








Base Model for Insect
Navigation

Path integration

Qutbound path
. Home vector

Figure adapted from Webb (2019)
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Path Integration \6/ o
Path integration

Maintain continuously updated home vector

Aka dead reckoning

Capacity to use idiothetic cues to
calculate the updated position of the
animal by monitoring its trajectory in
relation to a start location

(cues generated by the animal’s
movements)

Byrne, J. H. (2017). Learning and memory: a comprehensive reference. Academic Press. Figure adapted from Webb (2019)









Vector Memory

Path integration Vector memory
The state of the PI 5y5tem Maintain continuously updated home vector Store vectors at food locations

on reaching a goal can be T p—
Home vector

stored . o

———
i
. =

Later activation of that
memory (by an internal
motivation to return to a
different goal) can interact
with Pl to produce a return ;,
to this goal :

/ \ Figure adapted from Webb (2019)




Search for stored
vector memory

/

Activation of stored
vector memory




Search for stored
vector memory
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Activation of stored
vector memory




View Memory
Multiple images when facing or moving along a route to a goal can be stored,
allowing the familiarity of the current view to guide movement
Path integration View memory
Maintain continuously updated home vector Store snapshots when facing the nest
Outbound path
. . Home vector ‘ “ ‘
View
90
"-,= ~90 0 90
“ Azimuth in panoramic view (deg)
Figure adapted from Webb (2019) AN









Interaction Proposal # 1

Pl and vector memory determine which images are stored in view memory.

Outbound path

Learning excursions: bees store images when PI . Home vector

View

indicates it is facing home
Route following: first trip home from food is
guided by Pl and first trip back to feeder guided

by vector memory to learn relevant views.

Thereafter could use view alignment alone.

l\ / \ Figure adapted from Webb (2019)










Base model|

Vector system -> Central complex

Path integration
Maintain continuously updated home vector

Outbound path
. Home vector
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View memory -> Mushroom body

View memory
Store snapshots when facing the nest
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Webb (2019)



How far are we from insects?
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Central complex is conserved across a wide range of insects
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Ring attractor for head direction cells

. Two-photon
330° LED arena microscope

Tachometer
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Camera fo
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Behavior recording camera
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Kim et al. (2017)
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Possible neural implementation for the vector system

Update PI

Each CPU4 cell
modulates the
accumulation of speed
in its preferred
(inhibited) direction.

Homing steering
Compare TB1 with
CPU4 column by
column. The resulting
imbalance in CPUT-
neuron activity
between the

right and left side
causes steering.

Distance (steps)

Population code for home vector
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Novel shortcuts without explicit vector addition

The goal is (Pl - vector memory) -> 0

Step 1: discover food Step 2: steer back to food

Home until all Pl
accumulators are
equal

Fi F1

Store Pl state as
vector memory
Population code

- Actual path taken;
note Pl will encode
real position

H . : H
Inhibit steering /

' & W
W|th F1 VEﬂtDr lli_.-""I. ‘Hﬂ.me’ until F'I

#
memory f.-" balances vector
L, memaory

Previous vector

Step 3: switch to a different memory, and shortcut

Actual path taken
Is a novel shortcut

. At F1, change to
" o inhibit steering

“s_with F2 memory
memory ~

H - x 2 '-.h
" - ) B - 5 -
‘Home" until Pl - A
balances vector
memory

Webb (2019)



Vector memory of honey bee




Possible neural implementation for the view memory: mushroom body

-- visual input to the MB
-- divergent connectivity from the antennal lobe to the much larger number of KCs
-- reward-dependent learning

Kenyon Cells N=20,000

* Sparse connection between images o S
and KC cells i AR CH B

« Sparse firing of Kenton Cells

« When Kenton Cells and Extrinsic
neuron fire together, decrease the

weight

« After training, when a stored scene is 4 i
shown, Extrinsic neuron will have low visual Projection Neurons N=360
activity

o

Reward signal

Extrinsic Neuron N=1

i activated vPNs (vPNs activation level is proportional to pixel intensity)
(O inactive KC
. activated KC —> information transfer from image to vPNs  —4€ reward signal onto KC-EN synapses

. activated EN ——« random and sparse vVPN-KC connections '_'%*: a KC-EN synapse with its weight greatly decreased
‘ reward signal=—4 all-to-one connections from KCs to EN

Ardin (2016)



Possible neural implementation for the view memory: mushroom body
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Is there a map?

Pl

CPU4
Even though they seem to be different | |

navigational strategies, the circuits could be

overlapping. Homing

stop when Pl -> 0

Desired direction
(CPU4)

Foraging Motivation-dependent,dominate?
stop when (Pl - vector memory) -> 0

?

Vector memory View memory

(coexist with — > (Mushroom
PI1?) body)



Dung beetle use celestial cues to set rolling direction




The Monarch butterfly and the Bogong moth migratory routes

C Monarchbutterfly . Bogong moth 23, D N o
“ ' | | Mornin d :;’:T:‘cl"-
Breeding grounds / g gl
Summering/wintering grounds W E Direction
of the sun
—_—
S 12 noon
W ? =
! /
Afternoon S
1000 ki E

10 cm 3 cm

Honkanen et al. (2019)



A common framework for encoding navigational decisions in the insect CX
-- Mediating the animal's next move during target directed behaviour?

v
Ancestral circuit?
Short term sustainance of current heading
E to counteract disturbance

CPU1-
steering
FB

Honkanen et al. (2019)



Multisite imaging of neural activity using a genetically
encoded calcium sensor in the honey bee

Julie Carcaud [=], Marianne Otte, Bernd Grinewald, Albrecht Haase Ed, Jean-Christophe Sandoz E§. Martin Beye

Published: January 31, 2023 « https://doi.orgM0.1371/journal.pbio.3001964

“However, genetic methods are particularly difficult to apply in
eusocial insects, since genetic transformation rates are low,
endogenous promoters for neuronal expressions are unknown and
the genetically manipulated, reproductive individuals (the queens)
have to be maintained in larger colonies with workers in
containments.”
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Path integration
Maintain continuously updated home vector

Outbound path

View memory
Store snapshots when facing the nest
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Testing difficulties with bees

« Earlier: estimate initial head direction
and/or note whether and when arrived
home

« Recently: radar tracking

 Alternatively: bees can be trained to fly
through smaller controlled space/tunnels
(-> only distance component of Pl state

considereq)




Insects might use view memory to correct path
integration

 Especially for long distances, the error in Pl can accumulate

* |f bees encounter landmarks/other signiticant views stored in
the view memory, they can reset Pl (Pl associated with
landmark)

"
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Evidence

Bees reduce odometrics errors during flights by resetting path integrator whenever
landmark cues appear

L andmark posihon
(Ut 19)

¥

E-g;?l-g{i Unitd Umit® Umt 15 Unat 28
L e 4 " nd

Srinisavan et al.
(1997)

Eelative frequency

Width of distribution of
search increases with
distance, but reduced when
landmark provided

( i 10 13 20 23 30 33 40

Po=zition m tunnel

P = !




A Correcting Pl from view
i Train ii Test

N

B




If path integration state is zero, insects might use
view memory to reload a previous path integration

state

* Insects correct Pl when they have followed their home vector with PI=0, but
do not find themselves home

* |f insects then see previously experienced surrounding (in certain Pl state), it
reloads that Pl state and use it to find home

« Menzel et al. (1998): bees transported from nest to one of two feeders

would take appropriate Pl direction home from each -
) r:'_':‘tfp;f"%

i\l



Need for good studies

« Homewards direction taken by zero-vector insect from tamiliar

ocation not enough evidence it has reloaded Pl state

o direction could be explained by alignment to homeward view
stored at this location e L

 Need studies where bees move in direction . oo ‘

o consistent with having reloaded Pl state

o inconsistent with view alignment

| e _a
| A' o 0‘ @ QA‘

ing | Y view facing right

Scan direction {deg)



Evidence: Menzel et al. (2005)

» Bees caught when either leaving nest or
eaving feeder B Reloading PI from view
o passively transported to location well R 27 |
. . s~ Exploration
out of view of either nest or feeder A1 flight
o put within previous learning flight "

experience
« Bees first fly according to home vector (Pl |
should be near zero) -> then perform

search -> At some point take directeo Vi
hath home or to feeder F\

>Io reason bees evgr learned visual route Displacement
from random location to feeder




The state of the home vector may prime the recall of
specific views

« Can Pl state prime recovery of the memory of a corresponding view +
thus alter likelihood that the animal will be influenced by it?

P
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Evidence No. 1 - Srinivasan et al. (1999)
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» choice frequency linearly related
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Evidence No. 2? - "Lake Experiment” (Gould & Gould, 1982)

« Priming convincing if: bees use dance
information (which is in form of a vector)
to index their view memories

« Bees were trained to visit a feeder on a

noat in the middle of a lake

o When the trained foragers performed
dances for this location, no recruits
arrived at the lake feeder during 5 of 6
days of training
o Dances for an equidistant feeder on
and elicited heavy recruitment




Evidence No. 2? - "Lake Experiment” (Gould & Gould, 1982)

» Bees used the direction and distance
information to index an associated view
memaory ana

o "picture" the lake (implausibly
located) and refuse to respond

o "picture" the location on the land
(more believable) and act on the
information

« BUT: replication -> bees follow dance
and leave nest in search of food (Wray et
al. 2008)




Overview

. \l

* More experimental evidence
- Local Vectors?

—> Topological sequencing

* Do bees have a cognitive map or not?

* Why are we even interested in bees?
- Implications for (human) cognition
- Applications for robotics

- ‘*
-



Do bees associate view memories with a local
vector?

AT YW
* |dea: If a certain vector is activated at a certain location (other than

the nest), it is indicative of topological processing

 Evidence: | F
\/ o \/ ‘
Position 11 tunnel
"%""”' \ Ay ___w_‘__LI__H_‘____Hﬂw__ Landmark 1 (top view)
GIE"" | : Landmark 2 (top view)

3 IMIMIMIIIIIINNEE SRRy Laduds (op v

Top view of expenimental tunnels

Srinivasan, M. V., Zhang, S., & Bidwell, N. (1997). Visually mediated odometry in honeybees.
Journal of Experimental Biology, 200(19), 2513-2522.
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Do bees associate view memories with a local
vector?

AT - ..

 But...

* This only considers 1 dimension. Evidence wrt. naturalistic settings is
limited.

* Possibly because of global, distant views

4 N R
\_ /

\_ /

lllustration of experiment in Collett, T. S., & Kelber, A. (1988). The retrieval of visuo-spatial
memories by honeybees. Journal of Comparative Physiology A, 163, 145-150.




Do bees store topological sequences?

AT1 B 000 e
* Bees can do mazes!

* In unknown of 4 mazes, also may build evidence for a context

* May show expectation of visual scenes | |

Exit

—_— 1 dcm

Mirwan, H. B., & Kevan, P. G. (2015). Maze navigation and route memorization by worker bumblebees
(Bombus impatiens (Cresson)(Hymenoptera: Apidae). Journal of Insect Behavior, 28, 345-357.
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Do bees store topological sequences?

A RN Y
* Can learn group associations

ABC & A'B'C ACB & A'C'B’

Zhang, S. W., Lehrer, M., & Srinivasan, M. V. (1999). Honeybee memory: navigation by associative grouping and recall
of visual stimuli. Neurobiology of learning and memory, 72(3), 180-201.
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So, do bees have cognitive maps?

g A RN Y
e Putting the question in the context of the seminar so far

* Tolman = Stimulus-Reward or Stimulus-Stimulus?
- Latent Learning?
— Spatial Orientation

* Reinforcement Learning

* Limitations of behavioural experiments...
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The problem with bees...

. ) Paffhausen, B. H., Petrasch, J., Wild, B., Meurers, T., Schulke, T., Polster, J., ... & Landgraf, T. (2021). A flying
= ;‘.‘f'{"‘; platform to investigate neuronal correlates of navigation in the honey bee (Apis mellifera). Frontiers in Behavioral

Neuroscience, 15, 690571.
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So, do bees have cognitive maps?

4 A T INEEN Y
e Putting the question in the context of the seminar so far

* Tolman = Stimulus-Reward or Stimulus-Stimulus?
- Latent Learning?
— Spatial Orientation

* Reinforcement Learning

* Limitations of behavioural experiments...
* Different to humans, product of environmental niche

e But both are flexible

";
-




So, do bees have cognitive maps?

... and if so why do we care?
y - —
* Comparative cognition

 Robotics

L '...

TS W e TR e R R i 1 S
Stiirzl, W., & Carey, N. (2012). A 2 O e e M&‘,i"f”“’"‘mwl‘f‘ o
fisheye camera system for - NS T e
polarisation detection on UAVs.
In Computer Vision—ECCV 2012.
Workshops and Demonstrations:
Florence, Italy, October 7-13,
2012, Proceedings, Part Il 12 (pp.
431-440). Springer Berlin

Heidelberg.
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Discussion Questions

Q. Insects use a celestial compass, they have visual receptors for polarised
light (that changes with sun position) allowing them to use the sun as a
compass accurately without "measuring” time. This is "accurate for short
journey, but must be time compensated during longer journeys", does this

imply there is a time perception and integration necessary for navigation?
Would that account for a representation closer to a cognitive map?

A. It seems bees use primarily optic flow to judge distance moved. Over the course
of the day though, the trajectory of polarised light through reaching the surface of
the earth changes, but bees seem to be able to update their celestial compass
accurately. It's not known how they do this - it might be they use a time-based mode|

to predict the changing trajectory, but it might be more plausible that they use
known vectors to update it.
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Discussion Questions

Q. Honeybees have a rather short lifespan of only several weeks (during
the work-intensive summer). Do you think a reason that so far (as far as |
understood) no explicit map was found is that it might not be worth the
effort, either energy- or maybe also place-wise (small brain)? Or do you
think it is because a (maybe map-alike interaction of) the other
mechanisms are already sufficient?

A. | think all of the above! | don't think there is convincing enough evidence to say for
certain whether bees are capable of using cognitive maps or not. It we are under the
assumption that they cannot, it is likely because the computational expenditure for
cognitive maps is too high (because of their short litespans, comparably small brains,
and the fact that they already have viable navigational mechanisms in place).
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Discussion Questions

Q. Would the described way of insect navigation not be very
computationally demanding? Would a cognitive map not be a more
efficient way of encoding the surroundings? How much of the insect brain

Is dedicated to navigation?

A. | would think the described way of insect navigation is inherently less
computationally demanding than cognitive maps. Bees have one hundred thousand
times fewer neurons as humans and appear capable of using this base model to
navigate, but not necessarily cognitive maps... Current knowledge suggests only the
central complex is explicitly used in navigation -> but we have to take into account
how motion information and visual information influences these processes too.
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Discussion Questions

Q. This model is built on the (usually fulfilled) assumption that the insects
only possess one nest which they reference as their home location. What
would happen if one were to experimentally induce an insect to have
multiple nests? would the same model be applicable? or would the animal
need to develop other strategies that do not rely on a fixed origin? or
maybe would they always they get lost on the way to feeding and die from
starvation?

A. Bees only have one nest and one queen. Inducing them to have more would
amount to some thorough genetic tampering. For now at least this is not possible,
and even if it was would likely cause too many changes to be imaginable.
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Discussion Questions

Q. We as humans do not have that in-built compass as insects and thus
cannot use vector memory. Do you think this is a bug or a feature?

A. We do seem to have the ability to form rough vector memories, they are however

MUucC
com

N wWorse than bees, because we do not have the ability to use a celestial

Dass as we cannot see polarized light. | would say it's not a bug or a feature, it's

a just a manifestation of the different niches we occupy, and divergent evolution.

Also,

human vision is much better, so we can rely on it more.
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Sources

Main:
Webb, B. (2019). The internal maps of insects. Journal of Experimental Biology, 222(Suppl_1),
jeb188094.

Support:
Byrne, J. H. (2017). Learning and memory: a comprehensive reference. Academic Press.

Cheeseman, . F, Millar, C. D., Greggers, U., Lehmann, K., Pawley, M. D., Gallistel, C. R,, ... & Menzel, R.
(2014). Way-tinding in displaced clock-shifted bees proves bees use a cognitive map. Proceedings of
the National Academy of Sciences, 111(24), 8949-8954.

Gould, J. L. & Gould, C. G. 1982. The insect mind: physics or meta?physics? In: Animal MindeHuman
Mind (Ed. by D. R. Griffin), pp. 269e298. Berlin: Springer-Verlag.

Patel, R. N., & Cronin, T. W. (2020). Mantis shrimp navigate home using celestial and idiothetic path
integration. Current Biology, 30(11), 1981-1987.
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