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 Essentially only one thing in life interests us: our psychical constitution. The consid-
erations which I have placed before you employ a scientific method in the study of 
these highest manifestations in the dog, man ’ s best friend.  

  — Ivan Pavlov, Nobel lecture, 1904 (edited for brevity) 

 Brain books generally begin at the lowest levels — neurons, axons, synapses, 
and ion channels. But that approach ill suits our goal of reverse engineer-
ing. One cannot explain a B-29 by starting with the nuts and bolts. So we 
postpone the parts lists and detailed schematics to consider first a larger 
question: why do we  need  a brain? 

 One ’ s first thought, of course, is that we need it for the magical activities 
and feelings it confers: art, music, love  . . .  consciousness. But although 
these features arouse intense curiosity — as Pavlov emphasized — we shall see 
that they are merely baroque decorations on the brain ’ s fundamental pur-
pose and should not be mistaken for the purpose itself. What we identify 
here as the brain ’ s purpose, especially because we are seeking principles, 
should apply not only to humans but as well to the nematode worm, 
 C. elegans , and to flies. The deep purpose of the nematode ’ s brain of 302 
neurons, the fruit fly ’ s brain of 10 5  neurons, and our own brain of 10 11  neu-
rons (Azevedo et al., 2009) must be the same. By identifying the basic pur-
pose, we set a context for later considering the  “ decorations. ”  We expect 
that research on the mammalian cerebral cortex will not reveal many new 
principles — rather it will elaborate the core ones. In general, it should be 
easier to discover them in simpler brains. 

 The brain ’ s purposes reduce to regulating the internal milieu and help-
ing the organism to survive and reproduce. All complex behavior and men-
tal experience — work and play, music and art, politics and prayer — are 
but strategies to accomplish these functions. Sharing these fundamental 
tasks, the brains of worms, flies, and vertebrates show significant 
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 In effect, the lactose receptor  predicts  for the organism what it will need 
to exploit this new resource. By encoding the permease and the digestive 
enzyme together, one sensory signal can evoke all necessary components in 
the correct ratios. Thus, a given level of lactose in the soup calls for the 
proper amount of permease which is matched by the proper amount of 
galactosidase. This design principle — matching capacities within a coupled 
system — is a key to the organization of multicellular animals where it is 
called  “ symmorphosis ”  (Weibel, 2000). We see here that symmorphosis 
begins in the single cell. 
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 Figure 2.1 
  Three organisms of increasing size: bacterium, protozoan, and a nematode worm . 
Note the different scales: micrometers to millimeters. Body lengths are drawn to the 
same scale at the bottom of the diagram.  Paramecium   caudatum  and  C. elegans  photos 
are light micrographs of live specimens. Diagram of worm indicates the positions 
of neurons that form the brain. Light micrographs from Wiki commons.  C. elegans  
from Wikimedia Commons, CC BY-SA 3.0 / Bob Goldstein, UNC Chapel Hill,  http://
bio.unc.edu/people/faculty/goldstein/ .  Paramecium  by Alfred Kahl, public domain, 
from Wikimedia Commons. 
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network for chemotaxis that could provide sufficiently robust performance. 
Moreover, its working memory suffices to steer the motor toward food and 
mates. Although a memory lasting only 1 s may not seem impressive, real-
ize that to store a long history of lactose concentrations would be pointless —
 because they are themselves evanescent. Given its lifestyle, the bacterium ’ s 
memory is just about as long as it  should  be. 

 This microbe easily lives like a Zen master — in the moment. Feed the 
cell, and in an hour it is gone, divided among its progeny. But once an 
organism becomes large enough for a brain, the Zen injunction —  “ Live in 
the moment ”  — itself becomes a Zen koan. A brain provides the organism 
with a more significant individual past and a more extended future with 
which to exploit it. But so equipped, staying in the moment becomes as 
unimaginable as the sound of one hand clapping. 

50 μm

 Figure 2.3 
   E. coli  ’ s biased random walk . By moving forward more and turning less, as the con-
centration of attractant increases,  E. coli  approaches the attractant ’ s source. Tracing 
shows 26 runs over about 30 s with a mean speed of 21.2  μ m/s. Reprinted with 
permission from Berg and Brown (1972). For videos of  E. coli  swimming see  http://
www.rowland.harvard.edu/labs/bacteria/index_movies.html/.  
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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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“Cognitive Consilience” - Solari & Stoner (2011)



What does a brain need to do?

Navigation, locomotion 

Motion perception 

Pattern recognition 

Learning and memory 
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A typical example of a round trip is shown in Fig. 2. Cataglyphis 
fortis, for which this foraging trip was recorded (and on which the present 
account mainly concentrates), is a long-distance forager inhabiting the 
exceedingly hostile territories of the Saharan salt pans known as chotts 
and sebkhas. In this habitat the outward and inward routes of individual 
foraging trips were recorded by the aid of an orthogonal system of grid-
lines painted on the hard salty plains. The ant whose round trip is shown 
in Fig. 2 covered 165 m within 468 sec until it found a dead fly at a 
distance of 87 m from the nest. After having grasped the fly with its 
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Fig. 2. -Round trip of an individual 
ant, Cataglyphis fortis. The ant's walk-
ing trajectory has been recorded by 
means of a grid of white lines (mesh 
width 5 m) painted on the floor of a 
North African salt pan. Time marks 
(filled circles) are given every 60 sec. 
The locations of the nest and of the 
insect carcass found by the ant are 
denoted by N and F, respectively. 

mandibles it instantly headed for 
home which it reached after an amaz-
ingly straight run lasting no more than 
162 sec. Given the fact that the ter-
rain over which the ant moved was 
not an ideally flat plain, so that even a 
long-legged fortis ant had to perform 
small up and down as well as sideways 
movements while heading for home, a 
mean speed of 0.54 rn/sec as calculat-
ed for the bee-line distance of 87 m is 
a truly remarkable performance for an 
insect weighing as little as 9 mg (mean 
value). 

Even if amazing in terms of 
speed, distance covered, and precision 
of navigation, the foraging trip depict-
ed in Fig. 2 is by no means exception-
al. In the vast expanses of the Chott 
Merouan and the Chott-el-Djeridj we 
have observed fortis ants which for-
aged at distances of more than 150m 
away from the nest and selected their 
proper homeward courses with what 
still appeared to be unerring precision. 
These are the largest trips ever record-
ed in detail in an invertebrate. 

How do the ants navigate on 
such long-distance trips? A simple ex-
periment shows that they rely on a 
path integration system rather than 
the use of a landmark map. If dis-
placed sideways by only a few metres, 
they do not head for true home, but 

Path integration in desert ants

(R. Wehner, S. Wehner, 1986) 
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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 

Control of Chasing in Flies
(Land & Collett 1973)









Jumping spiders



Jumping spider visual system



Spider opthalmoscope
(Michael Land)



Jumping spider retina

horizontal section photoreceptor array



Jumping spider
eye movements



Jumping spiders do object recognition



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



304 D.E. Hill 

A 

~ 5  

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 ,  
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le ft) o f th e  b a r 
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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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Spatial perception in weakly electric fish

Lewicki et al. Scene analysis in the natural environment

FIGURE 5 | Scene analysis in electroreception. The “electric image” of
the external environment is determined by the conductive properties of
surrounding objects. The electric field emanates from the electric organ in
the tail region (gray rectangle) and is sensed by the electroreceptive skin
areas, using two electric “foveas” to actively search and inspect objects.
Shown are the field distortions created by two different types of objects: a
plant that conducts better than water, above (green) and a non-conducting
stone, below (gray). (Redrawn from Heiligenberg, 1977).

copy of the EOD signal is sent to electrosensory areas of the
brain. Thus, it is possible for the animal to directly compare the
sensed signal with that which was actually generated. An object
with low or no capacitance, such as a non-living object, will
leave the waveform shape unaffected. Most living objects how-
ever, such as insect larvae, other fish, and plants possess complex
impedances, and so they will significantly alter the waveform
shape, which behavioral studies show is detectable by the animal
(von der Emde, 2006).

Due to the high conductivity of water, the range over which
the electric fish can sense objects is only a few centimeters.
Nevertheless, electroreception mediates a wide range of scene
analysis behaviors important to the animal’s survival, which we
describe here.

Object recognition in electric scenes
The mormyrid’s object recognition and discrimination abilities
have been explored through behavioral studies (von der Emde
and Schwarz, 2002; von der Emde, 2004; von der Emde et al.,
2010). By assessing performance on simple association tasks, it
has been shown that electric fish are capable of discriminating
the shape of objects (e.g., cube vs. pyramid), even against com-
plex and variable backgrounds. Doing so is non-trivial because
the electric fields from multiple objects will superimpose and
create a seemingly complex electric image on the electrorecep-
tor array. Thus, the animal must solve a figure-ground problem
similar to that in vision or audition, in which the sensory contri-
butions of background or clutter must be discounted in order to
properly discern an object. Perhaps even more impressive is the
fact that the animal can generalize to recognize different shapes
independent of their material properties (metal or plastic) or dis-
tance. It can discriminate small from large objects, irrespective of
distance. Thus, the animal is capable of extracting invariances in
the environment from the complex electroreceptor activities – i.e.,
despite variations due to material properties or distance, it can
nevertheless make correct judgments about the shape and size of
objects.

Active perception during foraging
When foraging for food, mormyrids utilize their two electric
“foveas” in an active manner to search and inspect objects. The
two foveas are composed of a high density region of electrore-
ceptors, one on the nasal region, and the other on the so-called
Schnauzenorgan (Bacelo et al., 2008). Unknown objects are first
approached and inspected by the ventral nasal organ, and then
more finely inspected by the Schnauzenorgan (von der Emde,
2006). When foraging, the animal engages in a stereotypical
behavior in which it bends its head down at 28◦ such that
the nasal fovea is pointing forward or slightly upward, and it
scans the Schnauzenorgan from side to side across the surface
to search for prey. When a prey item is detected (presumably from
its capacitive properties) it is inspected by the Schnauzenorgan
before the fish sucks in its prey. Thus, the animal must cor-
rectly interpret the highly dynamic patterns of activity on the
sensory surface in accordance with this scanning movement in
order to properly detect and localize prey. This is an example of
an active process demanding the coordination of perception and
action.

Spatial navigation
Mormyrids are frequently seen swimming backward, and they
avoid obstacles with ease, finding their way through crevices in
rocks (Lissmann, 1958). Presumably these abilities are mediated
by the electric sense, since the eyes, which are poorly developed,
are at the front of the animal. They are also known to navi-
gate at night in complete darkness (von der Emde, 2004). Thus,
it would appear that electric fish can obtain a sufficient repre-
sentation of 3D scene layout from the electric field in order to
plan and execute maneuvers around objects. How accurate and
what form this representation takes is not known, but it has been
shown through behavioral studies that they can judge the distance
to an object from the spatial pattern across the electroreceptor

Frontiers in Psychology | Perception Science April 2014 | Volume 5 | Article 199 | 12

Lewicki et al. Scene analysis in the natural environment

FIGURE 5 | Scene analysis in electroreception. The “electric image” of
the external environment is determined by the conductive properties of
surrounding objects. The electric field emanates from the electric organ in
the tail region (gray rectangle) and is sensed by the electroreceptive skin
areas, using two electric “foveas” to actively search and inspect objects.
Shown are the field distortions created by two different types of objects: a
plant that conducts better than water, above (green) and a non-conducting
stone, below (gray). (Redrawn from Heiligenberg, 1977).

copy of the EOD signal is sent to electrosensory areas of the
brain. Thus, it is possible for the animal to directly compare the
sensed signal with that which was actually generated. An object
with low or no capacitance, such as a non-living object, will
leave the waveform shape unaffected. Most living objects how-
ever, such as insect larvae, other fish, and plants possess complex
impedances, and so they will significantly alter the waveform
shape, which behavioral studies show is detectable by the animal
(von der Emde, 2006).

Due to the high conductivity of water, the range over which
the electric fish can sense objects is only a few centimeters.
Nevertheless, electroreception mediates a wide range of scene
analysis behaviors important to the animal’s survival, which we
describe here.

Object recognition in electric scenes
The mormyrid’s object recognition and discrimination abilities
have been explored through behavioral studies (von der Emde
and Schwarz, 2002; von der Emde, 2004; von der Emde et al.,
2010). By assessing performance on simple association tasks, it
has been shown that electric fish are capable of discriminating
the shape of objects (e.g., cube vs. pyramid), even against com-
plex and variable backgrounds. Doing so is non-trivial because
the electric fields from multiple objects will superimpose and
create a seemingly complex electric image on the electrorecep-
tor array. Thus, the animal must solve a figure-ground problem
similar to that in vision or audition, in which the sensory contri-
butions of background or clutter must be discounted in order to
properly discern an object. Perhaps even more impressive is the
fact that the animal can generalize to recognize different shapes
independent of their material properties (metal or plastic) or dis-
tance. It can discriminate small from large objects, irrespective of
distance. Thus, the animal is capable of extracting invariances in
the environment from the complex electroreceptor activities – i.e.,
despite variations due to material properties or distance, it can
nevertheless make correct judgments about the shape and size of
objects.

Active perception during foraging
When foraging for food, mormyrids utilize their two electric
“foveas” in an active manner to search and inspect objects. The
two foveas are composed of a high density region of electrore-
ceptors, one on the nasal region, and the other on the so-called
Schnauzenorgan (Bacelo et al., 2008). Unknown objects are first
approached and inspected by the ventral nasal organ, and then
more finely inspected by the Schnauzenorgan (von der Emde,
2006). When foraging, the animal engages in a stereotypical
behavior in which it bends its head down at 28◦ such that
the nasal fovea is pointing forward or slightly upward, and it
scans the Schnauzenorgan from side to side across the surface
to search for prey. When a prey item is detected (presumably from
its capacitive properties) it is inspected by the Schnauzenorgan
before the fish sucks in its prey. Thus, the animal must cor-
rectly interpret the highly dynamic patterns of activity on the
sensory surface in accordance with this scanning movement in
order to properly detect and localize prey. This is an example of
an active process demanding the coordination of perception and
action.

Spatial navigation
Mormyrids are frequently seen swimming backward, and they
avoid obstacles with ease, finding their way through crevices in
rocks (Lissmann, 1958). Presumably these abilities are mediated
by the electric sense, since the eyes, which are poorly developed,
are at the front of the animal. They are also known to navi-
gate at night in complete darkness (von der Emde, 2004). Thus,
it would appear that electric fish can obtain a sufficient repre-
sentation of 3D scene layout from the electric field in order to
plan and execute maneuvers around objects. How accurate and
what form this representation takes is not known, but it has been
shown through behavioral studies that they can judge the distance
to an object from the spatial pattern across the electroreceptor

Frontiers in Psychology | Perception Science April 2014 | Volume 5 | Article 199 | 12


