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lens eye is indeed specialized for looking up through the water
surface to exploit terrestrial or celestial visual cues.

With this result, it is tempting to speculate that the upper
lens eye is used to detect the mangrove canopy through
Snell’s window, such that the approximately 1 cm large
animals can find their habitat between the mangrove prop
roots and remain there even in the presence of tidal or storm-
water currents. To evaluate the possibility that the upper lens
eye detects the position of the mangrove canopy through
Snell’s window, we made still pictures using a wide-angle
lens looking up through Snell’s window in the natural habitat.
The pictures were taken from just under the surface to make
Snell’s window cover the same area of the surface as seen
by the medusae. In the pictures, it was easy to follow the
mangrove canopy, which shifted from covering most of Snell’s
window to covering just the edge of Snell’s window when the
camera was slowly moved outward to about 20 m away from
the lagoon edge (Figure 2).

To determine what medusae of T. cystophora would see
with their upper lens eyes, we used the optical model [2] of
the eye to calculate the point-spread function of the optics at
different retinal locations. Applying these point-spread func-
tions to still images of Snell’s window in themangrove swamp,
we were able to simulate the retinal image formed in the upper
lens eyes as a jellyfish moves about in the mangrove lagoon.
The results (Figure 2) confirm that despite the severely under-
focused eyes and blurred image [2], the approximately 5 m tall
mangrove canopy can be readily detected at a distance of 4 m
from the lagoon edge and, with some difficulty, can be de-
tected even at a distance of 8 m (detection depends on the
amount of surface ripple and the height of themangrove trees).
These results thus predict that if T. cystophora medusae use
their upper lens eyes to guide them to the correct habitat at
the lagoon edge, then they would swim toward this edge if
they are closer than about 8 m away from it. Also, if they are
farther out in the lagoon, surface ripple and their poor visual

resolution will prevent detection of the mangrove canopy,
and the animals would not be able to determine the direction
to the closest lagoon edge.

Behavioral Assessment of Visual Navigation
Experiments were conducted on wild populations of
T. cystophora medusae in the mangrove lagoons near La
Parguera, Puerto Rico. Preliminary tests demonstrated that if
jellyfish were displaced about 5 m from their habitat at the
lagoon edge, they rapidly swam back to the nearest edge,
independent of compass orientation. To make controlled
experiments, we introduced a clear experimental tank consist-
ing of a cylindrical wall and a flat bottom, open upward, to the
natural habitat under the mangrove canopy. When the tank
was filled with water, it was lightly buoyant such that the walls
extended 1–2 cm above the external water surface, effectively
sealing off the water around the animals but without affecting
the visual surroundings. A group of medusae was released
in the tank, and as long as the tank remained under the canopy,
the medusae showed no directional preference but occasion-
ally bumped into the tank wall. The tank, with the trapped
water andmedusae, was then slowly towed out into the lagoon
from the original position under themangrove canopy. In steps
of 2–4 m, starting at the canopy edge, the positions of the
medusae within the tank were recorded by a video camera
suspended under the tank. At all positions, from the canopy
edge and outward, the medusae ceased feeding and swam
along the edges of the tank, constantly bumping into it, sug-
gesting that they responded to the displacement (Figure 3).
Most importantly, their mean swimming direction differed
significantly from random and coincided with the direction
toward the nearest mangrove trees (Table S1). This behavior
was indicated already at the canopy edge but was strongest
when the tank was placed 2 or 4 m into the lagoon (Figure 3).
At 8 m from the canopy edge, the medusae could still detect

Figure 1. Rhopalial Orientation and Visual Field
of the Upper Lens Eye

(A andB) In freely swimmingmedusae, the rhopa-
lia maintain a constant vertical orientation. When
the medusa changes its body orientation, the
heavy crystal (statolith) in the distal end of the
rhopalium causes the rhopalial stalk to bend
such that the rhopalium remains vertically
oriented. Thus, the upper lens eye (ULE) points
straight upward at all times, irrespective of
body orientation. The rhopalia in focus are situ-
ated on the far side of the medusa and have the
eyes directed to the center of the animal.
(C) Modeling the receptive fields of the most
peripheral photoreceptors in the ULE (the relative
angular sensitivity of all peripheral rim photore-
ceptors are superimposed and normalized ac-
cording to the color template). The demarcated
field of view reveals a near-perfect match to the
size and orientation of Snell’s window (dashed
line).
(D) The visual field of the ULE, of just below 100!,
implies that it monitors the full 180! terrestrial
scene, refracted through Snell’s window. LLE
denotes lower lens eye. Scale bars represent
5 mm in (A) and (B) and 500 mm in insets.
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Summary

Jumping spiders (Salticidae) are renowned for a behavioral
repertoire that can seem more vertebrate, or even mamma-
lian, than spider-like in character [1–3]. This is made
possible by a unique visual system that supports their stalk-
ing hunting style and elaborate mating rituals in which the
bizarrelymarked and colored appendages ofmales highlight
their song-and-dance displays [2, 4, 5]. Salticids perform
these tasks with information from four pairs of functionally
specialized eyes, providing a near 360! field of view and for-
ward-looking spatial resolution surpassing that of all insects
and even some mammals [1], processed by a brain roughly
the size of a poppy seed. Salticid behavior, evolution, and
ecology are well documented [6–8], but attempts to study
the neurophysiological basis of their behavior had been
thwarted by the pressurized nature of their internal body
fluids, making typical physiological techniques infeasible
and restricting all previous neural work in salticids to a few
recordings from the eyes [9, 10]. We report the first survey
of neurophysiological recordings from the brain of a jump-
ing spider, Phidippus audax (Salticidae). The data include
single-unit recordings in response to artificial and natural-
istic visual stimuli. The salticid visual system is unique in
that high-acuity and motion vision are processed by
different pairs of eyes [1]. We found nonlinear interactions
between the principal and secondary eyes, which can be in-
ferred from the emergence of spatiotemporal receptive
fields. Ecologically relevant images, including prey-like ob-
jects such as flies, elicited bursts of excitation from single
units.

Results and Discussion

An extracellular glass-insulated tungsten electrode was in-
serted through a small hole in the prosoma and then advanced
into the brain in or just posterior to the arcuate body (Fig-
ure 1A)—abrain area similar to the central body of other arthro-
pods both in morphology and its hypothesized role as an
important center for higher-order visual processing [13, 15–

17]. In making a small opening in the cuticle (approximately
100–200 mm in diameter) as opposed to the larger windows
typical of arthropod neurophysiological preparations, we
were able to prevent the catastrophic fluid loss that has limited
recordings in spiders until now. The scale of this incision
enabled the animal’s clotting mechanisms to prevent con-
tinuous loss of hemolymph—ensuring the viability of the
preparation without additional methodological or technical
complexity. Since this study breaks new ground in neurophys-
iological technique, our methods are discussed in more detail
in the Supplemental Experimental Procedures, sections I–III
(available online). Recordings were remarkably stable, often
lasting several hours, and were made from 53 sites across 33
animals. Preparation longevity was also strong, with a 2 hr
mean time between the first and last recordings made from
each animal (see the Supplemental Experimental Procedures,
section VI). Tungsten electrodes yield extracellular recordings
that can contain multiple spiking units (Figure 1B). However,
conventional spike-sorting techniques enable the isolation of
single units—here we employed an established method that
sorts spikes based on an amplitude threshold and clustering
of coefficients resulting from a wavelet decomposition of
each candidate spike [14] (Figures 1B–1D; for details, see the
Supplemental Experimental Procedures, section II). In order
to meet statistically imposed benchmarks in the spike-sorting
process, our data often contained thousands of spikes, which
were sorted into single units and analyzed offline. Our record-
ings typically revealed a single identifiable unit.
Since this is the first investigation of neural processing in the

salticid brain, we employed a range of stimuli to explore poten-
tial neural correlates of a range of behaviors that make these
animals so unique. Each of three stimulus protocols aims to
alternatively explore some neural basis of (1) predatory reac-
tions to moving targets, (2) responses to ecologically relevant
objects, and (3) relationships between different sets of eyes.
Further, to conform to established methods [18], we also
investigated basic cell characteristics using traditional sinu-
soidal grating stimuli. Cells typically showed a preference for
6! to 25! bars, moved horizontally at 29!/s and with high
contrast (n = 17; for full details regarding cell characterizations,
see the Supplemental Experimental Procedures, sections VII
and VIII, and Figure S2).

Prey-Sized Moving Targets
Jumping spiders show consistent predatory behavioral re-
sponses toward fly lures under laboratory conditions, tracking
and pouncing on such targets [19]. Such lures are successful
even when they are relatively simple (typically consisting of a
dead housefly fixed to a thread or fishing line andmoved about
in a fly-like manner). While the movements of these lures are
only approximations of those of actual prey, we were encour-
aged to deploy a video version of this stimulus in our experi-
ments because of the behavioral reliability with which salticids
respond (see the Supplemental Experimental Procedures,
section IX). At the neural level, our decision to use prey-like
stimuli (instead of exclusively exposing spiders to wide-field
stimuli such as gratings and lines) is supported by work in
other visual systems that has found single neurons that are
especially responsive to small moving targets [20, 21], traits*Correspondence: rrh3@cornell.edu



lens eye is indeed specialized for looking up through the water
surface to exploit terrestrial or celestial visual cues.

With this result, it is tempting to speculate that the upper
lens eye is used to detect the mangrove canopy through
Snell’s window, such that the approximately 1 cm large
animals can find their habitat between the mangrove prop
roots and remain there even in the presence of tidal or storm-
water currents. To evaluate the possibility that the upper lens
eye detects the position of the mangrove canopy through
Snell’s window, we made still pictures using a wide-angle
lens looking up through Snell’s window in the natural habitat.
The pictures were taken from just under the surface to make
Snell’s window cover the same area of the surface as seen
by the medusae. In the pictures, it was easy to follow the
mangrove canopy, which shifted from covering most of Snell’s
window to covering just the edge of Snell’s window when the
camera was slowly moved outward to about 20 m away from
the lagoon edge (Figure 2).

To determine what medusae of T. cystophora would see
with their upper lens eyes, we used the optical model [2] of
the eye to calculate the point-spread function of the optics at
different retinal locations. Applying these point-spread func-
tions to still images of Snell’s window in themangrove swamp,
we were able to simulate the retinal image formed in the upper
lens eyes as a jellyfish moves about in the mangrove lagoon.
The results (Figure 2) confirm that despite the severely under-
focused eyes and blurred image [2], the approximately 5 m tall
mangrove canopy can be readily detected at a distance of 4 m
from the lagoon edge and, with some difficulty, can be de-
tected even at a distance of 8 m (detection depends on the
amount of surface ripple and the height of themangrove trees).
These results thus predict that if T. cystophora medusae use
their upper lens eyes to guide them to the correct habitat at
the lagoon edge, then they would swim toward this edge if
they are closer than about 8 m away from it. Also, if they are
farther out in the lagoon, surface ripple and their poor visual

resolution will prevent detection of the mangrove canopy,
and the animals would not be able to determine the direction
to the closest lagoon edge.

Behavioral Assessment of Visual Navigation
Experiments were conducted on wild populations of
T. cystophora medusae in the mangrove lagoons near La
Parguera, Puerto Rico. Preliminary tests demonstrated that if
jellyfish were displaced about 5 m from their habitat at the
lagoon edge, they rapidly swam back to the nearest edge,
independent of compass orientation. To make controlled
experiments, we introduced a clear experimental tank consist-
ing of a cylindrical wall and a flat bottom, open upward, to the
natural habitat under the mangrove canopy. When the tank
was filled with water, it was lightly buoyant such that the walls
extended 1–2 cm above the external water surface, effectively
sealing off the water around the animals but without affecting
the visual surroundings. A group of medusae was released
in the tank, and as long as the tank remained under the canopy,
the medusae showed no directional preference but occasion-
ally bumped into the tank wall. The tank, with the trapped
water andmedusae, was then slowly towed out into the lagoon
from the original position under themangrove canopy. In steps
of 2–4 m, starting at the canopy edge, the positions of the
medusae within the tank were recorded by a video camera
suspended under the tank. At all positions, from the canopy
edge and outward, the medusae ceased feeding and swam
along the edges of the tank, constantly bumping into it, sug-
gesting that they responded to the displacement (Figure 3).
Most importantly, their mean swimming direction differed
significantly from random and coincided with the direction
toward the nearest mangrove trees (Table S1). This behavior
was indicated already at the canopy edge but was strongest
when the tank was placed 2 or 4 m into the lagoon (Figure 3).
At 8 m from the canopy edge, the medusae could still detect

Figure 1. Rhopalial Orientation and Visual Field
of the Upper Lens Eye

(A andB) In freely swimmingmedusae, the rhopa-
lia maintain a constant vertical orientation. When
the medusa changes its body orientation, the
heavy crystal (statolith) in the distal end of the
rhopalium causes the rhopalial stalk to bend
such that the rhopalium remains vertically
oriented. Thus, the upper lens eye (ULE) points
straight upward at all times, irrespective of
body orientation. The rhopalia in focus are situ-
ated on the far side of the medusa and have the
eyes directed to the center of the animal.
(C) Modeling the receptive fields of the most
peripheral photoreceptors in the ULE (the relative
angular sensitivity of all peripheral rim photore-
ceptors are superimposed and normalized ac-
cording to the color template). The demarcated
field of view reveals a near-perfect match to the
size and orientation of Snell’s window (dashed
line).
(D) The visual field of the ULE, of just below 100!,
implies that it monitors the full 180! terrestrial
scene, refracted through Snell’s window. LLE
denotes lower lens eye. Scale bars represent
5 mm in (A) and (B) and 500 mm in insets.
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recognition has been shown in 
P. fuscatus paper wasps, which use 
variable visual features (Figure 1) 
for individual recognition [5], and in 
Pachycondyla spp. ants, which have 
distinctive hydrocarbon profiles [6]. 
These studies suggest that previous 
ideas about social relationships 
among insects may be overly 
simplistic.

Individual recognition is typically 
considered a relatively complex form 
of recognition because it requires 
flexible learning and memory. 
Individuals must learn the unique 
features of conspecifics, then recall 
that information during subsequent 
social interactions. However, prior 
research indicates that social insects 
have relatively limited memories; new 
learning experiences quickly degrade 
previous memories. For example, 
honeybees can remember two 
foraging locations, each associated 
with a scent, but fail to complete the 
same task if a third location is tested 
simultaneously [7]. Considering the 
size and complexity of social insect 
colonies, individual recognition 

Robust long-term 
social memories in 
a paper wasp

Michael J. Sheehan*  
and Elizabeth A. Tibbetts

Remembering individual identity 
is necessary for the complex, 
individually-differentiated social 
relationships found in many 
vertebrates, including humans. 
Despite the complexity of social 
insect colonies, individual social 
insects are generally thought to have 
simple, undifferentiated relationships. 
Here we show that Polistes fuscatus 
paper wasps, which individually 
recognize conspecifics, remember 
the identity of social partners for at 
least a week, even if they interact with 
ten other wasps. Therefore, social 
interactions among paper wasps are 
based on robust memories of past 
interactions with particular individuals 
rather than simple rules. Considering 
the small size of wasp brains, these 
results suggest that at least some 
aspects of social cognition may not 
be as cognitively demanding as is 
generally assumed.

The complex, individually-
differentiated social relationships 
common in social vertebrates rely on 
individual recognition. Remembering 
the individual identity of social 
partners reduces aggression, 
promotes cooperation, and stabilizes 
long-term social relationships [1,2]. 
Given the importance of social 
knowledge, it is not surprising 
that the cognitive challenge of 
remembering the identities, ranks 
and relationships among many 
individuals is thought to have driven 
the evolution of social intelligence in 
many taxa, including primates and 
humans [3]. 

Large colony social insects are on 
the other end of the social complexity 
spectrum, as they are thought to 
lack individually-differentiated 
relationships. Instead, colony- level 
social complexity is thought to 
emerge from the interactions 
among numerous, cognitively 
simple individuals following basic 
decision rules [4]. Recently, individual 

Correspondences can only produce complex, 
individually- differentiated social 
relationships if social memories are 
sufficiently robust. 

We have assessed the extent 
of social memory in P. fuscatus 
by testing whether memories of 
past interactions with a particular 
conspecific are robust to attenuation 
over the course of a week and 
to interference from subsequent 
social interactions with ten other 
individuals. The strength of memories 
is predicted to vary with the relative 
cost and benefits of the memories 
and may also be influenced by 
cognitive constraints [8]. For 
paper wasps, robust memories of 
prior social interactions would be 
especially useful given the complex 
social interactions among nest 
founding queens. P. fuscatus can 
found nests alone or in groups. When 
multiple queens cooperate to found 
a nest, they have intense battles 
to establish relative dominance 
ranks. Queens assess multiple 
nest sites and battle with many 
potential partners before starting 

Figure 1. Examples of variable facial patterns used for individual recognition in Polistes fuscatus. (Sheehan & Tibbets, 2008)

Facial recognition in wasps



lens eye is indeed specialized for looking up through the water
surface to exploit terrestrial or celestial visual cues.

With this result, it is tempting to speculate that the upper
lens eye is used to detect the mangrove canopy through
Snell’s window, such that the approximately 1 cm large
animals can find their habitat between the mangrove prop
roots and remain there even in the presence of tidal or storm-
water currents. To evaluate the possibility that the upper lens
eye detects the position of the mangrove canopy through
Snell’s window, we made still pictures using a wide-angle
lens looking up through Snell’s window in the natural habitat.
The pictures were taken from just under the surface to make
Snell’s window cover the same area of the surface as seen
by the medusae. In the pictures, it was easy to follow the
mangrove canopy, which shifted from covering most of Snell’s
window to covering just the edge of Snell’s window when the
camera was slowly moved outward to about 20 m away from
the lagoon edge (Figure 2).

To determine what medusae of T. cystophora would see
with their upper lens eyes, we used the optical model [2] of
the eye to calculate the point-spread function of the optics at
different retinal locations. Applying these point-spread func-
tions to still images of Snell’s window in themangrove swamp,
we were able to simulate the retinal image formed in the upper
lens eyes as a jellyfish moves about in the mangrove lagoon.
The results (Figure 2) confirm that despite the severely under-
focused eyes and blurred image [2], the approximately 5 m tall
mangrove canopy can be readily detected at a distance of 4 m
from the lagoon edge and, with some difficulty, can be de-
tected even at a distance of 8 m (detection depends on the
amount of surface ripple and the height of themangrove trees).
These results thus predict that if T. cystophora medusae use
their upper lens eyes to guide them to the correct habitat at
the lagoon edge, then they would swim toward this edge if
they are closer than about 8 m away from it. Also, if they are
farther out in the lagoon, surface ripple and their poor visual

resolution will prevent detection of the mangrove canopy,
and the animals would not be able to determine the direction
to the closest lagoon edge.

Behavioral Assessment of Visual Navigation
Experiments were conducted on wild populations of
T. cystophora medusae in the mangrove lagoons near La
Parguera, Puerto Rico. Preliminary tests demonstrated that if
jellyfish were displaced about 5 m from their habitat at the
lagoon edge, they rapidly swam back to the nearest edge,
independent of compass orientation. To make controlled
experiments, we introduced a clear experimental tank consist-
ing of a cylindrical wall and a flat bottom, open upward, to the
natural habitat under the mangrove canopy. When the tank
was filled with water, it was lightly buoyant such that the walls
extended 1–2 cm above the external water surface, effectively
sealing off the water around the animals but without affecting
the visual surroundings. A group of medusae was released
in the tank, and as long as the tank remained under the canopy,
the medusae showed no directional preference but occasion-
ally bumped into the tank wall. The tank, with the trapped
water andmedusae, was then slowly towed out into the lagoon
from the original position under themangrove canopy. In steps
of 2–4 m, starting at the canopy edge, the positions of the
medusae within the tank were recorded by a video camera
suspended under the tank. At all positions, from the canopy
edge and outward, the medusae ceased feeding and swam
along the edges of the tank, constantly bumping into it, sug-
gesting that they responded to the displacement (Figure 3).
Most importantly, their mean swimming direction differed
significantly from random and coincided with the direction
toward the nearest mangrove trees (Table S1). This behavior
was indicated already at the canopy edge but was strongest
when the tank was placed 2 or 4 m into the lagoon (Figure 3).
At 8 m from the canopy edge, the medusae could still detect

Figure 1. Rhopalial Orientation and Visual Field
of the Upper Lens Eye

(A andB) In freely swimmingmedusae, the rhopa-
lia maintain a constant vertical orientation. When
the medusa changes its body orientation, the
heavy crystal (statolith) in the distal end of the
rhopalium causes the rhopalial stalk to bend
such that the rhopalium remains vertically
oriented. Thus, the upper lens eye (ULE) points
straight upward at all times, irrespective of
body orientation. The rhopalia in focus are situ-
ated on the far side of the medusa and have the
eyes directed to the center of the animal.
(C) Modeling the receptive fields of the most
peripheral photoreceptors in the ULE (the relative
angular sensitivity of all peripheral rim photore-
ceptors are superimposed and normalized ac-
cording to the color template). The demarcated
field of view reveals a near-perfect match to the
size and orientation of Snell’s window (dashed
line).
(D) The visual field of the ULE, of just below 100!,
implies that it monitors the full 180! terrestrial
scene, refracted through Snell’s window. LLE
denotes lower lens eye. Scale bars represent
5 mm in (A) and (B) and 500 mm in insets.
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…problem solving behavior, language, expert knowledge and 
application, and reason, are all pretty simple once the 
essence of being and reacting are available.  That essence is 
the ability to move around in a dynamic environment, sensing 
the surroundings to a degree sufficient to achieve the 
necessary maintenance of life and reproduction.  This part of 
intelligence is where evolution has concentrated its time--it is 
much harder.

— Rodney Brooks, “Intelligence without representation,” 
Artificial Intelligence (1991)



be difficult to achieve ([71]; see also Figure 7 in [72]). The
precise lower limit on compartment size in the thin
dendrites of pyramidal cells remains to be determined,
perhaps through the use of voltage-sensitive dyes [73] and
highly focal uncaging techniques [74].

Getting at the inner neuron
What are the implications of these findings for single-
neuron computation? Could there be an underlying prin-
ciple that permits the full complexity of a dendritic tree to
be represented in highly simplified terms? The available
data suggest that the thin terminal branches of the apical
and basal trees of pyramidal cells provide a set of inde-
pendent non-linear ‘subunits’ that sum up their synaptic
inputs and then apply a sigmoidal thresholding non-
linearity to the output. In this scenario, how should the
outputs of multiple subunits be combined to influence
the cell’s overall response? In the few experimental
studies that have addressed the question of location
dependent synaptic summation, so far only involving

simple spatial integration scenarios, the data are most
consistent with a linear or sublinear summation rule for
signals that originate in different dendritic branches
[30,75–78]. Building on these findings, one can formulate
a working model in which the thin branches are the
integrative subunits of pyramidal neurons. According to
this model, each thin-branch subunit sums up its synaptic
drive and then applies a sigmoidal thresholding non-
linearity to the result, and the subunit outputs are
summed linearly within the main trunks and cell body
before output spike generation. This hypothesis is inter-
esting, in that it states that an individual pyramidal
neuron functions something like a conventional two-layer
abstract ‘neural network’ [12], in which the thin dendritic
branches themselves act like classical point neurons
(Figure 3b).

Poirazi and co-workers [79!!] used a detailed CA1 pyr-
amidal cell model [80!] to test the two-layer neural net-
work hypothesis. The authors used a complex set of

Figure 3
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Simplified models of pyramidal cells. (a) CA1 pyramidal cell morphology [123]. A grey triangular soma was added for clarity. (b) Two-layer sum-of-
sigmoids model as discussed by Poirazi et al. [79!!]. All thin branches are treated as independent subunits with sigmoidal thresholds whose outputs
are summed linearly in the main trunks and cell body. Small grey circles labelled ai represent subunit weights, which might vary as a function of
location or branch order. (c) A next generation single neuron model could include a multiplicative interaction between proximal and distal integrative
regions of the cell. Overall output of such a three-layer model might be expressed using the form y1 þ ay2.
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V1 is highly overcomplete
Temporal reconstruction o f  the image 

The homunculus also has to face t'he problem that  the image is often nioving 

continuously, but is only represented by impulses a t  discrete moments in time. I n  

these days he often has to deal with visual images derived from cinema screens and 

television sets tha t  represent scenes sampled a t  quite long intervals, and we know 
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FIGURE8. A tracing of the outlines of the granule cells of area 17 in layers IVb  and IVc of 

monkey cortex, where the incoming geniculate fibres termmate (from fig. 3 c of Hubel & 

Wiesel 1972) The dots at the top lndlcate the calct~lated separation of the sample points 

coming In from the re t~na ,  allowing tmo per cycle of the higllest spatial frequency 

resolved. The misaligned vernier a t  rlght has a displac~ment corresponding to one sixth 

of the sample separation, or 5' for 60 cycle/deg optimum aclutp The 'grain' in the 

cortex appears to be much finer than In the retlna. 

that  he does a good job a t  interpreting them even when the sample rate is only 

16 s-l, as in amateur movies. One only has to watch a kitten playing, a cttt hunt- 

ing, or a bird alighting a t  dusk among the branches of a tree. to appreciate the 

importance and difficulty of the ~ ~ i s u a l  appreciation of motion. Considering this 

overwhelming importance it is surprising to find how slow are the receptors and 

how long is the latency for the message in the optic nerve, and e~-en  more surprising 

to find how well the system works in spite of this slowness. 

Recent psychophysical work has improved our understanding of these problems. 

At one time i t  was thought that image motion aided resolution (Narshall SI Talbot 

1942),but this was hard to believe because of the bll~rring effect of the eye's long 
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V1 contains a highly structured microcircuit 
with strong recurrent loops

Douglas and Martin (2004)
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and the melting temperature for a time period long enough
to crystallize. To read the state of the programming region,
the resistance of the cell is measured by passing an elec-
trical current small enough not to disturb the current state.
The schematic pulse shapes are summarized in Fig. 2(b).

Fig. 3 shows current–voltage (I!V) curves of the set
and reset states. The set and reset states have large resis-
tance contrast for voltages below the threshold switching
voltage ðVthÞ. The reset state is in the high-resistance state
below Vth (subthreshold region) and shows electronic
threshold switching behavior at Vth, i.e., a negative differ-
ential resistance. This is reversible if the voltage pulse is
removed very quickly. But if the voltage is applied for

longer than the crystallization time it leads to memory
switching and the cell reaches the low-resistance state for
an applied voltage larger than Vth.

The set process critically depends on the above men-
tioned electronic threshold switching effect [11]. When the
electric field across the amorphous region reaches a
threshold value, the resistance of the amorphous region
goes into a lower resistance state which has resistivity that
is comparable to the crystalline state. This electronic
threshold switching phenomenon, the physics of which is
yet to be fully explored, is the key to successful set prog-
ramming of the PCM. When the PCM is in the reset state,
the resistance of the PCM cell is too high to conduct
enough current to provide Joule heating to crystallize the
PCM cell. The electronic threshold switching effect lowers
the resistance of the phase change material to the dynamic
resistance and enables set programming.

Reset programming consumes the largest power since
the cell needs to reach the melting temperature. Reset
current is also determined by various material properties
(Section III) such as the resistivity and thermal conduc-
tivity as well as the device structure (Section IV). In gen-
eral, the operating speed of PCM is limited by the set
programming time because it takes finite time to fully
crystallize the amorphous region.

III . MATERIAL PROPERTIES

Almost any material including metals, semiconductors,
and insulators can exist in an amorphous phase and a
crystalline phase. However, a very small subset of these
materials have simultaneously all the properties that make
them useful for data storage technologies where the in-
formation is stored in form of the phase of the material.
These phase change materials are at the heart of PCM
technology. Despite the fact that PCM technology was de-
scribed already in the 1960s [1], [3] the technological suc-
cess of optical storage based on phase change materials was
only enabled after the discovery of a new class of materials
that fulfilled all the requirements for this technology. It
was found that semiconductor alloys along the GeTe–
Sb2Te3 pseudobinary line had large optical contrast and
could be rapidly and repeatedly switched between the
amorphous, low reflectivity and crystalline, high reflectiv-
ity phases using laser pulses [13]. This discovery led to the
very successful rewritable optical storage technology with
its third generation 100-GB capacity Blu-ray disks
announced recently [14]. This success sparked new
interest in PCM technology and intense materials research
[15], [16] is being performed to find materials optimized
for this technology [17].

A. Electrical and Switching Properties
So what is the unique combination of properties

that makes these materials useful for PCM? Phase
change materials have a large electrical contrast; for

Fig. 2. (a) The cross-section schematic of the conventional PCM cell.

The electrical current passes through the phase change material

between the top electrode and heater. Current crowding at the

‘‘heater’’ to phase change material contact results in a programmed

region illustrated by the mushroom boundary. This is typically

referred to as the mushroom cell. (b) PCM cells are programmed

and read by applying electrical pulses which change temperature

accordingly.

Fig. 3. I!V characteristics of set and reset state. The reset state

shows switching behavior at the threshold switching voltage ðVthÞ. The
reset state stays in the high-resistance state below Vth (subthreshold

region) and switches to the low-resistance state at Vth. After [12].
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