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a critical balance between serotonergic, 
adrenergic, and cholinergic neuronal net- 
works in the pontine area of the brain- 
stem (20, 21). A final link in the medul- 
lary reticular formation would inhibit the 
discharge of extensor and flexor moto- 
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August 1982: revised 14 January 1983 neurons via reticulospinal pathways (22). 
Our genetic studies of narcolepsy in Do- 
b e r m a n ~  point to an autosomal recessive 
defect in a single gene (4). This gene may 
be involved in the regulation of biogenic 
amine metabolism or release-whether 

Path-Guided Apparent Motion 

through enzymatic activity, receptor Abstract. A curl~ed gray path, briejly flashed between two alternately displayed 
black dots, induced a compelling illusion of a single dot moving back and forth over 
that path. The minimum interval between dot onsets yielding this apparent motion 
increased not with the direct distance between the dots but, linearly, with the length 
of the curved path. 

sensitivity, or uptake mechanisms. 
While the results do not explain the 

basic defect in genetic narcolepsy, they 
do reflect an unequivocal deficit that will 
allow the formulation of testable neuro- 
chemical hypotheses. These findings are In the classical phenomenon of appar- quires, with each increase in the spatial 
direct neurochemical evidence of a bio- 
genic amine deficit in a genetic animal 
model of narcolepsy. 
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ent motion, two stationary visual stimuli 
presented in alternation and in different 
spatial locations (Fig. 1A) yield the illu- 

separation between the stimuli, a corre- 
sponding increase in the delay between 
the onset of one stimulus and the onset 

sion of a single object moving back and 
forth over the shortest path between 
them (1, 2). This phenomenon provides 

of the other [called the stimulus onset 
asynchrony (SOA)]. Indeed, the mini- 
mum SOA yielding good apparent mo- 
tion increases linearly with this distance 
(5, 7, 8). If the SOA is shorter than 
specified by this law, the appearance of a 
single stimulus moving back and forth 

evidence for the internalization of princi- 
ples of object conservation and least 
action (3-5). The brain evidently prefers 
the interpretation that a persisting object 
moved over the most direct path consist- 
ent with the available evidence rather 

breaks down into the appearance of two 
stimuli blinking on and off independent- 
ly. 

Discrimination between real and ap- 
parent motion is presumably based on 
whether o r  not sensory receptors along 

than an interpretation that the object 
moved over some longer path or ,  worse, 
that one object went out of existence and 
a second object simultaneously material- References and Notes 
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ized at another location. Moreover, the 
preferred interpretation tends to  be auto- 
matically instantiated in the most con- 

the retinal path corresponding to the 
experienced motion are physically stim- 
ulated. We conjectured that the brain 

crete perceptual form, as an actual 
movement over the interpolated path. 
Indeed, apparent motion can be indistin- 

interprets such intermediate sensory 
events as the "blurred streak of motion" 
over the path even when those interme- 

guishable from real motion if the two 
locations are sufficiently close together 
(6).  

Although apparent motion is also pos- 
sible over larger spatial separations, it 
then tends to be less compellingly real. 

diate events occur so rapidly that their 
temporal order is not resolved. This con- 
jecture led to our exploration of two 
specific hypotheses. 

The first is that the brief presentation 
of a faint stationary connecting band 

Furthermore, the brain's ability to  
achieve a concrete instantiation of mo- 
tion over a longer path seems to be 

between two alternately presented stim- 
uli (Fig. 1B) should stimulate the rele- 
vant intermediate receptors and, despite 

constrained by inherent limitations on its 
own rate of processing. Thus, in accord- 
ance with Korte's third law (2), the main- 

the absence of temporal sequencing 
along the path, provide a good imitation 
of the blur of rapid motion. In support of 

tenance of good apparent motion re- this hypothesis, when we flashed a low- 
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contrast homogeneous gray band of this 
sort during the brief interval between 
two black dots, our observers reported 
that the illusion of motion of the dot 
became more compelling. Although too 
brief to  be seen for what it was. the band 
seemed to provide the previously miss- 
ing blur of the dot's transit. However, a 
determination of the exact conditions 
under which such "path-guided" appar- 
ent motion is indiscriminable from real 
motion must await equipment more suit- 
ed to the parametric control of real mo- 
tion. 

The second hypothesis, which is the 
primary focus of this report, includes 
two claims about this apparent motion 
itself: (i) By briefly flashing a curved 
band between the two alternately pre- 
sented dots (Fig. lC), we should be able 
to induce the illusion of movement over 
that curved path. (ii) The minimum SOA 
for good apparent motion over that 
curved path should then depend on the 
length of the path and not, as  in the 
original formulation of Korte's law, on 
the direct distance between the two 
dots. 

In striking confirmation of this second 
hypothesis, when we independently var- 
ied length of path (Fig. ID) and direct 
distance (Fig. lE) ,  the critical SOA did 
not increase with the direct distance but 
did increase, remarkably linearly, with 
the length of the presented path (Fig. 
2A). We take this as  significant new 
evidence for our claim, already support- 
ed by other kinds of evidence (4, 8, 9), 
that during apparent motion the brain 
carries out an analog simulation of an 
actual rr~otion over a particular trajectory 
in space (3, 5). 

Moreover, not only were observers 
able to  experience the motion over the 
variously curved paths (Fig. 1 ,  D and E), 
but with appropriately adjusted timing, 
they were even able to  experience the 
motion around a completely closed cir- 
cle (Fig. IF). In accordance with the 
already posited principles of object con- 
servation and least action, the brain pre- 
sumably favors the interpretation that 
one object made a rapid circular excur- 
sion rather than the interpretation that 
a compact, solid object momentarily van- 
ished and was briefly replaced by an 
extended, faint ringlike object. To  our 
knowledge, this is the first report of 
the apparent motion of a stimulus into 
itself. 

We presented the black dots and light 
gray paths (Color Aid paper No. 1A) 
against a white background by illuminat- 
ing different fields of a four-field tachis- 
toscope in a repeating sequence. In 
width, each circular dot and uniform 

gray path subtended a visual angle of 
0.42". The interdot field, which con- 
tained the gray path, lasted only 5 
msec-a duration that in preliminary ex- 
plorations yielded near optimum appar- 
ent motion for the degree of contrast and 
range of lengths of our paths. Observers 
were asked to keep their eyes fixed at the 
center of the region defined by the pre- 
sented path and to try to see the dot as  
moving back and forth over the path. For 
each stimulus configuration, the observ- 
er then repeatedly pressed a key, which 

Fig. 1. Stimulus con- 
figurations for (A) 
classical and (B and 
C) path-guided appar- 
ent motion and sche- 
matic illustrations of 
the paths presented in 
(D) the variable path- 
length condition and 
in (E and F) the fixed 
path-length condition. 
The attached num- 
bers give visual an- 
gles corresponding to 
the lengths of the 
paths (D) or distances 
between the dots (E 
and F). [The present- 
ed paths were uni- 
formly gray, not stip- 
pled as shown here (B 
and C).] 

increased the duration of both dots in 10 
percent steps from an initial duration of 
100 msec each, until the desired motion 
was first experienced. 

In a variable path-length condition, the 
distance between the dots was always 3" 
in visual angle, but the length of the 
connecting path varied, from trial to tri- 
al, between the straight path of 3" and 
four circularly curved paths with arc  
lengths of 4", 6", 9", and 12" of visual 
angle (Fig. ID). In a fixed path-length 
condition, the length of path was held 

D Variable path-length, L 
( f ixed distance,  D = 3 0 )  

120  

A Variable path-length 
condition (D=3O) 
S O A = 1 0 0  + 41L  

I 

E Fixed path-length (L=6O)  
(variable distance, D) 

a mo 2130 2O = O  

I i B No-path condition I 
- \ S O A = 1 7 0  + 3 2 D  

C Fixed path-length 
condition (L=60)  

I SOA = I 6 6  + 5 4 0 / D  I 
Path length, L (degrees of visual angle) Distance, D, between dots (degrees) 

Fig. 2. Minimum stimulus onset asynchrony (SOA) for good apparent motion. (A) Over a 
presented path, as a function of the length of that path in the variable path-length condition; (B) 
between the two dots, as a function of their direct distance of separation in the absence of a 
presented path; and (C) over a presented path, as a function of the distance between the dots in 
the fixed path-length condition. Each point gives the median of the ten observers' mean critical 
SOA's for the specified length (L) or distance (D), and each vertical bar gives an approximation 
to + 1 standard error of the median, based on the quartile deviation of the ten observers' means 
in place of the standard deviation. (Means and standard deviations could not be computed for 
D = 0 and D = 213 in the fixed path-length condition, because the one observer generally 
requiring the longest SOA's was unable to experience motion over these closed or nearly closed 
circles.) 



constant a t  6" of visual angle, but the sulting dependent and independent vari- interstimulus interval) make close com- 
path was adjusted in curvature so that ables in order to nullify heteroscedastici- 

ty (12). The coefficients for robust linear 
fits varied considerably between observ- 

parisons with the other critical SOA's 
the direct distance between the two ter- 
minal dots varied, from trial to trial, 
between 6", 4", 2", 213", and 0" of visual 
angle (Fig. 1, E and F). Finally, in a no- 
path condition, the 5-msec interstimulus 
field was blank (Fig. lA),  and the dots 
were separated by 213", 2", 3", 4", 6", or 9" 
of visual angle. In this control condition, 
observers increased the SOA until they 

problematic. 
We suggest that path-guided apparent 

motion may offer a practical technique ers, but the intercepts averaged about 
100 msec, and the slopes (which were 
positive for all ten observers) averaged 

for displaying more realistic and tightly 
controlled motions despite limitations on 
the rate at which successive images can about 41 msec per added degree of visual 

angle of path length (Fig. 2A). There 
was, moreover, no evidence that the 

be generated, as  in low-cost computer 
graphics, band-limited telecommunica- 
tions, or motion-picture animation. residual departures from linearity were 

achieved, simply, "good apparent mo- 
tion." This was usually experienced 
along the straight path between the dots. 

more often positive or negative for any 
of the five lengths of path [X2(5) = 2.461. 
Finally, the test for departures from lin- 
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The session for each condition consisted 
of five practice trials followed by a ran- 
dom sequence of recorded trials yield- 

earity after logarithmic transformation 
yielded F ratios (with 4 and 15 degrees of 
freedom) that were not significant (a  = 

.05) for nine of the ten observers (13). 
The group results for the two compari- 

son conditions are again representative 

ing, for each of ten observers, four trials 
for each spatial configuration used in 
that condition (1 0). 
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robust regression, which is relatively in- 
sensitive to such heteroscedasticity, and 
(ii) by performing the standard test for 
linearity only after subtracting, from 
each observer's SOA's, the intercept of 

gap in the nearly completed circular path 
(11). 

When the dots were made completely 
coincident (Fig. IF), the median critical 
SOA for motion around the full circle 

the linear function for that observer (as became 648 msec. However, the special 
circumstances of this case (including the 
required addition of 400 msec of blank 

estimated in the robust regression) and 
then logarithmically transforming the re- 
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