
Why does an animal need a brain?
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Generate patterns for wireless signaling and appetitive behaviors.

“Preprocessing” to shape signals for higher processing.

High-level processing: assemble larger patterns, choose behaviors.

“Tag” high-level patterns for emotional significance.

Store and recall.

Evaluate reward predictions.
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(hypothalamus)
(thalamus)
(cerebral cortex)
(amygdaloid complex)
(hippocampus)
(striatum - basal ganglia)

ME, medulla - detect and map local visual patterns
LO, lobula -  assemble local visual patterns into larger patterns
AL, antennal lobe - preprocess olfactory signals for pattern 
recognition
VLP, ventrolateral protocerebrum - high-level integration
SLP, superior lateral protocerebrum - high-level integration
SMP, superior medial protocerebrum - high-level integration
MB, mushroom body - store and recall
SEG, subesophageal ganglion - integrate information for wired 
and wireless output to body



Solari and Stoner Cognitive consilience

FIGURE 1 |The comprehensive neuroanatomical picture formed by
synthesizing hundreds of original neuroanatomical studies into the
homotypical blueprint underlying cognition. The interactive visualization
can be experienced at http://www.frontiersin.org/files/cognitiveconsilience/
index.html. The visualization is designed to be interactively zoomable,
therefore details may not be clear in the above image. The 6-layered cerebral
isocortex with 9 distinct pyramidal neurons and 8 cortical interneurons is
presented at the top with a Nissl background. The parahippocampal gyrus
including upper (PH23) and lower (PH56) layers and the hippocampus

including the dentate gyrus (Dg), CA3 fields, CA1 fields, and subiculum (Sb;
green). The thalamus is divided into 4 parts namely the specific, intralaminar,
layer 1 projecting and thalamic reticular nucleus (Trn; orange). The basal
ganglia includes the matrix (D1 and D2 receptors) and patch portions of the
striatum, the external globus pallidus (Gpe), the internal globus pallidus (Gpi)
and substantia nigra pars reticulata (Snr), the subthalamic nucleus (Stn), and
the substantia nigra pars compacta (Snc; blue). The metencephalon includes
the pons, cerebellum, and deep cerebellar nuclei (Dcn; purple). Finally the
spinal chord, claustrum, and basal forebrain are shown in black.

cognitive circuitry in the primate brain for use as a skeleton upon
which to hang additional knowledge. The visualizations should be
viewed as information static “interactive figures” associated with
the review. The re-application of the technology and framework as
an interactive tool with evolving information is a desirable future
endeavor.

Our second goal is to synthesize the facts and patterns in the
established neuroanatomical picture into a detailed functional
framework consisting of seven discrete circuits that correspond
to psychological perspectives on the brain. While neuroanatomy
is necessary to understand the function of a brain, it is not
sufficient. The vast amount of additional information from elec-
trophysiology to psychology must be integrated and explained.
For each circuit we provide a brief hypothesis of cognitive cir-
cuitry development and information flow at the neuron level. We
understand that our novel functional perspective may generate

healthy conversation and debate. The technology we provide offers
an easily accessible medium in which to question, challenge, and
verify the information presented.

Ultimately, cognitive consilience is an attempt to establish a
unified framework within which the vast majority of knowledge
on the primate brain can be placed.

2. METHODS AND TECHNOLOGY: WEB, iPHONE, AND iPAD
App

Methodologically, the interactive Figure 1 was created by perform-
ing an extensive review of the non-primary primate literature,
organizing the knowledge into a single framework, and selecting
relevant reference data to include on the graphic. Non-primate
data was utilized in occasions where primate data was insufficient
or did not exist. In order to be placed on the graphic, reference
data needed to contain sufficiently detailed location information
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How Bigger Brains Are Organized 75
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 Figure 4.6 
  Unit cost of sending information differs greatly across senses .  Upper row : Electron 
micrographs of cross sections through the olfactory, optic, and cochlear nerves 
shown at the same magnification.  Lower left : Distributions of axon diameters. The 
auditory axons are nearly sevenfold thicker than the olfactory axons, so their unit 
volume and energy cost are nearly 50-fold greater. In parentheses are the number of 
axons serving that sense. The relation is reciprocal: low unit cost allows a many-unit 
design (olfactory) whereas high unit cost restricts the design to fewer units (audi-
tory).  Lower right : Higher mean firing rates require thicker axons. Vestibular axon 
unit cost is 100-fold greater than that unit cost of an olfactory axon. Reprinted with 
modifications and permission from Perge et al., 2012. 

Optic nerve fibers: size distribution and myelination
(larger = faster/higher bandwidth)



Cerebral cortex: gray matter & white matter

Gray matter (stained purple): folded sheet containing cell bodies  
(100,000/mm3), dendrites, local axon branches (3 km/mm3!). 

White matter: axons making long-range connections. 

Total cortical surface area is about 2500 cm2.



squares of perpendicular distance, and least absolute deviations,
the third of which is more robust against outliers (13). The
standard deviations for the slope and intercept were estimated
directly for the first method and by bootstrap for the last two
methods (14). Bootstrap may help detect outliers in the data
because, when they are left out from a same-size resample, the
correlation coefficient often increases, which could be exploited
to improve estimation. Systematic bias caused by outliers was not
detected in Fig. 2.

3. Theory of Scaling
Our analysis rests on two assumptions. First, we assume that each
small piece of cortex of unit area, regardless of its thickness and
the overall brain size, sends and receives about the same total
cross-sectional area of long-distance connection fibers to and
from other cortical regions. Second, we assume that the global

geometry of the cortex minimizes the average length of the
long-distance fibers.

The second assumption follows from Ramon y Cajal’s prin-
ciple for conservation of space, conduction time, and cellular
materials (Chap. V in ref. 15). This principle has been explored
more recently as the principle of minimal axon length (16–18).
Consistent with previous observations on the basic uniformity of
the cortex (19–21), the first assumption is supported loosely by
the evidence that the total number of neurons beneath a unit
cortical surface area is about 105!mm2 across different cortical
regions for several species, from mouse to human (22) (after
shrinkage correction). But there are exceptions, including the
higher density in striate cortex of primates (22, 23), the lower
density in dolphin cortex (24), and the variability observed in cat
cortex (25). The number of axons leaving or entering the
gray–white boundary per unit cortical area should be compara-

Fig. 2. Cortical white and gray matter volumes of various species (n ! 59) are related by a power law that spans five to six orders of magnitude. Most data points
are based on measurement of a single adult animal. The line is the least squares fit, with a slope around 1.23 " 0.01 (mean " SD). The average and median
deviations of the white matter volumes from the regression line are, respectively, 18% and 13% on a linear scale. Sources of data: If the same species appeared
in more than one source below, the one mentioned earlier was used. All 38 species in table 2 in ref. 3 were taken, including 23 primates, 2 tree shrews, and 13
insectivores. Another 11 species were taken from table 2 in ref. 8, including 3 primates, 2 carnivores, 4 ungulates, and 2 rodents. Five additional species came
from table 1 in ref. 11, including 1 elephant and 4 cetaceans. The data point for the mouse (G ! 112 mm3 and W ! 13 mm3) was based on ref. 30, and that for
the rat (G ! 425 mm3 and W ! 59 mm3) was measured from the serial sections in a stereotaxic atlas (42). The estimates for the fisherman bat (Noctilio leporinus,
G ! 329 mm3 and W ! 43 mm3) and the flying fox (Pteropus lylei, G ! 2,083 mm3 and W ! 341 mm3) were based on refs. 43 and 44, with the ratios of white
and gray matters estimated roughly from the section photographs in the papers. The sea lion data (Zalophus californianus, G ! 113,200 mm3 and W ! 56,100
mm3) were measured from the serial sections at the website given in the legend to Fig. 1, with shrinkage correction.

5622 " www.pnas.org Zhang and Sejnowski

Zhang & Sejnowski (2000)
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Macaque visual cortex

inflated flattened



From Van Essen & Felleman (1991)
(for entire macaque brain see papers of Nikola Markov, 2013-14)



an absolute depth judgment with respect
to fixation, while fine stereopsis requires
the judgment of relative depth, i.e., com-
paring depth across space; (2) the partic-
ular coarse stereopsis task used requires
the monkey to discriminate a signal in
noise, while the fine task does not; (3)
the range of disparities is quite different.

Chowdhury and DeAngelis (2008) repli-
cate the finding that monkeys initially
trained on coarse stereopsis show im-
paired coarse depth discrimination when
muscimol is injected into MT. Remark-
ably, the same animals, after a second
round of training on fine stereopsis, are
unimpaired at either fine or coarse depth
discrimination by similar injections. More-
over, recordings in MT show that neuronal
responses are not altered by learning the
fine stereopsis task. Given the differences
between the tasks and the large number

of visual areas containing disparity-sensi-
tive neurons, one might not be surprised
to find different areas involved in the two
tasks. But it is quite unexpected that
merely learning one task would change
the contribution of areas previously in-
volved in the other. Chowdhury and
DeAngelis conclude that the change in
outcome reflects a change in neural de-
coding—decision centers that decode
signals to render judgments of depth,
finding MT signals unreliable for the fine
stereopsis task, switch their inputs to se-
lect some better source of disparity infor-
mation. Candidates include ventral
stream areas V4 or IT, where relative dis-
parity signals have been reported (Orban,
2008) and which contain far more neurons
than MT (Figure 1). When challenged
afresh with the coarse depth task, these
same decision centers may now find that

their new sources of information can solve
the coarse task as well as the old ones.
MT is no longer critical.

Perhaps in other monkeys MT would
never have a role in stereopsis at all.
ChowdhuryandDeAngelis’monkeyswere
trained simultaneously or previously to
discriminate motion, which engages MT.
Faced with a qualitatively similar random
dot stimulus, it might make sense for the
cortex to try to solve the new problem of
stereopsis with existing decoding strate-
gies. But if the animals were initially trained
on a different task—say, a texture discrim-
ination—MT might never be engaged at
all. It would also be interesting to see the
outcome if monkeys were trained on depth
tasks that were less different and could
be interleaved in the same sessions, for
example noise-limited depth judgments
using similar absolute or relative disparity

Figure 1. A Scaled Representation of the Cortical Visual Areas of the Macaque
Each colored rectangle represents a visual area, for the most part following the names and definitions used by Felleman and Van Essen (1991). The gray bands
connecting the areas represent the connections between them. Areas above the equator of the figure (reds, browns) belong to the dorsal stream. Areas below the
equator (blues, greens) belong to the ventral stream. Following Lennie (1998), each area is drawn with a size proportional to its cortical surface area, and the lines
connecting the areas each have a thickness proportional to the estimated number of fibers in the connection. The estimate is derived by assuming that each area
has a number of output fibers proportional to its surface area and that these fibers are divided among the target areas in proportion to their surface areas. The
connection strengths represented are therefore not derived from quantitative anatomy and furthermore represent only feedforward pathways, though most or all
of the pathways shown are bidirectional. The original version of this figure was prepared in 1998 by John Maunsell.
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(Douglas and Martin, 2007)

Laminar organization and ‘canonical microcircuit’



Felleman & Van Essen 1991



Solari and Stoner Cognitive consilience

FIGURE 3 | Prediction of human laminar corticocortical
projections. Synthesis of von Economo cortical laminar types
and homotypical laminar corticocortical projections in the monkey.
Lateral (A) and medial (B) view of human cortical regions colored to
correspond to the five fundamental cortical types depicted in (C) with
numbers corresponding to Brodmann’s areas. (C) Von Economo’s five
fundamental human cortical lamination types (von Economo, 1929).
1 = purple, 2 = dark blue, 3 = green, 4 = orange, 5 = yellow. The laminar
distribution in the human cerebral cortex can be identified along a smooth
numerical gradient, where 5 corresponds to “input” granular koniocortex and
1 corresponds to “output” agranular cortex. Horizontal red lines highlight layer
boundaries, with average human cortical thickness = 2.5 mm. (D) Rough

prediction of human laminar corticocortical (origin/termination)
projection percentages predicted by numerical difference of cortical
types in (C). Dotted red = % neurons originating in upper layers 2, 3. Dotted
blue = % neurons originating in lower layers 5, 6, and lesser 4. Solid red = %
synaptic terminations in layers 1, 2, and lesser 3. Solid blue = % synaptic
terminations in mid/lower layers 4, 5, and lesser 6. In general,
“feedforward” = (dotted red/solid blue), “feedback” = (solid red/dotted blue).
Example: A type 2 (blue origin) projecting to a type 4 (orange target) would
have a difference of -2(feedback), and predict roughly 25% of the projections
from type 2 would originate from neurons in upper layers 2, 3, and roughly
20% of synaptic terminations in the type 3 cortical area would terminate in
middle/lower layers.

The organization of the review follows a pattern to enable
the reader to more clearly distinguish between neuroanatom-
ical fact and the authors synthesized viewpoint. A subsection
titled“perspective”concludes each circuit description and presents
hypotheses and a more speculative synthesized viewpoint. All
other sections attempt to conform to the unbiased presentation
of important published information. We also include a concise
summarized author’s viewpoint on the function of each neuronal
group following their neuroanatomical description indicated with
“Viewpoint”: Historical notes, indicated as such, are interjected to
explain the current state of thinking and reinvigorate important
concepts that seem faded in the literature.

4.1. CONSOLIDATED LONG-TERM DECLARATIVE MEMORY:
CORTICOCORTICAL CIRCUIT

The identification of declarative memory is adopted from Squire
as referring to “the capacity for conscious recollection about facts
and events” (Squire, 2004). We define long-term memory as that
which is stored semi-permanently in the isocortex. Lesions of the
isocortex or of white matter fiber tracts produce a wide vari-
ety of stereotypical cognitive deficits (Geschwind, 1965b; Penfield
and Rasmussen, 1968). Two distinct long-term memory deficits
arise when comparing cortical gray matter lesions to cortico-
cortical white matter lesions, although human lesions are rarely

isolated (Geschwind, 1965a; Schmahmann et al., 2008). Local-
ized gray matter lesions result in a reduced capacity to recall and
process domain specific information, often manifesting as a form
of agnosia (i.e., loss of the ability to recognize). For example, the
inability of humans to recognize faces with lesions to the fusiform
face area or recognize motion with lesions to cortical area MT.
White matter lesions result in subtly different deficits represen-
tative of a disconnection of information shared between separate
cortical areas. For example, lesions to the arcuate fasciculus discon-
nect Wernicke’s area (speech comprehension) from Broca’s area
(speech production) and result in deficits in speech repetition
(Damasio and Damasio, 1980). In essence, although speech com-
prehension and production both independently remain intact, the
associations between them have been severed. These two distinct
forms of long-term memory exist within the interconnectivity of
the cerebral cortex.

4.1.1. Cerebral cortex
The human cerebral cortex is a 2.5-mm thick sheet of tissue
approximately 2400 cm2 (four 8.5 × 11 pieces of paper) in size
folded up around the entire brain (Toro et al., 2008). The cerebral
cortex consists of a homotypical six layer pattern of neuron den-
sity distribution (von Economo, 1929; Lorente de No, 1943). The
cerebral cortex develops inside out, with neurons in the innermost
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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.

Visual Navigation in Box Jellyfish
799

jumping spider sand wasp

box jellyfish



(Wayne Maddison)

Vision in jumping spiders

(Bair & Olshausen, 1991)



One-day old jumping spider
(filmed in the Bower lab, Caltech)



One-day old jumping spider
(filmed in the Bower lab, Caltech)



Prey capture

• attention
• orienting
• tracking

Turning in jumping spiders 123

was rare, easily recognizable, and confined to stimuli in front of the animal. Because

of the ease with which turning mediated by the principal eye and by the lateral eye

could be distinguished, the principal eyes were not routinely covered.

Target

Fig. 3. Diagram of a turn made by a jumping spider in the 'real world' (a) and in the experi-

mental situation (6). In the latter the animal's prosoma is fixed in space, but the substrate, a

card ring, is movable. The spider, ring and drum are not drawn to scale; i is the stimulus angle,

i.e. the angle between a line joining the target to a point between the postero-lateral eyes and

the spider's longitudinal axis; t is the angle turned by the spider, or the ring.

RESULTS

Turns made by unrestrained animals

Anyone who has watched jumping spiders can confirm that they turn to face moving

objects in one of two ways. They either make a single complete turn which results in

the spider's axis pointing straight towards the source of the movement (fixation), or

they will make one or more much smaller turns of 10-20° which may or may not result

in fixation. Sometimes one sees a combination of the two, with a small turn followed

by a much larger one. If the spider makes a turn which does not result in its axis

coming to within about 30° of the target, nothing more happens, unless the target

moves again, in which case another turn may be made. If the turn does result in

fixation many things may happen: the spider may creep towards it, turn and run

away, or begin a sexual display if the target turns out to be another jumping spider.

126 M. F. LAND

angle (i.e. they lie along a line passing through the origin with a slope of i) and that

the remaining 15 turns are all of less than 300 (see also Fig. 76), and their magnitudes

do not seem to be related to the stimulus angle. Fig. 6 shows the results of a much

more extensive experiment on a single spider, in which turns to the left and right of
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Fig. 5- Plot of the angle the spider turns the ring against the stimulus angle (see Fig. 3). The
stimulus angle is taken as the position of the leading edge of the black square at the midpoint
of each movement. Closed circles are plotted from the record shown in Fig. 4. Open circles
from the companion run to this with the target moving in the opposite direction (left to right).

the animal have been pooled. The histogram shows essentially the same features as

Fig. 5, and confirms that for stimulus angles of 6o° or greater there are two quite

distinct kinds of turns (the histograms of numbers of turns versus angle turned become

bimodal). In over a hundred repetitions of this experiment this result was confirmed:

turns are either close in magnitude to the stimulus angle or they are small.

These two kinds of turns will be referred to in future discussion as complete and

partial turns respectively. For convenience, a complete turn will be denned as one

whose amplitude is greater than half the stimulus angle, and a partial turn less than

half. Where the stimulus angle is less than 6o° it does not seem possible to draw this

distinction, since the histograms of number of turns versus angle turned are unimodal

(Fig. 6).

Notice that complete turns are those which, in the 'real world', would have brought

the spider's body axis to within a few degrees of the target, and thus resulted in

fixation. Partial turns, while always in the direction of the target, would not result in
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Fig. 1A ~nd B. Two sequences  of indire ct purs uit of a  s ta nda rd lure  (ha nging fly) by a  ma ie  P . 
pulcherrimus. S e que ntia l (numbe re d) pos itions  during the  purs uit were  tra ce d from proje ctions  of a  
se ries  of individua l photogra phs  ta ke n with e le ctronic flash. In  each case  the  lure  was  re move d 
imme dia te ly a fte r the  initia l orie nta tion to the  pre y (1). A The  s pide r orie nte d to the  pre y pos ition 
(1), turne d a nd wa lke d to the  s te m of the  p la nt (2), a nd the n reoriented to face  the  expected pos ition 
of the  pre y from a  ne w pos ition (3). S ubs e que ntly the  s pide r continue d its  a s ce nt (4) to a tta in  the  
obje ctive  pos ition (5). B Afte r orie nta tion to the  pre y (1), the  s pide r re a che d for a n  a va ila ble  dra gline  
(2) which it climbe d to the  s te m (3), a nd  the n re orie nte d to face  the  obje ctive  (4). Aga in, purs uit 
continue d (5) until the  s pide r a tta ine d the  obje ctive  pos ition (6) 

r e q u ir in g  e ith e r  a  r ig h t  o r  a  le ft t u rn ,  s u g g e s ts  th a t  fa m ilia r ity  with  th e  p r o b le m  
c a n n o t  a c c o u n t  fo r th e  o b s e rve d  re s u lts .  In  s im ila r  s it u a t io n s  wh e re  a  r o u t e  o f 
a c c e s s  wa s  n o t  re a d ily  vis ib le ,  th e  s p id e rs  g e n e ra lly  c o n d u c t e d  a n  e xte n s ive  s e rie s  
o f tu rn s ,  p r e s u m a b ly  in  s e a rc h  o f s u c h  a  ro u te .  Vis u a l o r ie n t a t io n  t o w a r d  a  r o u t e  
o f a c c e s s ,  p r io r  to  p u r s u it  o f th a t  r o u t e  o f a c c e s s ,  is  re a d ily  d e m o n s t r a t e d  in  a  
n o ve l s itu a t io n .  A s ig h te d  p la n t  c o n fig u r a t io n  wh ic h  re p la c e s  th e  p r im a r y  
o b je c t ive  (p re y p o s it io n )  a s  a  d e t e r m in a n t  o f im m e d ia t e  b e h a v io r  is  t e r m e d  a  
s e condary objective . 

Orientation by Jumping Spiders During the Pursuit of Prey
(D.E. Hill, 1979) 
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Fig. 3. A A s imple  s e gme nt of line a r purs uit in a  horizonta l plane , a s  vie we d from a bove . The  s pide r 
faces  the  pre y (1), which is  imme dia te ly re move d from vie w as  the  s pide r turns  to run in purs uit (2), 
a nd the n s tops  to re orie nt (3). B De finition of te rminology us e d to de s cribe  the  purs uit s hown in (A). 
C Circula r a re na  us e d for the  obs e rva tion of orie nta tion by the  s pide r during purs uit on the  
horizonta l ba r, a s  vie we d from a bove . The  inne r white  pa pe r cylinde r (1) rises  to the  le ve l of the  top  
of the  running ba r, while  the  oute r cylinde r (0) extends  to a  he ight of 30 cm a bove  the  bar. P rior to 
e a ch tria l, the  s pide r was  le d ba ck to a  ce nte r pos ition (1) on the  horizonta l ba r with a  s ta nda rd lure , 
to ma inta in a  cons ta nt pre y dis ta nce  of a bout 25 cm a t the  initia l s ighting. To initia te  e a ch tria l, the  
pre y was  pre s e nte d to the  s pide r in a  circumfe re ntia l pos ition (2). S ubs e que ntly, a s  the  pre y wa s  
droppe d be low the  vie w of the  s pide r (be tween the  two cylinders ), the  s pide r ra n to a  ne w pos ition (3) 
on the  horizonta l ba r a nd re orie nte d in the  dire ction of pos ition (4) on the  circumfe re ntia l sca le . 
F rom a  re cord of va lue s  1-4, the  de s criptive  te rms  de fine d in (B) could be  ca lcula te d for e a ch tria l. D 
P e rs pe ctive  vie w of horizonta l ba r in corridor, s howing how the  s us pe nde d fly could be  conce a le d in 
the  trough during the  purs uit a nd re orie nta tion of the  spider. E Horizonta l ba r in corridor vie we d 
from a bove . As  in (C), a  re cord of pos itions  I-4  wa s  ma de  for e a ch tria l. The  pre y dis ta nce  for a  give n 
0 could be  va rie d by cha nging the  dis ta nce  (L) be twe e n the  ba r a nd the  pe riphe ra l (fly pos ition) s ca le  

d ir e c t ly  (0c) in c re a s e s .  As  s h o w n  h e re  (F ig .  4 A),  0c wa s  a n  e ffe c t ive  p r e d ic t o r  o f 
th e  o b s e r v e d  r e o r ie n t a t io n  a n g le  (0r). 

A m o r e  r ig o r o u s  d e m o n s t r a t io n  o f th e  ro le  o f t h e  im m e d ia t e  r o u t e  (o r 
d ir e c t io n  o f p u rs u it )  a s  a  re fe re n c e  d ire c t io n ,  to  th e  e xc lu s io n  o f p e r ip h e r a l v is u a l 
c u e s ,  is  p r o v id e d  b y  th e  a b ility  o f Phidippus  to  c o m p le t e  a  s e g m e n t  o f p u rs u it ,  
fo llo w e d  b y  a n  a c c u r a t e  r e o r ie n t a t io n  (with  0~ a s  a  p r e d ic t o r  o f 0~), in  c o m p le t e  
d a rkn e s s  (F ig .  4 B).  

It  is  e v id e n t  t h a t  e a c h  r e o r ie n t a t io n  r e p re s e n t s  a n  a t t e m p t  b y th e  s p id e r  to  
fa c e  th e  e x p e c t e d  p o s it io n  o f its  p re y.  B a s e d  u p o n  d e fin it io n s  p r o v id e d  in  
F ig .  3 B,  o n e  c a n  c o n c lu d e  th a t  0~ ( th e  o p t im a l r e o r ie n t a t io n  a n g le )  is  a  fu n c t io n  
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Fig . 4. A Be h a vio r o f a  fe m a le  P. pulcherrimus  o n  th e  h o riz o n ta l b a r (Fig . 3C), in  re s p o n s e  to  a  
va ria b le  d ire c tio n  o f p re y p re s e n ta tio n  (va ria b le  0). He re  th e  m e a s u re d  a n g le  o f re o rie n ta tio n  with  
re fe re nce  to  th e  d ire c tio n  o f p u rs u it  (0~) is  p re s e n te d  a s  a  fu n c tio n  o f b o th  th e  in itia l o rie n ta tio n  a n g le  
(0) a n d  th e  c a lc u la te d  (m o ve m e n t  c o m p e n s a te d ) re o rie n ta tio n  a n g le  re q u ire d  to  b rin g  th e  s p id e r to  
fa ce  th e  o rig in a l p re y p o s itio n  d ire c tly (0c). As  in  s u b s e q u e n t figure s , th e  lin e a r re g re s s io n  o f Y o n  X 
is  in d ic a te d  a s  a  dashed line . B Be h a vio r o f a  d iffe re n t fe m a le  P. pulcherrimus  o n  th e  h o riz o n ta l ba r.  
As  in  (A), th e s e  d a ta  we re  o b ta in e d  with  th e  a p p a ra tu s  d e s c rib e d  in  F ig . 3C . F o r th e s e  tria ls ,  
h o we ve r,  th e  o ve rh e a d  lig h t wa s  s witc h e d  o ff a s  s o o n  a s  th e  s p id e r tu rn e d  to  ru n  in  p u rs u it.  O n ly 
th o s e  tria ls  in  wh ic h  th e  re o rie n ta tio n  tu rn  h a d  b e e n  e xe c u te d  comple te ly p rio r to  th e  tim e  a t wh ic h  
th e  lig h t wa s  s u b s e q u e n tly tu rn e d  o n  (s e ve ra l s e c o n d s  la te r) a re  s h o wn  he re . In  o n e  o f th e s e  tria ls  th e  
s p id e r wa s  e ve n  p re p a rin g  to  ju m p  in  th e  p re y d ire c tio n  a s  th e  ligh t we n t on .  In  a  n u m b e r  o f tra ils ,  
th is  s p id e r d id  n o t  re o rie n t un til a fte r th e  lig h t wa s  s witc h e d  o n ,  a n d  th e s e  tria ls  we re  n o t  re c o rd e d .  
In  a ll re s p e c ts  th e s e  d a ta  c o m p a re  with  th o s e  co lle c te d  u n d e r c o n d itio n s  o f c o n tin u o u s  illu m in a tio n ,  
a s  in  (A). It s h o u ld  b e  n o te d  th a t  th e  s p id e rs  always  re o rie n te d  to  th e  c o rre c t s ide  (wh e th e r rig h t o r 
le ft) o f th e  b a r 
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Fig . 4. A Be h a vio r o f a  fe m a le  P. pulcherrimus  o n  th e  h o riz o n ta l b a r (Fig . 3C), in  re s p o n s e  to  a  
va ria b le  d ire c tio n  o f p re y p re s e n ta tio n  (va ria b le  0). He re  th e  m e a s u re d  a n g le  o f re o rie n ta tio n  with  
re fe re nce  to  th e  d ire c tio n  o f p u rs u it  (0~) is  p re s e n te d  a s  a  fu n c tio n  o f b o th  th e  in itia l o rie n ta tio n  a n g le  
(0) a n d  th e  c a lc u la te d  (m o ve m e n t  c o m p e n s a te d ) re o rie n ta tio n  a n g le  re q u ire d  to  b rin g  th e  s p id e r to  
fa ce  th e  o rig in a l p re y p o s itio n  d ire c tly (0c). As  in  s u b s e q u e n t figure s , th e  lin e a r re g re s s io n  o f Y o n  X 
is  in d ic a te d  a s  a  dashed line . B Be h a vio r o f a  d iffe re n t fe m a le  P. pulcherrimus  o n  th e  h o riz o n ta l ba r.  
As  in  (A), th e s e  d a ta  we re  o b ta in e d  with  th e  a p p a ra tu s  d e s c rib e d  in  F ig . 3C . F o r th e s e  tria ls ,  
h o we ve r,  th e  o ve rh e a d  lig h t wa s  s witc h e d  o ff a s  s o o n  a s  th e  s p id e r tu rn e d  to  ru n  in  p u rs u it.  O n ly 
th o s e  tria ls  in  wh ic h  th e  re o rie n ta tio n  tu rn  h a d  b e e n  e xe c u te d  comple te ly p rio r to  th e  tim e  a t wh ic h  
th e  lig h t wa s  s u b s e q u e n tly tu rn e d  o n  (s e ve ra l s e c o n d s  la te r) a re  s h o wn  he re . In  o n e  o f th e s e  tria ls  th e  
s p id e r wa s  e ve n  p re p a rin g  to  ju m p  in  th e  p re y d ire c tio n  a s  th e  ligh t we n t on .  In  a  n u m b e r  o f tra ils ,  
th is  s p id e r d id  n o t  re o rie n t un til a fte r th e  lig h t wa s  s witc h e d  o n ,  a n d  th e s e  tria ls  we re  n o t  re c o rd e d .  
In  a ll re s p e c ts  th e s e  d a ta  c o m p a re  with  th o s e  co lle c te d  u n d e r c o n d itio n s  o f c o n tin u o u s  illu m in a tio n ,  
a s  in  (A). It s h o u ld  b e  n o te d  th a t  th e  s p id e rs  always  re o rie n te d  to  th e  c o rre c t s ide  (wh e th e r rig h t o r 
le ft) o f th e  b a r 



back of the lure and dangled it on the end of a
human hair from the bend in the rod immediately
above the dish. We positioned the lure 10 mm
above the dish bottom and jiggled it by passing a

current through a hidden magnetic coil every 5 s
until the test spider oriented towards it.

Positioning the lure 10 mm above the dish
meant that the test spider could see the lure from

Figure 1 a-c.
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Navigation
(Tarsitano & Jackson 1997)



Philanthus triangulum
(sand wasp)

From: Curious Naturalists by Niko Tinbergen



Figure 1: The fly’s eye(s). At left a photograph taken by B Pijpker at the Rijksuniversiteit
Groningen, showing (even in this poor reproduction) the hexagonal lattice of lenses in the
compound eye. This is the blowfly Calliphora vicina. At right, a schematic of what a fly
might see, due to Gary Larson; for this and related matters see G Larson, The Complete Far

Side (Andrews McNeel Publishing, Kansas City, 2003). The schematic is incorrect because
each lens actually looks in a different direction, so that whole eye (like ours) only has one
image of the visual world. In our eye the “pixelation” of the image is enforced by the
much less regular lattice of receptors on the retina; in the fly pixelation occurs already
with the lenses.

balance one can demonstrate directly that motion across the visual field drives the gener-
ation of torque, and the sign is such as to stabilize flight against rigid body rotation of the
fly. Indeed one can close the feedback loop by measuring the torque which the fly pro-
duces and using this torque to (counter)rotate the visual stimulus, creating an imperfect
‘flight simulator’ for the fly in which the only cues to guide the flight are visual; under
natural conditions the fly’s mechanical sensors play a crucial role. Despite the imperfec-
tions of the flight simulator, the tethered fly will fixate small objects, thereby stabilizing
the appearance of straight flight. Similarly, Land and Collett (cf footnote 4) showed that
aspects of flight behavior under free flight conditions can be understood if flies generate
torques in response to motion across the visual field, and that this response is remarkably
fast, with a latency of just ⇠ 30 msec. The combination of free flight and torsion balance
experiments strongly suggests that flies can estimate their angular velocity from visual
input alone, and then produce motor outputs based on this estimate.

When you look down on the head of a fly (Fig 1), you see—almost to the exclusion of any-
thing else—the large compound eyes. Each little hexagon that you see on the fly’s head
is a separate lens, and in large flies there are ⇠ 5, 000 lenses in each eye, with approx-
imately 1 receptor cell behind each lens,7 and roughly 100 brain cells per lens devoted

7This is the sort of sloppy physics speak which annoys biologists. The precise statement is different in
different insects. For flies there are eight receptors behind each lens. Two provide sensitivity to polarization
and some color vision, but these are not used for motion sensing. The other six receptors look out through

3
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"~ 5cm 

Fig. 4. Flight paths of chasing (o) and leading ( 9 flies during the longest recorded 
chase. Points at 20 ms intervals. Corresponding instants on the two paths numbered 

at 200 ms intervals 

The remainder of this paper is devoted to an a t tempt  to unravel the 

nature of the control system tha t  enables the pursuing fly to follow as 

closely as it evidently does. I t  is assumed throughout tha t  the chasing 

fly is guided by  vision, although the validity of the analysis does not 

depend on this. 

Input-Output Relations o/the Chasing Fly 

In  the introduction it was suggested that  the chasing fly might either 

possess a set of stereotyped responses to manoeuvres made by  the leading 

fly, or else tha t  it operated on the basis of a continuously running control 

system in which some source of information available to it (0e, we, or o)e, 

see Fig. 1) controlled some feature of its behaviour (o~], ~l  and possibly 

vl). The best procedure seems to be to determine whether or not there 

are any  continuous relationships between "input" and "output" 
variables, if there are to test  whether or not they can explain the flight 

Land & Collett
(1973)
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LETTERS TO NATURE 

followed by behavioural experiments reveal that these neurons are 
involved in course control8·19- 21 and gaze stabilization22. 

To decide whether or not the ten VS neurons-a distinct 
subgroup of the tangential neurons-are functionally specialized 
to process specific optic flow fields, we investigated their receptive 
fields in great detail. Using a fast stimulus procedure23 (Fig. 2) 
during intracellular recordings from neurons in the right lobula 
plate, we determined their local preferred directions (LPDs) and 
local motion sensitivities (LMSs) at different positions in the 
visual field. The results were plotted as arrows on a map covering 
somewhat more than the right visual hemisphere where the 
angular position is defined by the azimuth I/; and the elevation 
e. The orientation of the arrows (Fig. 3, right) indicates the LPD 
and its length indicates the relative LMS normalized to the 
maximum response. The individual neurons could be recognized 
from animal to animal by intracellular dye injection and three-
dimensional reconstruction24• For each of the ten VS-neurons the 
receptive field was mapped in at least six different animals. 

Figure 3 shows the anatomy and the resulting response fields of 
the neurons VSl, VS6 and VSS within the contours of the lobula 
plate. The first, striking impression of these response fields is their 
huge extent: they comprise most of the ipsilateral and some of the 
contralateral hemisphere. Second, all VS neurons respond to 
vertical downward motion but additionally to horizontal motion 

FIG. 1 Optic flow fields due to a, translation 
along the vertical and b, rotation around a 
horizontal axis, illustrated either by an exter-
nal view of one visual hemisphere (left) or by a 
Mercator map of the whole visual space 
(right). Positions are specified by the angles 
of azimuth ijJ and elevation B; ijJ < 0 denotes 
the left, ijJ > O the right visual hemisphere (f 
represents frontal; c, caudal; d, dorsal, and v, 
ventral). The distribution of the velocity vectors 
depends on the momentary self-motion. Gen-
erally, there is no motion at the flow field 
singularities, which coincide with the motion 
axis; that is, the axis of translation A, and the 
axis of rotation A,. Maximum image-shifts are 
found midway between the singularities along 
the 'equator' of motion (thin great circles on 
the spheres). In translatoryflowfields (a) local 
vectors are aligned radially along the meri-
dians connecting the two singularities (A, and 
the opposite singularity). In contrast, motion 
vectors in rotatory flow fields (b) are aligned 
tangentially around the singularities (A, and 
the opposite singularity). The magnitude of 
the local velocity vectors induced by transla-
tions decreases with increasing distance to 
the objects of the environment, whereas flow 

f 

a 

b 

d 

V 

d 

V 

vectors generated during rotations are invariant with respect to the dis-
tance. Globally, translatory and rotatory optic flow fields can be easily 
distinguished. However, because different types of self-motion can gen-

(Fig. 3a-c) or even to vertical upward motion (Fig. 3a, c) in 
distinct regions of their receptive field. The most exciting result of 
this investigation, however, is the distribution of LPDs and LMSs 
within the response fields. In all cases the dorsal, equatorial and 
parts of the ventral response fields strongly resemble rotatory 
optic flow fields. This is most obvious for the response field of VSS: 
at about I/; = 45° and (9 = -15° the neuron is almost insensitive to 
visual motion (Fig. 3c), indicating the location of a flow-field 
singularity. In the whole response field of VSS, the local preferred 
directions are arranged tangentially around the motion axis, 
suggesting its specificity for rotation. The unequal distribution 
of local motion sensitivity corresponds qualitatively to the dis-
tribution of vector lengths in a rotatory flow field. It is zero at the 
singularities and maximum between the centres of rotation, for 
example at I/;= 135° (Fig. 3c). The same global structure can be 
recognized in the response field of VS6 (Fig. 3b ), where the axis of 
rotation corresponds with the body axis of the animal. In the 
response field of VSl the rotatory structure is restricted to the 
frontal, dorsolateral and caudolateral regions of the visual field 
(Fig. 3a) and an estimated axis of rotation lies at about 1/; = 90°. 

Generally, in the response fields of all ten VS neurons, the axes 
of rotation are almost aligned with the horizontal plane of the eye 
and the sensitivity to motion in the ventral part of the visual field is 
weaker than in the corresponding dorsal part (Fig. 3a-c). When 
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erate the very same local motion signals (frame at ijJ = 90°), self-motion 
cannot be inferred unambiguously from local motion analysis. We show how 
this problem is solved in the fly's visual nervous system. 

FIG. 2 Quick determination of the local preferred direction (LPD) and local motion 
sensitivity (LMS) of identified wide-field neurons in the third visual neuropile of the 
blowfly. A small black dot (diameter, 7.6°) was moved at constant speed (2 
cycless-1 ) on a circular path (diameter, 10.4'), thus travelling over only a minute 
part ( <1%) of the fly's visual field. Great-circle lines indicate the visual field 
coordinates; dotted great-circle lines indicate the stimulus position (azimuth i/J, 
elevation 0). When the instantaneous direction of dot motion coincides with the LPD 
of the recorded neuron, it responds maximally by depolarization of its membrane 
potential (R). The response delay causes a small phase shift of the response relative 
to the dot motion. This can be corrected by comparing the responses to clockwise and 
anti-clockwise dot motion. After correction the local motion tuning curves (right part) 
yield the LPD by their centre of gravity and the LMS by the amplitude difference 
between the quadrants of maximal and minimal responses (thick black lines). 
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FIG. 4 Anatomy and response field of the Hx neuron. Like the VS neurons, Hx 
is sensitive to motion over large parts of the visual field. However, in contrast 
to the VS neurons, Hx is highly sensitive to horizontal back-to-front motion in 
the frontolateral visual field (1/J = 45°). At 1/J = 135° and e = 0° the neuron 
does not respond to visual stimulation. Around this spot of low sensitivity the 
preferred directions are oriented radially. Thus, the structure of the Hx 
response field is remarkably similar to a translatory optic flow field with a 
singularity at 1/1 = 135° and e = 0°. This spiking neuron conveys motion 
information via a thin axon from one lobula plate to the contralateral 
protocerebrum. In contrast to the VS neurons, Hx is more sensitive to 
motion in the ventral than in the dorsal part of the visual field. 
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FIG. 3 a-c, Anatomy and response fields of the neurons 
VS1, VS6 and VS8. The local motion responses are 
shown in maps representing the right visual hemisphere 
(l/1 > 0) plus a vertical strip of the contralateral region of 
binocular overlap (l/1 < 0). Measurement positions are 
marked with small circles; the orientation of each arrow 
indicates the local preferred direction and its length the 
normalized local motion sensitivity. Arrows at other posi-
tions were interpolated. a, VS1 responds strongly to 
downward motion in the frontal and frontolateral area 
of the visual field. In the dorsolateral region it responds to 
horizontal back-to-front motion and in the dorsocaudal 
region even to upward motion. b, VS6 responds best to 
downward motion in the lateral visual field. In the dorso-
frontal region it responds to horizontal front-to-back 
motion and in the dorsocaudal region to motion in the 
opposite direction. c, VS8 responds strongly to downward 
motion in the caudolateral visual field, but also to front-
to-back motion in the dorsal frontolateral region. In the 
frontal visual field, the neuron responds to upward motion 
and in the ventral frontolateral field there is a weak but 
measurable response to horizontal back-to-front motion. 
The response fields of VS1, VS6 and VS8, and all other 
VS neurons26, are very similar to rotatory optic flow fields 
with roughly horizontal axes oriented at different angles of 
azimuth (compare Fig. 1b). Compared with optic flow 
fields, the sensitivity of all VS neurons is reduced in the 
ventral parts of the visual field. 

(!) 75° , ,,, ....... - .. "e ' '- \, ' 

5 ,._,.,,..,,....---''''' 
lii 45° II ,,, .- ,... - ._ ' l, \ I> ,, ______ _ 

' ' 
' ' 
\ \ 

75° ® 
C: 
0 

45° 16 

15° al Q) 15° 4 Jfl _.. .... -.,e +e "El Cil GI C!> ... 
f oo .... - - ............. -- -- - .. 

-15° '"It \ 4-El~+e..-e...,.. .,e -e 'f.l e . .,. 
' ............... ...,_,,,.....,.,. ,,, , 

-45° 'I. ... --e ............ ..,,~,,, 

' ' f I 0 

0° C 
-15° 

-45• .. '----..-ii!"'¥ JI' I I I 
-75°' "& , ..... ...-e..- I ,I' I I I 

I I 

',-...,.--,--~,.-.--,--,.-..-r--r--r--.--T": -75° 
-15" 0° 45° 90° 135° 

V 
azimuth 'I' 

1ao0 

465 

© 1996 Nature  Publishing Group

d 
a d ® 75° I t f , ,I' ,,. - .. - ._ .. \ I f 75° ® 

C: 
0 

45° 'fii 

15° al 
0° C 

-15° 

-45• 

-75° • -75° 

-45• • 
• I . . , 
' I I + I I > • 

-45• 

-75° - , ' . ' . '\ ' ... • -75° 

® 75° , I fl rr - .. -.. " \ \ \ I r 
5 , , , .,, - - .. " \ • • • 

'16 45• 4 , .,, - .. .. " '\ \ I t I , , , 
, - ' \ • I .I ' # 

al 15· • , ,, " ,. • ' ' t ; ; ; i • to.,,, '¥ 
, I I • t t t + I 

-15° • , , • • • , , i ; i ; , . 
f t I f f • t • • t 

-45° • • · • , , , , \ 1 , , 

I I f • " ' ft 

75• ep 
C: 
0 

45° 'fii 

15° al 
0° C 

-15° 

-45° 

-75° ' - ' • • ' " .. -75° 
-15° o· 45• go• 135• 

V 
azimuth'I' 

FIG. 4 Anatomy and response field of the Hx neuron. Like the VS neurons, Hx 
is sensitive to motion over large parts of the visual field. However, in contrast 
to the VS neurons, Hx is highly sensitive to horizontal back-to-front motion in 
the frontolateral visual field (1/J = 45°). At 1/J = 135° and e = 0° the neuron 
does not respond to visual stimulation. Around this spot of low sensitivity the 
preferred directions are oriented radially. Thus, the structure of the Hx 
response field is remarkably similar to a translatory optic flow field with a 
singularity at 1/1 = 135° and e = 0°. This spiking neuron conveys motion 
information via a thin axon from one lobula plate to the contralateral 
protocerebrum. In contrast to the VS neurons, Hx is more sensitive to 
motion in the ventral than in the dorsal part of the visual field. 
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FIG. 3 a-c, Anatomy and response fields of the neurons 
VS1, VS6 and VS8. The local motion responses are 
shown in maps representing the right visual hemisphere 
(l/1 > 0) plus a vertical strip of the contralateral region of 
binocular overlap (l/1 < 0). Measurement positions are 
marked with small circles; the orientation of each arrow 
indicates the local preferred direction and its length the 
normalized local motion sensitivity. Arrows at other posi-
tions were interpolated. a, VS1 responds strongly to 
downward motion in the frontal and frontolateral area 
of the visual field. In the dorsolateral region it responds to 
horizontal back-to-front motion and in the dorsocaudal 
region even to upward motion. b, VS6 responds best to 
downward motion in the lateral visual field. In the dorso-
frontal region it responds to horizontal front-to-back 
motion and in the dorsocaudal region to motion in the 
opposite direction. c, VS8 responds strongly to downward 
motion in the caudolateral visual field, but also to front-
to-back motion in the dorsal frontolateral region. In the 
frontal visual field, the neuron responds to upward motion 
and in the ventral frontolateral field there is a weak but 
measurable response to horizontal back-to-front motion. 
The response fields of VS1, VS6 and VS8, and all other 
VS neurons26, are very similar to rotatory optic flow fields 
with roughly horizontal axes oriented at different angles of 
azimuth (compare Fig. 1b). Compared with optic flow 
fields, the sensitivity of all VS neurons is reduced in the 
ventral parts of the visual field. 
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Fly lobula neurons selective to optic flow
(Krapp & Hengstenberg, 1996)
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 Figure 4.13 
  Central complex maps horizontal lines of sight.  Protocerebral bridge ’ s 16 modules 
map 16 sectors viewed from head, 8 on insect ’ s left and 8 on its right. Projection to 
fan-shaped body ’ s 8 modules connects opposite sectors (e.g. Left 1 and Right 8) to 
establish and map axes that pass through centre of head. This map is projected to 
ellipsoid body ’ s 8 modules, for output to neurons that select and control motor pat-
terns. The central complex then sends information about position of stimuli with 
respect to the head to neurons that control body orientation and the direction of 
locomotion. Figure based on Strausfeld (2012) and Strauss et al. (2011). Fly image 
from http://openclipart.org/image/800px/svg_to_png/120457/HouseFly2_.png. 

Fly central complex maps horizontal lines of sight 



From Rubin lab, HHMI/Janelia



Head-direction cells
(Ranck 1985;  Taube et al. 1990)

?

Ring attractor model
(Zhang 1996)

turn left turn right



Head-direction cells in ellipsoid body of Drosophila
(Seelig & Jayaraman 2015) 



Main points
• Why have a brain?‣ to act, speed, make predictions, memory, coordination

• Core functions and modularity appear to be shared among many 
different brains, from fly to mammal.

• Basic components of mammalian brain‣ cerebral cortex, hippocampus, thalamus, basal ganglia, 
cerebellum‣ cortex:  2D sheet of neurons, intrinsically flat.‣ visual cortex subdivided into ~30 different areas with different 
functions, organized hierarchically.‣ laminar organization and canonical microcircuit, but is there a 
canonical algorithm?

• Origins of intelligence‣ fly and spider brains produce of rich, autonomous behavior, 
ability to navigate and reason about 3D world.‣ fly brain builds internal representation of head direction with 
respect to external environment.


