrations of arm 
signals influencing the perceived attributes of a visual 
stimulus, these studies typically involve manipulations of 
proprioceptive information exclusively, and produce 
changes in the perceived location of a visual stimulus 
(e.g. Dizio et al. 1993; Roll et al. 1991). In this investiga- 
tion we manipulated the availability of feedforward in- 
formation in order to determine whether or not such in- 
formation is necessary for the illusory size changes to 
o c c u r .  
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Materials and methods 

Subjects 

Eight male and five female subjects participated as volunteers. 
One woman and one man were left-handed. Subjects used their 
dominant hand (defined as the writing hand) in all but the last two 
trials. 

Apparatus and procedure 

Subjects spent an initial 5-min period in a completely darkened 
room. For all practice and experimental trials, subjects were re- 
quired to hold their dominant hand against one of the two horizon- 
tal dowels of the apparatus shown in Fig. 2. The distance between 
the two dowels was fixed at 35 cm. At a signal given by the exper- 
imenter, a high-intensity flash of light (from a Cullmann DC36 
photoflash) was directed towards the hand from behind the sub- 
ject's head (at a distance of approximately 35-40 cm). The flash 
produced a powerful and vivid positive afterimage of the hand, 
which persisted for several seconds. In half the trials, the subjects 
were required to move their hand in a smooth and continuous fash- 
ion, while carefully observing the afterimage for any changes. In 
the other half of the trials, the experimenter supported the out- 
stretched hand at the wrist and moved the subject's limb in a simi- 
lar fashion. For these "passive" motion trials, subjects were repeat- 
edly instructed not to help or hinder the motion, but to remain 
completely relaxed and concentrate on the appearance of the after- 
image. This type of manipulation has been used in previous stud- 
ies of motor control in order to attenuate efferent signals about 
limb position while leaving afferent signals relatively intact (e.g. 
Paillard and Brouchon 1974). (The possibility of some motor com- 
mand being issued could not be completely excluded by this ma- 
nipulation. However, at least the magnitude of such signals should 
have been dramatically attenuated in the passive trials.) Half of 
each of the passive and active trial sets were from the far dowel to- 
wards the near dowel (towards trials) and the other half were from 
the near dowel to the far dowel (away trials). When the move- 
ments originated at the near dowel, subjects placed their wrist 
against the distal side of the dowel, while for far dowel trials, the 
wrist was placed against the proximal side of the dowel. 

Subjects received three practice trials before testing began. All 
subjects were exposed to an afterimage of their static hand on the 
first of these trials, in order to familiarize themselves with the ap- 
pearance of the afterimage, and to use as a standard against which 
afterimage clarity on experimental trials could be rated. The sec- 
ond practice trial required the subject to remain relaxed while the 
experimenter moved the limb as slowly and smoothly as possible 
away from the subject (from the near dowel to the far dowel). On 
this trial, the subject was instructed (before and after the trial) to 
report any changes in the afterimage during the movement. Sub- 
jects were encouraged not to hinder or help the experimenter in 
any way during such trials. The third practice trial required sub- 
jects to make an active towards movement of their arm (far dowel 
to near dowel). After this trial subjects were told that size change 
(or lack thereof) was the measure of interest for report. Twelve of 
our thirteen subjects reported size changes on at least one of the 
two practice trials involving arm movement, before size change 
was actually named as the measure of interest. 

The subject was required to make two subjective ratings about 
the afterimage. The quality of the afterimage was defined as the 
clarity of the initial afterimage before any motion of the arm was 
initiated (by subject or experimenter). If the afterimage was simi- 
lar in clarity and vividness to that produced on the first practice 
trial, subjects were instructed to rate it as "5". If the afterimage 
was less clear, quality ratings were to be less than 5; more vivid 
initial afterimages were given ratings higher than 5. The purpose 
of this measure was to attempt to ensure that perceived size chang- 
es in the afterimage (as a function of active/passive or to- 
wards/away) were not due to poorer, initially obtained afterimag- 
es. Size change was reported as a percentage of the size of the af- 

terimage obtained on each trial before the hand began to move. 
Subject were told to report 100% if no size change was obtained, 
200% if the afterimage appeared to double in size or 50% if the af- 
terimage halved in size. 

Two final trials were included, where subjects were asked to 
place their dominant hand behind (distal to) their non-dominant 
hand, which was positioned against the near dowel. Once an after- 
image of the non-dominant hand had been obtained, the subject 
was required to move their dominant hand actively to the far dow- 
el. These two trials were included to demonstrate whether or not 
the illusion depends upon motion of the same hand from which the 
afterimage was obtained. 

Results 

Subjects  d id  not  repor t  any sys temat ic  bias in a f te r image  
quality,  a l though they were  capab le  o f  d is t inguish ing  be- 
tween  more  or less v iv id  ini t ia l  af ter images .  The medi-  
ans and inter-quar t i le  ranges  (in brackets)  did  not  s u g g e s t  
any obvious  b iases  across  ac t ive/pass ive  or  towards /away  
condi t ions  in the genera t ion  of  the ini t ial  a f te r image o f  
the hand [active 5.00 (2.00); pass ive  5.00 (1.00); towards  
5.50 (1.00); and away  5.00 (1.875)].  These  da ta  were  not  
ana lysed  further. 

I f  the subjects '  percept ion o f  size change depended on 
a feedforward signal, then repor ted size changes in the ob- 
tained af ter image would  be d iminished or abol ished in the 
passive trials. Median  size est imates of  the af ter images as 
a function o f  d isp lacement  type (active/passive) and direc- 
t ion o f  movement  ( towards/away) appear  in Fig. 3. A 
Fr iedman two-way analysis  of  variance by ranks for away 
active/passive,  and towards active/passive condit ions was 
per formed  on the raw data. This analysis  revealed that the 
ranks of  the four condit ions were not equal (Z~=58.44, 
P<0.0001).  A nonparametr ic  mul t ip le -compar isons  proce-  
dure suggested by  Siegal  and Castel lan (1988) showed 
that size est imates for both away condit ions were signifi- 
cant ly larger than for both towards condit ions,  but passive 
and active condit ions within towards and away did not  dif- 
fer in their  mean  ranks. In other words,  there was no dif- 
ference in the magni tude  of  the obtained i l lusion in pas- 
sive compared  with active condit ions.  

Fig. 3 Median size change estimates from 13 subjects. Error bars 
represent inter-quartile ranges. In the non-dominant hand condi- 
tion (NDH), an afterimage of the non-dominant hand was ob- 
tained, and the dominant hand was subsequently moved (AA Away 
active, AP Away passive, TA towards active, TP Towards passive) 



In most subjects the magnitude of the illusion tended 
to be larger in away conditions, but this may be an arte- 
fact of our scale having a lower boundary of zero, but no 
upper boundary. We saw no trend for the magnitude of 
the illusion to increase or decrease over the session, al- 
though on some trials the illusion did not occur (even if 
the subjects had reported size changes on previous tri- 
als). Finally, we obtained no evidence for the illusion oc- 
curring in the condition where the afterimage of the non- 
dominant hand was obtained before movement of the 
dominant hand. 

Discussion 

There are two main findings from this experiment. The 
first is that a proprioceptive signal is sufficient to pro- 
duce the illusion. The second, perhaps more puzzling 
finding, is the nulling of the illusion when the dominant 
hand is moved once an afterimage of the non-dominant 
hand was obtained. Davies (1973) has suggested that 
there may be a register between hand position signals 
and the position of an afterimage of the same hand. He 
showed that after obtaining an afterimage of both hands 
(held adjacent to one another in the field of view), with- 
drawing one hand resulted in perceptual disruptions spe- 
cific to the appropriate part of the afterimage. Accord- 
ingly, the nulling of the illusion in the non-dominant 
hand trials may have resulted from the close initial spa- 
tial register of each hand prior to movement, leading to 
ambiguity about the identity of the afterimage of the 
hand. Alternatively, proprioceptive information may 
specify the distance of the non-dominant hand as the dis- 
tance of the afterimage projection plane. Because the 
projection plane of the afterimage (so defined) does not 
change on these trials, no change in the percept of the af- 
terimage occurs. Another (perhaps less likely) possibility 
is that the systems responsible for the illusion contain in- 
formation about the perceptual effects of occlusion (i.e. 
the non-dominant hand occluded the view of the moving 
dominant hand in hand-visible conditions). 

The functional and neuropsychological significance 
of a proprioceptive signal contributing to visual percep- 
tion/size constancy requires explanation. Most published 
studies associate these mechanisms with the ventral 
stream of areas in visual cortex. Our data suggest that 
proprioceptive signals are available in these temporal re- 
gions, that dorsal stream regions are contributing to size 
perception/constancy (e.g. Wyke 1960) or that interac- 
tions between the two streams are responsible for the il- 
lusion. Dorsal visuomotor systems need information 
about target size and distance in order to program move- 
ments. For example, subjects scale the size of their grip 
for targets they are attempting to grasp well in advance 
of contact, even if they have never previously seen the 
target (Jakobson and Goodale 1991; Jeannerod 1981). 
Sensorimotor systems responsible for such acts are able 
to extract real size from retinal image size and distance 
information, which can be supplied by stereopsis, ver- 
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gence, linear perspective and other such cues. Goodale et 
al. (1991) have suggested that such computations can be 
performed by dorsal stream mechanisms exclusively (see 
also Jeannerod and Rossetti 1993). Nevertheless, it is un- 
likely that information about the retinal size of the after- 
image is maintained in the human equivalent of the "dor- 
sal stream" given what is known about the temporal 
properties of single units in this channel (Ingling and 
Grisby 1990; Merigan and Maunsell 1993; Milner and 
Goodale 1995). That is, magnocellular units (which con- 
tribute most of the visual imput to the dorsal stream) 
show transient responses to visual stimuli, and would be 
unlikely to sustain the afterimage for the several-second 
duration of the experimental trials. 

An important remaining question is related to the re- 
port by Taylor (1941) that eliminating vergence move- 
ments attenuated the illusion in the majority of his sub- 
jects. His data suggest that when a fixation point prevent- 
ed changes in vergence, the illusion did not occur. How- 
ever, pilot observations in our laboratory (using infrared 
video recordings from 13 naive subjects and an infrared 
Dr. Bouis Oculometer in two other subjects) suggest no 
clear relationship between vergence and hand movements 
made using our apparatus (see Fig. 2) in complete dark- 
ness. These hand movements were of the same extent as 
those which reliably produced illusion effects in the ex- 
periment reported here. Eye movement recordings made 
using search coils by Erkelens and his colleagues also 
suggest poor vergence and pursuit eye movements to tar- 
gets moved in darkness (Erkelens et al. 1989; Koken and 
Erkelens 1993). Of course, the presence of an initial visu- 
al target superimposed on a proprioceptive signal which 
subsequently moves might result in changes in vergence. 
This issue warrants further investigation, perhaps by re- 
cording eye movements with a search coil during trials on 
which the illusion is (or is not) obtained. 

This investigation establishes that a proprioceptive 
signal about arm position can influence the perceived 
size of an afterimage. From the present data the func- 
tional significance of this non-visual signal and its dra- 
matic effect on size perception cannot be deduced. Its 
presence is a puzzle which deserves further consider- 
ation at the psychological, neuropsychological and even 
neurophysiological levels. It may require reinterpretation 
of the illusion in terms quite different from those used in 
traditional size constancy. In any case, given the lack of 
evidence for proprioceptive signals in areas of visual cor- 
tex associated with constancies and perception, this illu- 
sion remains to be explained. 
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