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Partitioning continuously varying stimuli into categories is a fundamental problem of 
perception. One solution to this problem, categorical perception, is known primarily from 
human speech, but also occurs in other modalities and in some mammals and birds. 
Categorical perception was tested in crickets by using two paradigms of human psy- 
chophysics, labeling and habituation-dishabituation. The results show that crickets 
divide sound frequency categorically between attractive (<I6 kilohertz) and repulsive 
(>I6  kilohertz) sounds. There is sharp discrimination between these categories but no 
discrimination between different frequencies of ultrasound. This demonstration of cat- 
egoricalgerception in an invertebrate suggests that categorical perception may be a 
basic arid widespread feature of sensory systems, from humans to invertebrates. 

We tested labeling in crickets by pre- 
senting synthesized calling-song-like pat- 
terns of sound pulses in which only the 
carrier frequency varied (7). If a cricket 
labeled a stimulus as attractive (in the call- 
ing-song category), it turned toward the 
speaker; if it labeled a stimulus as ultra- 
sound, it turned away from the speaker. The 
third possibility, that intermediate frequen- 
cies would evoke no response, did not oc- 
cur. The labeling f~~nct ion  for 10 crickets 
(Fig. 1A) shows a sharp transition from 
attraction to escape between 13 and 16 
kHz. Thus, the first criterion for categor- 

M u c h  of perception is continuous; that is, for the calling song, this choice can be ical perception, distinct labeling catego- 
more stirnuli can be discriminated than can made on the basis of freauencv alone. be- ries, is met. 
be identified or labeled. For example, we 
easily discriminate colors differing minutely 
along the continuous dimension of wave- 
length even though we have a limited nurn- 
ber of labels for ranges of wavelengths. Our 
labeling of color is categorical, in that there 
are sharv boandaries between our color 
labels, but our perception of it is contin- 
uous, in that we can discriminate small 
differences of wavelength within those 
boundaries (1  ). . . 

Many sounds of human speech, on the 
other hand, are perceived categorically (2) .  
For instance, the sounds /ba/ and /pa/ differ 
in one dimension, voice onset time (VOT). 
Although VOT can vary continuously, we 
label all sounds on that continuum as either 
/ba/ or /pa/ with an abrupt transition be- 
tween them. Thus, our labeling, or identi- 
fication, is categorical. What makes our 
perception of these sounds categorical is 
that not onlv do we eive all of them one 

cause a temporal pattern ;hat attracts'at 4 
to 5 kHz re~els  at ultrasonic freauencies (4). 

A flying cricket's response to sound can 
be measured readily because of several di- 
rectional body movements involved in 
steering (5). During escape turning, there is 
a fast initial swine of the hind lee into the " '3 

path of the hind wing. During prolonged 
steering, either toward an attractive stimu- u ,  

lus or away from a repulsive one, the fore- 
wines bank into the turn and the abdomen " 

swings, rudderlike, toward the turn. By 
monitoring these movements, we were able 
to measure our subjects' responses to a va- 
riety of artificially generated sounds. 

In 1970, Studdert-Kennedy et al. (6) 
proposed four operational criteria for abso- 
lute categorical perception of human 
speech: (i) distinct labeling categories with 
sharp boundaries, (ii) no discrimination be- 
tween stirnuli from the same category, (iii) 

Testing categorical labeling across a 
continuous spectrum is relatively simple in 
animals and has been done several times 
(a), but determining the sensory discrimi- 
nation ability of an animal is problematic. 
With adult humans, discrimination tests in- 
volve some variation of asking whether 
pairs of stimuli are the same or different and 
relying on verbal responses. Obviously, this 
cannot be done with nonverbal animals. 
Conditioning paradigms such as those used 
by Kuhl and Miller for chinchillas (9) and 
by Dooling and Brown for birds (1 0) come 
closest to this, with the subject motivated 
to do the best discrimination possible. With 
animals that cannot be trained, or when 
unconditional responses to natural stimuli 
are of interest, this becomes more difficult. 
Although some studies have attempted to 
infer discrimination from an animal's 
choice between two stimuli, this practice is 

label or the hther, w: also percelve all of 
them as either /ba/ or /pa/. We do not Fig. 1 . ~ ~ 0  testsof categor- A B 
norrnally perceive lntermedlates as sound- leal percept~on (A) Labellng 
ing halfway between the two, despite a wide When presented w~th sound 
variation of VOT w~thin each category (3) Pulses In a calllng-song-llke 

Like us, Polynesian crickets (Te- temp"'" pattern' crickets 6 

leogryllus oceanlcus) face the problem of re- turned 'Oward (') Or away ' 4 
from (0) the speaker. Turns 

spond~ng differently to parts of a continuous were of approximately the 2 
spectrum of s t~mul~ .  In their case, this is magnitude at all 3 
sound frequency: Crickets call at 4 to 5 kHz, quencles ~h~~~ Is an abrupt o 5 10 15 20 25 40 5 10 15 20 25 40 

whereas bats produce ultrasound (typically shlfi from attraction to repul- Carrier frequency (kHz) Test frequency (kHz) 

25 to 80 kHz) to echolocate the~r  prey. A slon between 13 and 16 
cricket in flight must make a cr~tical cho~ce kHz, ~ndlcatlng a labellng 
between flying toward another cricket's call boundary in = 10, each 
and escaping from a bat. Although the tern- cricket Was tested once at 
poral pattern of sound pulses provides a cue each frequency) 

cr~m~nat~on The escape re- 
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questionable. The inference that two stirn- 
uli are discriminated if one is preferred to 
another may be valid, but the converse, 
that no preference means no discrimina- 
tion, is not. 

In research on human infants, habitua- 
tion-dishabituation paradigms have been 
established to circumvent this problem 
( I  I ) ;  these paradigms have also been used 
to investigate discrimination in rnonkeys 
(12) and birds (1 3). The ultrasound-in- 
duced escape response of crickets decre- 
ments with repetition of the stimulus (ha- 
bituation), and recovers (dishabituates) af- 
ter presentbtion of a novel stimulus (14). 
Thus, dishabituation of the escape response 
can be used as a "same-different" test for 
crickets just as it has been used with other 
animals and human infants. A frequency 
that is discriminated from the habituating 
ultrasound will cause dishabituation, where- 
as a stimulus that is not discriminated from 
that frequency of ultrasound will not. This 
allows us to test frequency discrimination 
within the ultrasound category and between 
the ultrasound and song categories. 

We presented five pulses of 20 kHz to 
habituate the escape response, after which 
we presented a pulse of a test frequency, 
followed by a final pulse of 20 kHz (15). 
The response to the fifth habituating pulse 
was reduced to 10 to 50% of the response to 

the initial ~ u l s e  (Fie. 2).  The extent to . - .  
which the response to the final pulse of 20 
kHz dishabituated depended strongly on 
frequency of the test pulse (Fig. 1B). Only 
pulses below 16 kHz caused recovery when 
presented from the same location as the 
habituating series (1 6). Thus, there is sharp 
between-cateeorv discrimination but no " ,  
discrimination within the ultrasound cate- 
eorv. The dishabituation method cannot be 
;sed to test discrimination within the call- 
ing-song category, however, because attrac- 
tion to the calling song builds up slowly and 
habituates irregularly if at all (4). The dis- 
habituation test clearly demonstrates lack 
of discrimination within ultrasound but 
leaves open the question of whether there 1s 
continuous perception within the calling- 
song category. 

Both tests of categorical perception 
show a categorical boundary between 13 
and 16 kHz. This is an interesting and 
surprising result, given that this range is not 
of known behavioral significance to this 
species in nature (17). Communication 
calls of Teleogryllus are 4 to 5 kHz with 
relatively little energy at higher harmonics; 
echolocation cries of bats are between 25 
and 80 kHz. There is a large gap between 
these two ranges, and one might expect 
either that the frequencies between them 
would elic~t no behavioral response or that 
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Fig. 2. Habituation and dishabituation. We presented f~ve pulses of ultrasound (20 kHz) to habituate the 
escape response, followed by a test pulse of another frequency ( T ) ,  followed by a final pulse of 
ultrasound (P). The magnitude of the leg-sw~ng response was measured with a photocell (left panels; 
higher peaks indcate larger responses). All responses were then normalized to the first response (r~ght 
panels). Recovery values shown in Fig. 1 B were obtained by comparing normalized responses to the 
final pulse (P) and the fifth pulse, (A) When the test frequency is 17 kHz, the escape response continues 
to habtuate, as indicated by the -8% recovery shown on the graph. (B) When the test frequency is 5 
kHz, the escape response dishabtuates, givng 31 % recovery in this example. 

attraction and avoidance would grade into 
each other over this range. It has been 
suggested that categorical perception, in 
general, functions to allow fast and accurate 
perceptual decisions ( 18); this is plausible 
in the case of the cricket, in which a rapid 
choice between attraction and escape is 
crucial to survival. 

Categorical perception was initially 
thought to be unique to human speech (3, 
19). However, categorical perception of 
nonspeech sounds (20) and visual stimuli 
(21 ) was soon found in humans. Subsequent 
studies showed that other mamnials, includ- 
ing rnonkeys (12)  and chinchillas (9), not 
only have categorical perception but that 
some of them respond categorically to at- 
tributes of human speech (22) .  More re- 
cently, evidence has been presented that 
swamp sparrows perceive certain calls cate- 
gorically (13) and that budgerigars perceive 
some sounds of human speech categorically 
(1 0). There is also suggestive evidence from 
labeling tests that many other birds and 
frogs perceive their species-specific calls 
categorically (8). Our study suggests that 
there is room for further investigation of 
this phenomenon in the invertebrates as 
well as the lower vertebrates. 

Two general conclusions may be drawn 
from this work. First, categorical perception 
may be a ubiquitous feature of perceptual 
systems in many animals, invertebrate as 
well as vertebrate, for simple as well as 
complex stimuli. Second, methods of hu- 
man psychophysics have much to offer to 
the study of animal perception and cogni- 
tion, in that there are well-established ex- 
perimental paradigms that can be adapted 
to animal studies. 
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Mechanisms of Heading Perception 
in Primate Visual Cortex 

We trained a rhesus monkey to fixate on 
a point on a computer screen (I  I ) .  The 
point was either stationary or was moved at 
a constant velocitv of 15.7"Is (1 2). While \ 
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the monkey fixatkd, we showed a large, 
expanding random-dot pattern for 1 s, The 
position of the focus in this expansion was 
varied alone an axis to simulate different When we move forward while walking or driving, what we see appears to expand. The 

center or focus of this expansion tells us our direction of self-motion, or heading, as long 
as our eyes are still. However, if our eyes move, as when tracking a nearby object on the 
ground, the retinal image is disrupted and the focus is shifted away from the heading. 
Neurons in primate dorso-medial superior temporal area responded selectively to an 
expansion focus in a certain part of the visual field, and this selective region shifted during 
tracking eye movements in a way that compensated for the retinal focus shift. Therefore, 
these neurons account for the effect of eye movements on what we see as we travel 
forward through the world. 

" 

directions of self-motion, or headings. This 
axis was made parallel with each neuron's 
preferred pursuit direction (that eliciting 
the strongest response), which was deter- 
mined in preliminary tests (1 3) .  

During the stimulus presentation we re- 
corded single-neuron activity with a micro- 
electrode inserted in MSTd cortex ( 14). The 
optic flow preference (that is, expansion, 
contraction, or rotation) of each MSTd cell 
was first determined. If the cell resoonded 

W h e n  we move along a straight path, the 
retinal image appears to expand, creating a 
vector field on the retina in which all vec- 
tor directions point away from the focus of 
expansion. When the eyes are still, this 
focus corresponds to the direction of self- 
motion (the heading), which humans can 
easily identify (1 ,  2). When the eyes move, 
the problem becomes inore complicated. If 

focus position becomes shifted to the left of 
the heading (Fig. 1). Humans can still esti- 
mate heading during pursuit eye move- 
ments (2 ,  3),  showing that they can correct 
for this shift. Recent psychophysical exper- 
iments have shown that this correction re- 

best to expansion, we carried out the follow- 
ing tests (cells preferring contraction and 
rotation were also studied and are discussed 
below). First, while the monkev fixated a 
stationary point, we recorded the'cell's firing 
rate as a function of the ~os i t ion  of the flow 

quires eye-movement information (3 ,  4). 
One might therefore expect the brain site 
or sites responsible for heading computation 
to process smooth-pursuit eye-movement 
signals as well as optic flow, 

W e  examined the dorso-medial superi- 
or temporal (MSTd) area because its neu- 
rons are responsive to optic-flow stimuli 
(for example, expansion) (5-7) as well as 
to smooth-pursuit eye movements (7-9). 
Manv MSTd cells are also selective for the 

focus on the screen (the simulated heading) 
(15). This allowed us to measure the neu- 

we turn our eyes leftward to maintain fixa- 
tion on an obiect to the left of our motion Expansion Laminar Combined 
path, a rightward laminar flow component 
is added to the exoandine retinal field. This " 
combined field is similar to the original 
exuansion field (when the scene contains 
little depth variation), but the apparent 

Fig. 1. When we move forward, the vlsual world 
appears to expand. If the eyes are still, the focus 
posltion tells us our directlon of heading. Howev- 
er, leftward, eye movement adds rightward laminar 
flow motion to the retinal image, which shlfts the 
focus. To recover the heading directlon, we must 
correct for this focus shift. 
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position of the focus of expansion (10). 
Our goal was to determine how optic flow 
and eye velocity signals might be used in 
area MSTd to compute the direction of 
self-motion. 
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