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Navigation in Real and Scientific Waters 
 Gallistel 

 
When asked when I learned to sail, I have to say I do not remember, because I was tutored by 
my father and mother from an early age. My father designed and built sailboats as a hobby. All 
kinds of sailboats, including an iceboat. Also, a windsurfer. Also, a family-sized skate sail. We 
have a picture of my him, my mother, myself and my sister (7 and 5-years old, respectively) 
clinging to the long central spar of a family-sized skate sail. Standing on your own two feet and 
leaning on a skate sail while driven by a fair breeze at 30 miles an hour is a sensation not to be 
missed.  
 
About once every 3 or 4 winters in Minnesota and Wisconsin, around about Thanksgiving, the 
lakes freeze solid on a calm, bitter cold night, and then the first snowfall holds off for several 
weeks, while the temperature remains well below freezing. In those winters, the ice is smooth, 
black and thick. Sailing an iceboat for miles across that smooth, thick black ice is a thrill. You are 
only 6 inches off the ice. There is practically no friction. When the sail fills, the craft accelerates 
so rapidly it scares you. In seconds, you are tearing along at 40-50 miles an hour. The rumbling 
of the runners on the ice fills your ears and the icy wind turns your cheeks bright red. 
 
The world record speed for an iceboat is 143 miles an hour. It was set on a Wisconsin lake back 
in the 1930s. Around that same time, my father was standing on his skates, leaning hard into a 
skate sail he had made, going 60 miles an hour on the smooth black ice of Lake Mendota, 
beside a friend driving a Model A Ford. 
 
In the summers, we kept one of my father's designs on a mooring just off the dock below the 
low bluff at which our front yard ended. I slept in the screened-in 2nd story of a boathouse set 
into the bluff. On moonlit midsummer nights when a gentle breeze sprang up after I had gone 
to bed, my parents would wake me and my sister for a sail. As a teenager, I took my girlfriends 
moonlight sailing. There is nothing more romantic. 
 
Sailing on a lake provides few navigational challenges. My first experience of marine navigation 
came shortly after I married Rochel Gelman, whose experimental work on the development of 
arithmetic reasoning in young children inspired my interest in number theory and its history. 
My closest friend's father did a favor for a German architect. It must have been quite a favor, 
because, in return, he was given the use for 10 days of a 20-meter steel-hulled, twin screw, 
teak-decked sloop with a 2-man professional crew. The yacht's engines were being refitted in 
Palma, the principal port of Majorca. My friend's father told his son to invite a few friends of his 
to join the father and his wife on a cruise from Palma to Sardinia and back. Rochel and I were 
two of the three invitees. 
 
This was the summer of 1970 before loran navigation came into general use by recreational 
sailors. Navigation was still done the old way. In the old way, as happens even today with the 
GPS, sailors made mistakes. Even professional sailors did so. The crew of our yacht did not have 
the compass boxed after the new engines were installed. As we were soon to learn, the 



To appear in The Sailing Mind, Roberto Casati, Editor, to be published by Springer in its 
Studies in Brain and Mind series 

2 

compass was off by more than 30° on some courses. After one day in port touring Majorca and 
going to a night club—this jet-set life was utterly new to Rochel and me—we set sail for 
Minorca with a sirocco blowing. The spray was flying and we were in foul weather gear as we 
plunged along at 12-15 knots. 
 
This was my first experience of blue water sailing. I was fascinated by the chart and the dividers 
and the parallel rule and the whole business of determining the range and bearing of the 
waypoints one from another. My friend wasn't interested. He was a reluctant sailor—to the 
chagrin of his father, who had served in the Navy in WWII. 
 
On the course we actually sailed once we rounded the southern tip of Majorca, we missed 
Minorca by something like 15 nautical miles, a distance so great that we could not see the 
island, even though it rises to almost 400 m. The crew realized their error only when their 
mental dead reckoning told them that the island should be clearly visible given how fast we 
were going. Looking around, they saw clouds massed in the distance off the port beam. That 
was when I learned that the clouds that tend to form over islands are often the first sign of a 
landfall. 
 
After a day in Mahon, we sailed back to Palma to obtain the services of an expert. The expert 
counteracted the effects of the large iron masses of the engines on the compass in the binnacle 
right above those masses by placing small bits of iron around the compass while the crew used 
the chart and the visible landmarks around the harbor to repeatedly steer different true 
courses—"boxing the compass". By the time we had a properly functioning compass, we were 5 
days into a 10-day cruise. That trashed the plan to cruise Sardinia; we cruised Ibiza instead—
interesting, but not half as interesting as cruising Sardinia would have been. It remains on my 
bucket list. 
 
The trashing of our cruise plan was an important lesson about marine sailing: you have to be 
prepared to alter your plans when faced with the unanticipated situations produced by some 
combination of the weather, the state of the sea, gear malfunctions, and the consequences of 
your own bad judgment and stupid errors. It was not the last such lesson. Those lessons bred in 
me the habit of thinking, if conditions get rough, where might I run to? 
 
My fascination with navigation has had personal and professional consequences. The personal 
consequence is that I have done a good bit of coastal cruising in various parts of the world 
skippering chartered yachts. These were bareboat charters, because, for me, being responsible 
for the navigation, for bringing the craft safely to port or to anchor in some sheltered cove, is 
no small part of the adventure and hence the fun. Sailing is a thinking person's sport; if you're 
not doing it yourself, it's boring. Never having been more than 50 nautical miles offshore, I have 
never done true deep-water sailing. However, most of the dangers that arise from navigational 
errors come into play only when one is near shore where reefs lurk beneath the waves. 
 
As a consequence of my marine sailing history, I have extensive experience of near-shore 
navigation, supplemented by experience in back-country canoeing (mostly in the Boundary 
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Waters in northern Minnesota) plus backpacking and back country skiing in the Rockies and the 
Sierras. In all of these activities, navigational errors have serious consequences. Partly for that 
reason, I have been a keen reader of the literature on navigation— the instructional literature 
(Bowditch), the adventure literature (Slocum), and the misadventure literature (May, 1960). 
What I have learned has played an important role in my professional writings about animal 
navigation and its implications for cognitive science and neuroscience. What we know about 
navigation in ants and bees has far-reaching implications for cognitive science and 
neuroscience. 
 
Ants and bees are ideal subjects for the study of animal navigation because they forage in order 
to bring back food to the nest or hive, making repeated journeys in the course of a single day. 
Another advantage for the experimentalist is that they are unperturbed when captured by 
experimenters, carried half a kilometer or more from the site of their capture, and released to 
pursue the course they were about to pursue when captured. This experience would terrify a 
mammal. 
 
The desert ant Cataglyphis nests in and around salt pans in the Tunisian desert. It forages over 
featureless terrain out to several hundred meters distant from the nest, in the midday sun, 
when temperatures may exceed 40°C. The outbound trips are a straight run in a given direction 
followed by a tortuous wandering here and there. When the ant finds food, it returns straight 
to the nest (Figure 1A). It does not lay an odor trail. A single foraging expedition may cover 
more than a kilometer (Huber & Knaden, 2015). 
 
Like Columbus, the ant relies on dead reckoning to keep track of its location (Wehner & 
Srinivasan, 2003), with the sun for a compass. Unlike Columbus, it is its own astronomer: When 
they first become foragers, ants and bees learn from sparse observations the azimuthal solar 
ephemeris—where above the horizon the sun is as a function of the time of day indicated on 
the clock in their brain. The rapid learning of the solar ephemeris makes the sun-compass 
possible (Capaldi & Dyer, 1999; Dyer, 1987; Dyer & Dickinson, 1994; Gallistel, 1998; Lindauer, 
1957; Wehner & Menzel, 1969). 
 
Dead reckoning requires an odometer as well as a compass. To measure distance run, the ant 
counts its steps. When the final segments of its legs are snipped off, shortening its strides, its 
nest-ward runs terminate prematurely. When its strides are lengthened by glued-on toothpick 
stilts, it runs too far before it begins its search for the nest hole (Wittlinger, Wehner, & Wolf, 
2006; Wittlinger, Wehner, & Wolf, 2007). 
 
The remarkable quality of an ant's dead reckoning is revealed by experiments on its search for 
the nest following displacement. At the end of its "homeward" course, the experimentally 
displaced ant is in fact nowhere near the nest hole (Figure 1B). Wehner and Srinivasan (1981) 
studied the hour-long futile searches for the nest. The searches are tortuous and the ant loops 
out further and further as its search goes on, but it returns repeatedly to within a few meters of 
where it started its search (Figure 2). One might assume that it took a positional fix at the start 
of its search but experiment shows this is not the case: Its returns depend on its reckoning, not 
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on piloting. Wehner and Srinivasan showed this by displacing the ant a second time in mid-
search. Now, the ant returned repeatedly to a location displaced from where the search began 
by the range and bearing of mid-search displacement (Figure 3). 
 

 
 
Figure 1. A. The tracks of foraging desert ants. Note the scale. (From Buehlmann et al, 2015 by 
permission of publisher and authors). B. Two examples of ants displaced at the start of their run 
back to the nest. Red and blue squares mark the nest locations. Black wavy lines trace the 
outward journeys. Black arrows show the displacements. Yellow wavy lines trace the post-
displacement "homeward" runs and the beginnings of the search for the nest. (From Huber & 
Knaden, 2015, used by permission of the publisher and authors). 
 
The importance of navigation to a central issue in cognitive science and neuroscience has been 
evident since the pioneering work of Tolman (1948). He famously argued—or infamously 
argued, depending on your theoretical stance (Warren, 2019)— that spatial behavior in rats 
was directed by a cognitive map. I was educated at behaviorist schools—Stanford and Yale—
when cognitive science was being born (the early 1960s). With the exception of my 
undergraduate mentor, Tony Deutsch, the people who taught me the theory of learning—
Gordon Bower, Pat Suppes, Neal Miller and Allan Wagner— were S-R theorists, that is, rank 
behaviorists. They scorned Tolman's arguments, often repeating Guthrie's (1935) put-down 
that, “So far as [Tolman's] theory is concerned the rat is left buried in thought.” 
 
In recent years, the cognitive map hypothesis has been widely embraced by both cognitive 
scientists and neuroscientists, albeit not by all (Bouchekioua, Blaisdell, Kosaki, Tsutsui-Kimura, 
Craddock, Mimura, & Shigeru, 2020; Warren, 2019) There is, however, an irony in the fact that 
Tolman is the original proponent of the cognitive map hypothesis: His experimental evidence 
came from maze studies in rats. The most compelling evidence comes from experiments using 
insects navigating out there in the roadless natural world, where I gained my own experience. 
The still greater irony is that many of the researchers on insect navigation, whose experiments 
have produced compelling evidence for metric maps in ants and bees, are determined 
opponents of the cognitive map hypothesis (Wehner, 2020). The reasons for this curious state 
of affairs have everything to do with the intellectual history of the last hundred years. In science 
as in personal histories, "The past is never dead. It's not even past." (Faulkner, 1951). Before I turn 
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to those reasons, I review very recent evidence for a cognitive map in bee—work in which I 
played a role. 
 
 
Figure 2. Tracing of the ant's path in the first hour of a 
futile search for the nest. A The first 21 minutes. The open 
circle marks the start of the search. B. The remainder of 
the hour; the gray rectangle covers the area in A. (from  
Gallistel, 1990, Fig 4.2, p. 63, reworked from Wehner & 
Srinivasan, 1981 and used by permission.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. The effect of a mid-
search displacement on the 
ensuing search pattern. A. Tracing 
of the search prior to the 
displacement. Open circle marks 
the start; black circle (labeled C) 
marks the location when captured 
for mid-search displacement. B. 
Tracing of the search after 
displacement. Open circle marked 
R is at the terminal of the mid-
search displacement. Gray marks 
the area covered by the pre-
displacement searching in A. (from  
Gallistel, 1990, Fig 4.3, p. 64, 
reworked from Wehner & 
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Srinivasan, 1981 and used by permission.) 
 
I have never laid fingers on a bee, although some have jabbed their stingers into me. However, I 
have been fortunate to collaborate occasionally on navigational work done by one of the most 
eminent students of bee behavior and physiology, Randolf Menzel at the Free University in 
Berlin. (For a highly readable account of his diverse and extensive work see Menzel & Eckoldt, 
2016.) My contribution has been to the data analysis. 
 
Von Frisch won the Nobel Prize for his experiments showing that returning bee foragers do a 
waggle dance in the darkness of the hive. The dance tells the other foragers where to find the 
source from which the dancer has returned (von Frisch, 1967). The dance has the form of a 
tilted figure 8. The bearing of the source is given by the angle at which the 8 tilts from vertical; 
the range is indicated by the number of waggles the bee makes in the portion of the 8 where 
the two circles join. 
 
Bees recruited by this dance do something very similar to what one sees in the foraging ants in 
Figure 1: they make a straight flight (called the vector flight) to near the danced location 
followed by a tortuous twisting and turning search for the source. During this tortuous search, 
they look for visual and odor beacons to home on (e.g., flower clusters). It has always been 
assumed that the recruits learn only the rhumb line from the hive to the source. However, 
previous results led the Menzel group to think the recruits might also convert the rhumb line to 
map coordinates (Cheeseman et al., 2014; Menzel et al., 2011; R Menzel et al., 2012). If they did 
so, then recruits that were captured as they emerged from the hive on route to the danced 
source and displaced hundreds of meters from the hive in various directions prior to being 
released might be expected to show two remarkable behaviors. 1) The vector portion of their 
search for the food should be perturbed by the fact that they are not seeing the terrain their 
map leads them to expect. 2) When, as a result, they abort their vector flight, they should set a 
course directed more or less toward the food from the arbitrary and unexpected location in 
which they happen to find themselves when they abort the vector flight. When Menzel group 
did this experiment, this is indeed what they observed. 
 
The conduct of this experiment was made possible by their development 15 years earlier of 
methods for radar tracking bees—no mean technical feat (Riley, Greggers, Smith, Reynolds, & 
Menzel, 2005). When provided with their radar fixes of bees searching for the food, I made an 
animation of the searches—220 different searches from bees released at 6 different locations, 
including at the hive itself. (The hive was where the recruits were captured and fitted with a 
tiny radar transponder glued to their thorax.) One can view the animations on the Open Science 
Forum. It's like riding on the back of a bee as it makes its way more or less toward the food. Any 
sailor who has been unsure of just where they are and just where the sought-for port is will 
sympathize. Given the radar fixes (a bee's range and bearings every few seconds), it was trivial 
for me to compute each bee's closest approach to the food's true location and to the "virtual" 
food location at the terminus of the danced rhumb line when the origin is displaced from the 
hive to the release site. The no-map (rhumb-line only) hypothesis predicts that a displaced bee 
will search near the virtual location and then return to the hive; the map hypothesis predicts 
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that a bee's search will gravitate toward the true location; the location it got by hearsay 
(following the dances of the foragers returning from that location). 

 
Figure 4. a Cumulative distributions of the difference between a bee's closest approach to the 
danced location of the food (Fr) and its closest approach to the virtual location (Fv). The Fv is the 
location around which a displaced bee should search if all it knows is the rhumb line.   b. The 
cumulative distributions of closest approaches to Fv by the 47 hive-released bees (blue curve) 
and by the 173 displaced bees (red curve). 
31/03/2021 
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Figure 5. The search fixes for one of the bees released at R2. It first searched at the virtual 
location of the food (Fv) and then at then made one and one-half round trips to the true location 
(Fr); at the conclusion of its second visit to Fr, it gave up and flew back to the hive. Many other 
bees also first direct their search toward the virtual location and then to the true location, 
generally approaching the latter more closely than the former. 
 
The fraction of a cumulative distribution to the left of the vertical dashed line at 0 in Figure 4a is 
the fraction of the bees in the given group that came closer to the true location of the food 
than to its virtual location in the course of their search. A majority (53%) of all displaced bees 
got closer to the true location than to the virtual location. At the more remote release sites (R5, 
R6 and R7), more than half the bees searches closer to Fr than to Fv, often 100s of meters 
closer. 
 
The fraction of the red curve to the left of the vertical dashed line in Figure 4b is the fraction of 
displaced bees whose closest approach to the true location of the food fell within the range 
seen in the hive-released bees. The searches of 65% of the d displaced bees brought them 
within that range. The data in Figure 5 speak for themselves. I do not believe that one could 
persuade any sailor with real-world navigational experience that the bee whose search is 
plotted in Figure 5 did not know with astonishing precision the danced location of the food—as 
well as the location given by the dance rhumb line when flown from a release at R2. 
 
In my biased opinion, the results in Figures 4 and 5 prove beyond reasonable argument that 
bees have a metric cognitive map. It plays the same role in their navigation as does the chart in 
a sailor's navigation. Nonetheless, when submitted to Science, this conclusion prompted savage 
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pushback from two out of four reviewers. The question for our time is, What's their problem? 
What is it about the way they think that makes them think a map cannot reside in the brain of 
an insect? 
 
The central issue as I see it is whether behavior is informed by a symbolic representation of the 
experienced world stored in memory and translated into behavior by computations performed 
on the symbols that carry the information. The behaviorists—which include almost the entire 
neuroscience community—reject this view because they remain committed to John Locke's 
(1690) theory of the mind. In his theory, sensations are the primitive ideas and concepts are 
clusters of primitive ideas and clusters of such clusters—all held together by associative bonds. I 
call this the dustball theory of concepts. (For a recent exposition of this theory in its 
neurobiological form, see the Langille portion of Langille & Gallistel, 2020.) 
 
The central fact about the associative theory of mind for my current purposes is that associative 
bonds are not symbols; they do not stand for anything. Put another way, they do not convey 
information forward in time, as information is understood in modern science (Shannon, 1948). 
Indeed, some proponents of the associative theory reject the idea that the concept of 
information has any useful role to play in neuroscience (Brette, 2019). A fortiori, a 
neurobiologically realized, readable symbolic memory must be a fantasy among some soft-
headed cognitive neuroscientists. 
 
The cognitive map hypothesis is often accused by the Gibsonians of concealing a lingering and 
unwitting Cartesian dualism (the fallacy of the humunculus that reads the map), as witness the 
following very recent quote (Warren, 2019, p. 2):  
“... the metaphor of looking at a map in our own heads commits the ‘representationalist fallacy’ 
that has long bedeviled cognitive science (Huemer, 2001; Ramsey, 2007). If apprehending the 
environmental layout is explained as viewing an internal map (or, more generally, interpreting an 
internal representation), it implies an internal perceiver who is likewise viewing (or interpreting) 
its own internal map, leading to a regress. As Gibson (1979, p. 198) objected, ‘Way-finding is 
surely not the consulting of an internal map, for who is the internal perceiver to look at the 
map?’.” 
 
The fear of a lingering non-material theory of mind is also no small part of what drives 
behaviorist opposition to the cognitive map hypothesis, as witness a second very recent quote: 
“To our knowledge, there are only three [maze] studies that have succeeded in resolving this 
issue, all showing clear evidence of novel route taking, a behaviour outside the scope of 
traditional associative learning accounts. Nevertheless, there is no mechanistic explanation as to 
how animals perform novel route taking.” (Bouchekioua, Blaisdell, Kosaki, Tsutsui-Kimura, 
Craddock, Mimura, & Watanabe, 2020, italics mine) The quote appeared to me to reify Locke's 
theory of mind as the only possible neurobiological explanation: it appears to assert that any 
non-associative theory of navigation cannot be a mechanistic theory. 
 
I have, subsequently, been assured by Aaron Blaisdell that this was not their intended 
interpretation (Blaisdell email Nov 25, 2020). They meant only that there was no explicitly 
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material account in the literature. To me a cognitive map account was always a transparently 
mechanistic account because maps and map-based navigation have been implemented on 
computers for more than half a century. 
 
In any event, 'mechanistic' is not infrequently used as a synonym for both 'physically realizable' 
and 'associative', as witness: "Psychology offers two classes of explanation for such behaviour: the 
mechanistic and the intentional. Mechanistic accounts appeal to psychological processes that gain their explanatory 
power by analogy to physical processes. A classic example is associative learning theory." (Clayton, Emery, 
Dickinson, 2006, p 198) In the excellent review of their work on food caching in scrub jays, these 
authors repeatedly contrast the mechanistic (i.e., associative) theory with the theory that the 
birds behave rationally. They clearly espouse the belief that rational behavior cannot be 
explained mechanistically. "It is the rationality of this practical inference process that distinguishes the 
intentional explanation from the mechanistic one. ...Of course, evolution will have ensured that behaviour governed 
by such mechanistic processes is adaptive in that it contributes to the reproductive fitness of the jay by maintaining 
its nutritional state, and in this sense associatively-controlled cache searching can be regarded as biologically 
rational (see Kacelnik, Chapter 2, this volume). But such biological rationality must be distinguished from the 
psychological rationality of the practical inference process that generates cache searching from a belief about the 
consequences of this behaviour and the desire for these consequences. According to this analysis, the issue of 
whether an animal is psychologically rational turns on the nature of the processes causing its behaviour; specifically 
on whether this behaviour is caused by psychological mechanisms or by intentional processes." (Clayton, Emery, & 
Dickinson, 2006, pp 198-199) 
 
This latter quote seems to assert in pretty unequivocal terms that: i) A rational explanation 
cannot be reduced to a mechanistic explanation; ii) Mechanistic explanations in cognitive 
neuroscience must be associative. Most students of the vast literature on the neurobiology of 
memory will acknowledge that both of these assumptions undergird the enterprise. In my 
opinion, they have prevented our discovering the physical basis of memory during more than a 
century of determined efforts by many leading figures (cf Langille & Gallistel, 2020; Gallistel, 
2020). It is also true, that the large literature on cognitive maps has few if any explicitly 
mechanistic explanations of what a cognitive map is. In this essay, I explain i) What a 
mechanistic theory of map-based navigation looks like. ii) What it implies about what the 
physical basis of memory must look like iii) Where in neurobiology structures with the requisite 
properties are to be found. 
 
From my perspective as someone who embraced the computational theory of mind in graduate 
school more than half a century ago, the question is, how can arguments like those I have just 
quoted be put forward in this day and age? Where have the quoted authors and most of the 
neurobiological community been the last 50 years? The computational theory of mind was 
inspired by the emergence of machines that computed and by the mathematical developments 
that laid a rigorous conceptual foundation for materially realizable computation (Chomsky, 
1956; Oliver, Pierce, & Shannon, 1948; Shannon, 1948; Turing, 1950; Turing, 1936). To me, the 
most obvious lesson to be drawn from this history was that computing machines put paid to 
arguments like those I have quoted. There are no homunculi in computing machines. They are 
most certainly mechanistic devices. Their behavior is not explained by a Cartesian soul that 
does the thinking/computing. The machine reads its own memory. 
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I have always assumed that cognitive map explanations were transparently mechanistic 
because map-based navigation has been implemented on computing machines for half a 
century. I assume that, like me, the quoted authors get spoken directions from their mobile 
phones when driving to unfamiliar destinations and that they glance from time to time at the 
map thereon displayed. On this map is an arrow or a pulsing blue dot showing them where they 
are on the map. Is there an infinite regress inside a mobile phone? 
 
I assume the quoted authors understand that the map displayed on the screen is not where the 
map resides. The displayed map disappears when they press the right button, but it may be 
summoned back whenever wanted. I assume we're all clear that the map is not in the screen's 
LEDs; it's in a memory chip inside the phone. 
 
Similarly, the firing of place cells cannot be the material basis of the cognitive map, although 
many models in the literature are founded on these cells (Burgess, 2008; Bikanski & Burgess, 
2016; Gerstner & Abbott, 1997). That firing communicates to other neurons locational 
inferences drawn from the information stored in the map but it is not the material realization of 
the map any more than the light emitted by the pulsing LEDs on the screen of the phone is the 
material realization of the map in the phone. To imagine otherwise is to confuse signals with 
symbols: signals are the transient conveyors of information from one location to another; 
symbols convey information forward in time (Gallistel & King, 2010). 
 
Perhaps, however, we're not all quite so clear about the form in which that map exists inside 
that chip. I get the feeling sometimes that some cognitive scientists think there's a tiny piece of 
paper in there on which the map is microscopically inscribed. What else is one to think when 
one reads someone objecting to the cognitive map hypothesis because it implies a ghostly 
reader of the map? Well, actually, I don't really think that any of those authors think there's a 
tiny piece of paper in there, but I do struggle to understand what their conception of digitally 
encoded maps might be. I struggle even more to understand how they conceptualize the use 
made of those maps by the computers that now drive cars around San Francisco and by the 
map program on your phone that tells you to "take the next exit on your right in a quarter 
mile." (Can a mobile phone be quoted? There's a metaphysical poser!) I can understand that 
these authors might not subscribe to the computational theory of mind (or, at least, not to my 
version of it). However, refusal to subscribe to the view that the brain is a machine that 
computes cannot be because we now have no clear conception of what a machine that 
computes is and what it can do.  
 
It is also true, as one of the hostile reviewers of our paper wrote that the many papers that 
embrace the concept of a cognitive map are not explicit about what that means and what it 
entails. I turn now to remedying that defect in the literature. 
 
 A cognitive map is a metric vector space in neural tissue, anchored to a portion of the world in 
which an animal moves—the frame of reference for the vector space. Navigational 
computations operate on the vectors in this space. Among the vectors that constitute this 
space is one that marks the animal's current location. There are also vectors that represent the 
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locations of landmarks; vectors that represent boundaries to navigation and the loci of visually 
and tactilely experienced texture surfaces. There are also vectors that mark locations whose 
affordances (edibility, drinkability, defensibility, concealability and copulatibility, for example) 
might make them a goal at some time in the indefinite future. This vector space is an integrated 
repository of useful information about the geometry of the world in which an animal navigates. 
Its location vectors also give access to other useful information, such as the color and odor of 
the flowers from which the dancing bee has returned. This other information is represented 
within other vector spaces (Chang, Bao, & Tsao, 2017; Chang & Tsao, 2017; Stevens, 2016) and 
accessed by way of location and time vectors (Gallistel, 1900, Chaps 14 & 15). 
 
I need also to be explicit about what a vector is. In reading the theoretical side of the animal 
navigation literature, one gets the impression that some authors think that a vector is an arrow. 
There are no arrows in memory chips, nor do I imagine that there are arrows in neural tissue. A 
vector is a string of one or more numbers. If we are thinking only of locations on a plane, 
vectors are strings of two numbers. If we're thinking about bat, bird or bee navigation, then 
location and direction vectors have to be strings of three numbers. Direction vectors in a plane 
are strings of either two numbers or one number, depending on our assumptions about 
whether directions are represented as points on the unit circle or numbers in a circular field 
(Gallistel, 2017, Figure 4). Course vectors in the plane are two numbers, one representing the 
range (distance) and one the bearing (direction) of the goal from the start. 
 
Vectors are strings, not bags of numbers. The ordering of the numbers in the string matters, 
just as does the ordering of the words in a sentence. In a location vector, one number 
represents latitude (distance north-south) and the other longitude (distance east-west). In a 
course vector, one number represents the range and one the bearing. Latitude and longitude 
are not interchangeable in navigational computations, nor are range and bearing. 
 
The four most common navigational computations defined on spatial vectors are vector 
subtraction (in course planning), Cartesian to polar conversion (in course setting), polar to 
Cartesian conversion (computing the location to which a given course, i.e., rhumb line, will take 
you), and vector addition (in dead reckoning, and more generally, in determining to what 
location a sequence of courses takes you). 
 
Okay, so the cognitive map hypothesis entails that there be strings of numbers in neural tissue 
on which neural machinery operates. Some neuroscientists—actually, many, indeed most—
may well object, what could a string of numbers look like in neural tissue? And what could the 
machinery that operates on this neurobiological fantasy possibly look like? Is it not just as 
implausible to imagine that there are numbers in neural tissue as to imagine that there are 
arrows? Not at all! However, to realize this we must be clear that we are talking about numbers 
as a computer scientist understands them not about the Platonic numbers of mathematicians, 
logicians and philosophers. We must not go down the metaphysical rabbit hole of worrying 
what a number really is. (In arguing this thesis, I find that I cannot keep most neuroscientists 
and many cognitive scientists out of that hole.) 
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For a computer scientist, a number is a physically realized symbol operated on by machinery 
that performs the basic operations of arithmetic. Those operations are built into every 
computing machine. The above-mentioned operations on cognitive maps are implemented by 
the composition of the basic arithmetic operations, the operations we learned to do by hand 
when we were in elementary school. 
 
The physically realized arithmetically manipulated symbols in the memory of a computing 
machine—that is, the numbers in its memory— often carry information about measurable 
abstract quantities like distances, durations and numerosities. The symbols in a memory, 
whether computer memory or neurobiological memory, are generated by past computations to 
convey useful information to computations that may be performed at some unknown later 
time. Their capacity to transmit the results of one computation through time to serve as inputs 
to later computations makes possible the temporally unbounded composition of functions. 
Computation is the composition of functions; memory liberates computation from the tyranny 
of time. A number we stored in memory 70+ years ago may enter into a computation our brain 
now performs. 
 
As Turing and von Neumann already understood, the efficient physical realization of numbers 
requires a basis set of 2-or more digit elements (e.g, 0 & 1 for a binary code, or 0-9 for a 
decimal code, or 0-9 & A-F for a hexadecimal code). The number of elements in this set is the 
base of the code. The elements must be concatenable into strings. The ordinal position of a 
digit in the string must signify the power to which base is to be raised, because the number that 
the string represents is the sum of those powers when each power is scaled by the digit at its 
position in the string. 
 
The essential requirements for the elements of a basis set are that they be readily generated, 
readily concatenable, and readily read. Polynucleotides (DNA and RNA) satisfy these 
requirements. Polynucleotides are strings of four nucleotides. The machinery for building and 
editing  them exists in every cell, as does the machinery for distinguishing between them on the 
basis of the ordering of the nucleotides—the molecular machinery that reads the molecular 
strings and generates the proteins whose structures the strings encode. The energetic cost of 
generating a string is minimal, because hydrolyzing a single ATP molecule provides the energy 
required to add a nucleotide. The generation of a string proceeds rapidly: 10-100 nucleotides 
per second (Milo & Phillips, 2016). The information density in the resulting strings (bits per 
cubic angstrom) approaches the limits imposed by physics (Gallistel, 2017). 
 
The realization that randomly generated short polynucleotides are the equivalent of random 
draws from an extremely large pool of different serial numbers has given rise to a powerful 
method for tracking the projections of numerous individual neurons. Each neuronal cell body is 
infected with a different transportable "bar code" in the form of a random short 
polynucleotide. The polynucleotide is attached to a protein that migrates to the terminal ends 
of axons. The axon terminals are "scanned" by reverse transcription, each for its (almost) 
unique bar code  (Kebschull et al., 2016). Every neurobiologist worth her salt knows about bar 
coding with an RNA-protein complex. However, this knowledge seems not to suggest to most 
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neuroscientists anything about where to look for the kind of memory that is required in a 
machine capable of a rational behavior—like navigation. 
 
Bottom line: Every neuron contains molecules that could serve as the physically realized 
numbers in a system of arithmetic. Moreover, in a brilliant, highly original paper on molecular 
computation, Hessam Akhlaghpour (2020) has recently shown that RNA can implement all the 
computational operations, including embedding—putting one string as an element within a 
larger string. Therefore, it is now possible to form a clear and highly material idea of what a 
string of numbers could look like in neural tissue: It could look like micro RNAs inside individual 
neurons. They could serve as both the symbols and the machinery that operates on the 
symbols. There are thousands of micro-RNAs inside every neuron, most of which have no 
currently known function. 
 
These considerations bring us back to the neurobiological implications of the behavioral facts: 
The dead reckoning in the log books of the early explorers, together with their descriptions and 
sketches of landfalls, were the most valuable information they brought back. The log book is 
the memory of a voyage; its contents are generated in the course of the voyage. The metric and 
snapshot information in log books made it possible to put the new world on the mappa mundi 
(Waldseemüller, 1507). Similarly, the dead reckoning in the tiny brains of ants and bees 
generates the location vectors that constitute their cognitive map and their neurobiological 
camera generates the snapshots of the notable terrain features they encounter. These 
geographically located, compass-oriented snapshots constitute their pilot book. 
 
The ant's dead reckoning mechanism updates its cumulative displacement from the nest stride 
by stride (Wittlinger et al., 2007). Each stride is about 1 cm. The ant takes several strides per 
second. There are roughly 100,000 strides in a kilometer-length outing. During that outing, the 
ant makes several snapshots (Cheng, 1998; Cheng & Cody, 2015; Cheng, Collett, Pickhard, & 
Wehner, 1987). Each snapshot is annotated by the ant's heading and location at the time the 
snapshot was taken. A snapshot is itself an array of numbers—photon catches by the 
photoreceptors in the ommatidia, which are probably processed into vectors recording textures 
and shapes prior to entry into memory. A back-of-the-envelope calculation with these 
quantitative facts tell us that the brain of a foraging ant or bee generates and stores in memory 
something like 10-100 vectors per second— 36,000-360,000 new memories in an hour—all in a 
1mm3 brain with about 1,000,000 neurons. 
 
The only physical structures that can transparently encode many newly generated numbers at 
high rates are the string-like molecules inside neurons. The cell assemblies (neuronal dustballs) 
favored as the physical basis of memory by those committed to Locke's theory of mind (Bi & 
Poo, 2001; Langille & Gallistel, 2020; Poo et al., 2016) are hopelessly inadequate. Their evident 
inadequacy explains why admitting the existence of a cognitive map is a bridge too far for many 
neurobiologists. 
 
An understanding of what successful navigation requires—an understanding essential to every 
serious sailor—leads to an understanding of what the physical basis of memory must be. I 
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believe this understanding will someday revolutionize neuroscience, but it will come only when 
the field has navigated past the reef raised by Locke's theory of mind. At present, the field is 
like Captain Cook when he could find no way to get beyond Australia's Great Barrier Reef—on 
which he eventually holed his ship. 
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