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�

!BSTRACT“NSECT NAVIGATION ARISES FROM THE COORDINATED ACTION OF CONCURRENT GUIDANCE SYSTEMS��

BUT THE NEURAL MECHANISMS THROUGH WHICH EACH FUNCTIONS� AND ARE THEN COORDINATED� REMAINS��

UNKNOWN� 7E PROPOSE THAT INSECTS REQUIRE DISTINCT STRATEGIES TO RETRACE FAMILIAR ROUTES��

�ROUTE
FOLLOWING	 AND DIRECTLY RETURN FROM NOVEL TO FAMILIAR TERRAIN �HOMING	 USING DIŠERENT ASPECTS��

OF FREQUENCY ENCODED VIEWS THAT ARE PROCESSED IN DIŠERENT NEURAL PATHWAYS� 7E ALSO DEMONSTRATE��

HOW THE #ENTRAL #OMPLEX AND -USHROOM "ODIES REGIONS OF THE INSECT BRAIN MAY WORKIN TANDEM TO��

COORDINATE THE DIRECTIONAL OUTPUT OF DIŠERENT GUIDANCE CUES THROUGH A CONTEXTUALLY SWITCHED��

RING
ATTRACTOR INSPIRED BY NEURAL RECORDINGS� 4HE RESULTANT UNI1ED MODEL OF INSECT NAVIGATION��

REPRODUCES BEHAVIOURAL DATA FROM A SERIES OF CUE CON2ICT EXPERIMENTS IN REALISTIC ANIMAL��

ENVIRONMENTS AND OŠERS TESTABLE HYPOTHESES OF WHERE AND HOW INSECTS PROCESS VISUAL CUES� UTILISE��

THE DIŠERENT INFORMATION THAT THEY PROVIDE AND COORDINATE THEIR OUTPUTS TO ACHIEVE THEADAPTIVE��

BEHAVIOURS OBSERVED IN THE WILD���

��

“NTRODUCTION��

#ENTRAL
PLACE FORAGING INSECTS NAVIGATE USING A �TOOLKIT� OF INDEPENDENT GUIDANCE SYSTEMS �7EHNER���

���� 	 OF WHICH THE MOST FUNDAMENTAL ARE PATH INTEGRATION �0“	� WHEREBY FORAGERS TRACK THE DISTANCE��

AND DIRECTION TO THEIR NEST BY INTEGRATING THE SERIES OF DIRECTIONS AND DISTANCES TRAVELLED �FOR REVIEWS��

SEE(EINZE ET AL������ 	� #OLLETT����� 		� AND VISUAL MEMORY �6-	� WHEREBY FORAGERS DERIVE A HOMING��

SIGNAL BY COMPARING THE DIŠERENCE BETWEEN CURRENT AND STORED VIEWS �FOR REVIEWS SEE:EIL ����� 	���

#OLLETT ET AL������ 		� .EUROPHYSIOLOGICAL AND COMPUTATIONAL MODELLING STUDIES ADVOCATE THE CENTRAL��

COMPLEX NEUROPIL �#8	 AS THE 0“ CENTRE �(EINZE AND (OMBERG� ���� � 3EELIG AND *AYARAMAN� �������

3TONE ET AL�� ����	� WHEREAS THE MUSHROOM BODY NEUROPILS �-"	 APPEAR WELL SUITED TO ASSESSING��

VISUAL VALENCE AS NEEDED FOR 6- �(EISENBERG� ���� � !RDIN ET AL�� ���� � -»LLER ET AL�� ���� 	� 9ET���

TWO KEY GAPS IN OUR UNDERSTANDING REMAIN� &IRSTLY� ALTHOUGH CURRENT 6- MODELS BASED ON THE��

-" ARCHITECTURE CAN REPLICATE ROUTE FOLLOWING�2&	 BEHAVIOURS WHEREBY INSECTS VISUALLY RECOGNISE��

THE DIRECTION PREVIOUSLY TRAVELLED AT THE SAME POSITION �!RDIN ET AL�� ���� � -»LLER ET AL�� ���� 	� THEY��

CANNOT ACCOUNT FOR VISUAL HOMING �6(	 BEHAVIOURS WHEREBY INSECTS RETURN DIRECTLY TO THEIR FAMILIAR��

SURROUNDINGS FROM NOVEL LOCATIONS FOLLOWING A DISPLACEMENT �E�G� AFTER BEING BLOWN OŠ COURSE BY��

A GUST OF WIND	 �7YSTRACH ET AL�� ����	� 3ECONDLY� DESPITE INCREASING NEUROANATOMICAL EVIDENCE��

SUGGESTING THAT PREMOTOR REGIONS OF THE #8 COORDINATE NAVIGATION BEHAVIOUR �0FEIŠER AND (OMBERG���

���� � (EINZE AND 0FEIŠER� ���� � (ONKANEN ET AL�� ���� 	� A THEORETICAL HYPOTHESIS EXPLAINING HOW��

� OF ��
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THIS IS ACHIEVED BY THE NEURAL CIRCUITRY HAS YET TO BE DEVELOPED� “N THIS WORK WE PRESENT A UNI1ED��

NEURAL NAVIGATION MODEL THAT EXTENDS THE CORE GUIDANCE MODULES FROM TWO �0“ AND 6-	 TO THREE �0“���

2&� AND 6(	 AND BY INTEGRATING THEIR OUTPUTS OPTIMALLY USING A BIOLOGICALLYREALISTIC RING ATTRACTOR��

NETWORK IN THE #8 PRODUCES REALISTIC HOMING BEHAVIOURS���

4HE FOREMOST CHALLENGE IN REALISING THIS GOAL IS TO ENSURE THAT THE CORE GUIDANCE SUBSYSTEMS��

PROVIDE SUZCIENT DIRECTIONAL INFORMATION ACROSS CONDITIONS� #ONTEMPORARY 6- MODELS BASED ON��

THE -"S CAN REPLICATE REALISTIC 2& BEHAVIOURS IN COMPLEX VISUAL ENVIRONMENTS �ANT ENVIRONMENTS���

+ODZHABASHEV AND -ANGAN����� 	� !RDIN ET AL������ 	� BEE ENVIRONMENTS�-»LLER ET AL������ 		��

BUT DO NOT GENERALISE TO VISUAL HOMING SCENARIOS WHEREBY THE ANIMAL MUST RETURNDIRECTLY TO��

FAMILIAR TERRAIN FROM NOVEL LOCATIONS �ANTS�.ARENDRA����� 	� BEES�#ARTWRIGHT AND #OLLETT����� 	���

WASPS�3T»RZL ET AL������ 		� 3TORING MULTIPLE NEST
FACING VIEWS BEFORE FORAGING� INSPIRED BY OBSERVED��

LEARNING WALKS IN ANTS �-»LLER AND 7EHNER� ���� � &LEISCHMANN ET AL�� ����	 AND2IGHTS IN BEES AND��

WASPS �:EIL ET AL�� ���� � :EIL AND &LEISCHMANN� ����	� PROVIDES A POTENTIAL SOLUTION �'RAHAM ET AL����

���� � 7YSTRACH ET AL�� ����	� BUT SIMULATION STUDIES HAVE FOUND THIS APPROACH TO BE BRITTLE DUE TO��

HIGH PROBABILITIES OF ALIGNING WITH THE WRONG MEMORY CAUSING CATASTROPHIC ERRORS �$EWAR ET AL����

���� 	� -OREOVER� ANTS RELEASED PERPENDICULARLY TO THEIR FAMILIAR ROUTE DO NOT GENERALLY ALIGN WITH��

THEIR FAMILIAR VISUAL DIRECTION AS PREDICTED BY THE ABOVE ALGORITHMS �7YSTRACH ET AL�� ����	� BUT��

INSTEAD MOVE DIRECTLY BACK TOWARDS THE ROUTE �&UKUSHI AND 7EHNER� ����� +OHLER AND 7EHNER���

���� � .ARENDRA� ���� � -ANGAN AND 7EBB� ���� � 7YSTRACH ET AL�� ����	� WHICH WOULD REQUIRE A��

MULTI
STAGE MENTAL ALIGNMENT OF VIEWS FOR CURRENT MODELS� .EW COMPUTATIONAL HYPOTHESIS ARE THUS��

REQUIRED THAT CAN GUIDE INSECTS DIRECTLY BACK TO THEIR ROUTE �OFTEN MOVING PERPENDICULARLY TO THE��

HABITUAL PATH	� BUT ALSO ALLOW FOR THE ROUTE DIRECTION TO BE RECOVERED �NOW ALIGNED WITH THE HABITUAL��

PATH	 UPON ARRIVAL AT FAMILIAR SURROUNDINGS �SEE&IGURE �! � :ERO 6ECTOR�	���

7ITH THE NECESSARY ELEMENTAL GUIDANCE SYSTEMS DE1NED� A UNIFYING MODEL MUST THEN CONVERT��

THE VARIOUS DIRECTIONAL RECOMMENDATIONS INTO A SINGLE MOTOR COMMAND APPROPRIATE TO THE CONTEXT��

�#RUSE AND 7EHNER� ����� (OINVILLE ET AL�� ����� #OLLETT ET AL�� ����� 7EBB� ���� 	� "EHAVIOURAL STUD
��

IES SHOW THAT WHEN IN UNFAMILIAR VISUAL SURROUNDINGS �� / Š
2OUTE�	 INSECTS COMBINE THE OUTPUTS OF��

THEIR 0“ AND 6( SYSTEMS �#OLLETT� ����� "REGY ET AL�� ���� � #OLLETT� ����	 RELATIVE TO THEIR RESPECTIVE��

CERTAINTIES CONSISTENT WITH OPTIMAL INTEGRATION THEORY �,EGGE ET AL�� ���� � 7YSTRACH ET AL�� ����	��

�&IGURE �! �&ULL 6ECTOR�	� 5PON ENCOUNTERING THEIR FAMILIAR ROUTE� INSECTS READILY RECOGNISE THEIR��

SURROUNDINGS� RECOVER THEIR PREVIOUS BEARING AND RETRACE THEIR FAMILIAR PATH HOME �(ARRISON ET AL����

���� � +OHLER AND 7EHNER� ����� 7YSTRACH ET AL�� ����� -ANGAN AND 7EBB� ���� 	� 4HUS� THE NAVIGA
��

TION COORDINATION MODEL MUST POSSES TWO CAPABILITIES� �A	 OUTPUT A DIRECTIONAL SIGNALCONSISTENT��

WITH THE OPTIMAL INTEGRATION OF 0“ AND 6( WHEN /Š
2OUTE �B	 SWITCH FROM /Š
2OUTE �0“ AND 6(	 TO��

/N
2OUTE �2&	 STRATEGIES WHEN FAMILIAR TERRAIN IS ENCOUNTERED� -ATHEMATICAL MODELS HAVE BEEN��

DEVELOPED THAT REPRODUCE ASPECTS OF CUE INTEGRATION IN SPECI1C SCENARIOS �#RUSE AND 7EHNER� �������

(OINVILLE AND 7EHNER� ����	� BUT TO DATE NO NEUROBIOLOGICALLY CONSTRAINED NETWORK REVEALING HOW��

INSECTS MIGHT REALISE THESE CAPABILITIES HAS BEEN DEVELOPED���

4O ADDRESS THESE QUESTIONS A FUNCTIONAL MODELLING APPROACH IS FOLLOWED THAT EXTENDS THE CURRENT��

BASE MODEL DESCRIBED BY7EBB ����� 	 TO �A	 ACCOUNT FOR THE ABILITY OF ANTS TO HOME FROM NOVEL��

LOCATIONS BACK TO THE FAMILIAR ROUTE BEFORE RETRACING THEIR FAMILIAR PATH THEREST OF THE JOURNEY HOME���

AND �B	 PROPOSE A NEURALLY
BASED MODEL OF THE CENTRAL COMPLEX NEUROPIL THAT INTEGRATES COMPET
��

ING CUES OPTIMALLY AND GENERATES A SIMPLE STEERING COMMAND THAT CAN DRIVE BEHAVIOUR DIRECTLY���

0ERFORMANCE IS BENCH
MARKED BY DIRECT COMPARISON TO BEHAVIOURAL DATA REPORTEDBY7YSTRACH��

ET AL������ 	 �SHOWING DIŠERENT NAVIGATION BEHAVIOURS ON AND OŠ THE ROUTE	�,EGGE ET AL������ 	���

7YSTRACH ET AL������ 	 �DEMONSTRATING OPTIMAL INTEGRATION OF 0“ AND 6-	� AND THROUGH QUALITATIVE��

COMPARISON TO EXTENDED HOMING PATHS WHERE INSECTS SWITCH BETWEEN STRATEGIES ACCORDING TOTHE��

CONTEXT �.ARENDRA� ���� 	� "IOLOGICAL REALISM IS ENFORCED BY CONSTRAINING MODELS TO THE KNOWN��

ANATOMY OF SPECI1C BRAIN AREAS� BUT WHERE NO DATA EXISTS AN EXPLORATORY APPROACH IS TAKEN TO��

INVESTIGATE THE MECHANISMS THAT INSECTS MAY EXPLOIT�&IGURE �! DEPICTS THE ADAPTIVE BEHAVIOURS��

OBSERVED IN ANIMALS THAT WE WISH TO REPLICATE ACCOMPANIED BY A FUNCTIONAL OVERVIEW OF OUR UNI1ED��

� OF ��
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MODEL OF INSECT NAVIGATION �&IGURE �"	 MAPPED TO SPECI1C NEURAL SITES �&IGURE �#	���

2ESULTS��

-USHROOM BODIES AS DRIVERS OF ROTATIONAL INVARIANT VISUAL HOMING��

&OR ANTS TO RETURN DIRECTLY TO THEIR FAMILIAR ROUTE AFTER A SIDEWAYS DISPLACEMENT�&IGURE �! � :ERO 6EC
��

TOR�	 WITHOUT CONTINUOUS MENTAL OR PHYSICAL REALIGNMENT THEY REQUIRE ACCESS TO ROTATIONAL INVARIANT��

VISUAL CUES�3TONE ET AL������ 	 RECENTLY DEMONSTRATED THAT BINARY IMAGES OF PANORAMIC SKYLINES��

CONVERTED INTO THEIR FREQUENCY COMPONENTS CAN PROVIDE SUCH A ROTATIONALLY
INVARIANT ENCODING OF��

SCENES IN A COMPACT FORM �SEE“MAGE PROCESSINGFOR AN INTRODUCTION TO FREQUENCY TRANSFORMATIONS��

OF IMAGES	� -OREOVER� THEY DEMONSTRATED THAT THE DIŠERENCE BETWEEN THE ROTATIONALLY INVARIANT���

FEATURES �THEAMPLITUDESOF THE FREQUENCY COEZ CIENTS	 BETWEEN TWO LOCATIONS INCREASES MONOTONI
���

CALLY WITH DISTANCE PRODUCING AN ERROR SURFACE REMINISCENT OF THE IMAGE DIŠERENCE SURFACES REPORTED���

BY:EIL ET AL������ 	 WHICH CAN GUIDE AN AGENT BACK TO FAMILIAR TERRAIN� (ERE WE INVESTIGATEWHETHER���

THE -" NEUROPILS SHOWN CAPABLE OF ASSESSING THE VISUAL VALENCE OF LEARNED ROTATIONALLY
VARYING���

PANORAMIC SKYLINES FOR2& �!RDIN ET AL�� ���� � -»LLER ET AL�� ���� 	� MIGHT INSTEAD ASSESS THE VISUAL���

VALENCE OF ROTATIONALLY
INVARIANT PROPERTIES OF VIEWS SAMPLED ALONG A FAMILIAR ROUTE SUPPORTING���

VISUAL HOMING����

4O THIS END� THE INTENSITY SENSITIVE INPUT NEURONS OF!RDIN ET AL������ 	�S -" MODEL ARE REPLACED���

WITH INPUT NEURONS ENCODING ROTATIONAL INVARIANTAMPLITUDES�&IGURE �! LEFT� BLUE PANEL	� 4HE���

NETWORK IS TRAINED ALONG AN11mCURVED ROUTE IN A SIMULATED WORLD THAT MIMICS THE TRAINING REGIME���

OF ANTS IN7YSTRACH ET AL������ 	 �SEE-ETHODS AND -ATERIALSAND2EPRODUCE VISUAL NAVIGATION���

BEHAVIOURFOR DETAILS ON SIMULATED WORLD� IMAGE PROCESSING� MODEL ARCHITECTURE AND TRAINING AND���

TEST REGIME	� !FTER TRAINING� THE1RING RATE OF THE -" OUTPUT NEURON �-"/.	 WHEN PLACED AT LOCATIONS���

ACROSS THE ENVIRONMENT AT RANDOM ORIENTATIONS REVEALS A GRADIENT THAT INCREASESMONOTONICALLY���

WITH DISTANCE FROM THE FAMILIAR ROUTE AREA� PROVIDING A HOMING SIGNAL SUZ CIENT FOR 6( INDEPENDENT���

OF THE ANIMAL�S ORIENTATION �&IGURE �#	����

-OTOR OUTPUT IS THEN GENERATED BY CONNECTING THE -"/. TO A STEERING NETWORK RECENTLY LOCATED���

IN THE FAN
SHAPED BODY �&"�#"5	 OF THE #8 THAT FUNCTIONS BY MINIMISING THE DIŠERENCE BETWEEN���

THE ANIMAL�S CURRENT AND DESIRED HEADINGS �3TONE ET AL�� ����	� 3TONE ET AL������ 	�S KEY INSIGHT���

WAS THAT THE ANATOMICALLY OBSERVED SHIFTS OF ACTIVITY IN THE COLUMNAR NEURONS THAT ENCODE THE���

DESIRED HEADING IN ESSENCE SIMULATE ��oTURNS LEFT AND RIGHT� AND THUS BY COMPARING THE SUMMED���

DIŠERENCES BETWEEN THE ACTIVITY PRO1LES OF THESE PREDICTED HEADINGS TO THE CURRENT HEADING THEN���

THE APPROPRIATE TURNING COMMAND CAN BE COMPUTED �SEE&IGURE �"	� 7E ADOPT THIS CIRCUIT AS THE���

BASIS FOR COMPUTING STEERING COMMANDS FOR ALL STRATEGIES AS SUGGESTED BY(ONKANEN ET AL������ 	����

“N THE PROPOSED 6( MODEL THE CURRENT HEADING INPUT TO THE STEERING CIRCUIT USES THE SAME���

CELESTIAL GLOBAL COMPASS USED IN3TONE ET AL������ 	�S 0“ MODEL�“NSECTS TRACK THEIR ORIENTATION���

THROUGH HEAD
DIRECTION CELLS �3EELIG AND *AYARAMAN� ����	 WHOSE CONCURRENT1RING PATTERN FORMS���

A SINGLE BUMP OF ACTIVITY THAT SHIFTS AROUND THE RING AS THE ANIMAL TURNS �MEASURED THROUGH LOCAL���

VISUAL �'REEN ET AL�� ���� � 4URNER
%VANS ET AL�� ����	� GLOBAL VISUAL �(EINZE AND (OMBERG� ���� 	���

AND PROPRIOCEPTIVE �3EELIG AND *AYARAMAN� ����	 CUES	� .EUROANATOMICAL DATA �+IM ET AL�� ���� ����

4URNER
%VANS ET AL�� ����� 0ISOKAS ET AL�� ����	 SUPPORTS THEORETICAL PREDICTIONS �#OPE ET AL�� ���� ����

+AKARIA AND DE "IVORT� ����	 THAT THE HEAD
DIRECTION SYSTEM OF INSECTS FOLLOWS A RING ATTRACTOR �2!	���

CONNECTIVITY PATTERN CHARACTERISED BY LOCAL EXCITATORY INTERCONNECTIONS BETWEEN DIRECTION SELECTIVE���

NEURONS AND GLOBAL INHIBITION�“N THIS WORK� THE GLOBAL COMPASS 2! NETWORK IS NOT MODELLED DIRECTLY���

BUT RATHER WE SIMULATE ITS SINUSOIDAL ACTIVITY PRO1LE IN A RING OF“
4"� �LOCUSTS AND�7 OF2IES	 NEURONS���

FOUND IN THE PROTOCEREBRAL BRIDGE �0#"�0"	 �&IGURE �! GREEN RING	 �SEE#URRENT HEADINGS	����

! DESIRED HEADING IS THEN GENERATED BY COPYING THE CURRENT ACTIVITY PATTERN OF THE GLOBAL COMPASS���

NEURONS TO A NEW NEURAL RING WHICH WE SPECULATE COULD RESIDE IN EITHER A DISTINCT SUBSET OF“
4"����

NEURONS �"EETZ ET AL�� ���� 	 OR IN THE &"� #RUCIALLY� THE COPIED ACTIVITY PRO1LE ALSO UNDERGOES A���

LEFTWARD SHIFT PROPORTIONAL TO ANY INCREASE IN VISUAL NOVELTY �A SIMILAR SHIFTING MECHANISMS HAS BEEN���

� OF ��
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&IGURE �� /VERVIEW OF THE UNI1ED NAVIGATION MODEL AND IT�S HOMING CAPABILITIES��! 	 4HE HOMING
BEHAVIOURS TO BE PRODUCED BY THE MODEL WHEN DISPLACED EITHER FROM THE NEST AND HAVING NO REMAINING 0“ HOME
VECTOR �ZERO VECTOR	� OR FROM THE NEST WITH A FULL HOME VECTOR �FULL VECTOR	� $ISTINCT ELEMENTAL BEHAVIOURS ARE
DISTINGUISHED BY COLOURED PATH SEGMENTS� AND STRIPPED BANDS INDICATE PERIODS WHERE BEHAVIOURAL DATA
SUGGESTS THAT MULTIPLE STRATEGIES ARE COMBINED� .OTE THAT THIS COLOUR CODING OF BEHAVIOUR IS MAINTAINED
THROUGHOUT THE REMAINING 1GURES TO HELP THE READER MAP FUNCTION TO BRAIN REGION� �" 	 4HE PROPOSED CONCEPTUAL
MODEL OF THE INSECT NAVIGATION TOOLKIT FROM SENSORY INPUT TO MOTOR OUTPUT� 4HREE ELEMENTAL GUIDANCE SYSTEMS
ARE MODELLED IN THIS PAPER� PATH INTEGRATION �0“	� VISUAL HOMING �6(	 AND ROUTE FOLLOWING�2&	� 4HEIR OUTPUTS MUST
THEN BE COORDINATED IN AN OPTIMAL MANNER APPROPRIATE TO THE CONTEXT BEFORE1NALLY OUTPUTTING STEERING
COMMAND� �#	 4HE UNI1ED NAVIGATION MODEL MAPS THE ELEMENTAL GUIDANCE SYSTEMS TO DISTINCT PROCESSING
PATHWAYS�2&� /, 
� !/45 
� "5 
� #8� 6( � /, 
� -" 
� 3-0 
� #8� 0“� /, 
� !/45 
� "5 
� #8� 4HE OUTPUTS ARE
THEN OPTIMALLY INTEGRATED IN THE PROPOSED RING ATTRACTOR NETWORKS OF THE &" IN #8 TO GENERATE A SINGLE MOTOR
STEERING COMMAND� #ONNECTIONS ARE SHOWN ONLY FOR THE LEFT BRAIN HEMISPHERE FOR EASEOF VISUALISATION BUT IN
PRACTICE ARE MIRRORED ON BOTH HEMISPHERES� (YPOTHESISED OR ASSUMED PATHWAYS ARE INDICATED BY DASHED LINES
WHEREAS NEUROANATOMICALLY SUPPORTED PATHWAYS ARE SHOWN BY SOLID LINES �A CONVENTION MAINTAINED THROUGHOUT
ALL1GURES	�
/, � OPTIC LOBE�!/45 � ANTERIOR OPTIC TUBERCLE�#8� CENTRAL COMPLEX�0" � PROTOCEREBRUM BRIDGE�&"� FAN
SHAPE BODY
�OR#"5 � CENTRAL BODY UPPER	�%"� ELLIPSOID BODY �OR#", � CENTRAL BODY LOWER	�-" � MUSHROOM BODY�3-0 � SUPERIOR
MEDIAL PROTOCEREBRUM�"5 � BULB�
“MAGES OF THE BRAIN REGIONS ARE ADAPTED FROM THE INSECT BRAIN DATABASEHTTPS���WWW�INSECTBRAINDB�ORG�

� OF ��



-ANUSCRIPT SUBMITTED TO E,IFE

&IGURE �� 6ISUAL (OMING IN THE “NSECT "RAIN��! 	 .EURAL MODEL OF VISUAL HOMING�2OTATIONAL
INVARIANTAMPLITUDESARE INPUT TO THE -" CALYX
WHICH ARE THEN PROJECTED TO THE +ENYON CELLS �+#S	 BEFORE CONVERGENCE ONTO THE -" OUTPUT NEURON �-"/.	 WHICH SEEKS TO MEMORISE THE
PRESENTED DATA VIA REINFORCEMENT LEARNING BASED PLASTICITY �FOR MORE DETAILS SEE6ISUAL HOMING	 �-" CIRCUIT� LEFT PANELS	� 3-0 NEURONS MEASURE
POSITIVE INCREASES IN VISUAL NOVELTY �THROUGH INPUT FROM THE -"/.	 WHICH CAUSES A SHIFT BETWEEN THE CURRENT HEADING �GREEN CELLS	 AND DESIRED
HEADINGS �RED CELLS	 IN THE RINGS OF THE #8 �3-0 PATHWAY BETWEEN -" AND #8� CENTRE PANEL� #8 CIRCUIT� RIGHT PANELS	� 4HE #8
BASED STEERING CIRCUIT
THEN COMPUTES THE RELEVANT TURNING ANGLE� %XAMPLE ACTIVITY PRO1LES ARE SHOWN FOR AN INCREASE IN VISUAL NOVELTY� CAUSING A SHIFT IN DESIRED HEADING
AND A COMMAND TO CHANGE DIRECTION� %ACH MODEL COMPONENT IN ALL1GURES IS LABELLED WITH A SHADED STAR TO INDICATE WHAT ASPECTS ARE NEW VERSUS
THOSE INCORPORATED FROM PREVIOUS MODELS �SEE LEGEND IN UPPER LEFT	� �" 	 3CHEMATIC OF THE STEERING CIRCUIT FUNCTION� &IRST THE SUMMED DIŠERENCES
BETWEEN THE IMPACT OF �� oLEFT AND RIGHT TURNS ON THE DESIRED HEADING AND THE CURRENT HEADING ARE COMPUTED� "Y COMPARING THE DIŠERENCE
BETWEEN THE RESULTANT ACTIVITY PRO1LES ALLOWS AN APPROPRIATE STEERING COMMAND TO BE GENERATED� �#	 3CHEMATIC OF THE VISUAL HOMING MODEL� 7HEN
VISUAL NOVELTY DROPS �t * 2 TOt * 1 	 THE DESIRED HEADING IS AN UNSHIFTED COPY OF THE CURRENT HEADING SO THE CURRENT PATH IS MAINTAINED BUT WHEN THE
VISUAL NOVELTY INCREASES �t * 1 TOt	 THE DESIRED HEADING IS SHIFTED FROM THE CURRENT HEADING� �$ 	 4HE1RING RATE OF THE -"/. SAMPLED ACROSS
LOCATIONS AT RANDOM ORIENTATIONS IS DEPICTED BY THE HEAT
MAP SHOWING A CLEAR GRADIENT LEADING BACK TO THE ROUTE� 4HE GREY CURVE SHOWS THE HABITUAL
ROUTE ALONG WHICH ANTS WERE TRAINED� 20 �RELEASE POINT	 INDICATES THE POSITION WHERE REAL ANTS IN7YSTRACH ET AL������ 	 WERE RELEASED AFTER CAPTURE
AT THE NEST �THUSZERO
VECTOR	 AND FROM WHICH SIMULATIONS WERE STARTED� 4HE ABILITY OF THE 6( MODEL TOGENERATE REALISTIC HOMING DATA IS SHOWN BY
THE INITIAL PATHS OF SIMULATED ANTS WHICH CLOSELY MATCH THOSE OF REAL ANTS �SEE INSERTED POLAR PLOT SHOWING THE MEAN DIRECTION AND ��� CON1DENTIAL
INTERVAL	� AND ALSO THE EXTENDED EXAMPLED PATH SHOWN �RED LINE	� .OTE THAT ONCETHE AGENT ARRIVES IN THE VICINITY OF THE ROUTE� IT APPEARS TO MEANDER
DUE THE 2ATTENING OF VISUAL NOVELTY GRADIENT AND THE LACK OF DIRECTIONAL INFORMATION�

&IGURE �ÿSOURCE DATA ��4HE FREQUENCY INFORMATION FOR THE LOCATIONS WITH RANDOM ORIENTATIONS ACROSS THE WORLD�

&IGURE �ÿSOURCE DATA ��4HE VISUAL HOMING RESULTS OF THE MODEL
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PROPOSED FOR THE HEAD
DIRECTION SYSTEM �'REEN ET AL�� ���� � 4URNER
%VANS ET AL�� ����		 WHICH WE���

PROPOSE IS MEASURED BY NEURONS IN THE SUPERIOR MEDIAL PROTOCEREBRUM �3-0	 �!SO ET AL�� ���� ����

0LATH ET AL�� ����	 �SEE&IGURE �! CENTRE AND ACTIVITY OF RED RINGS	� 4HE RESULT IS A MECHANISM���

THAT RECOMMENDS CHANGING DIRECTION WHEN THE AGENT MOVES AWAY FROM FAMILIAR TERRAIN �VISUAL���

NOVELTY INCREASES	 BUT RECOMMENDS LITTLE CHANGE TO THE CURRENT HEADING WHEN THEVISUAL NOVELTY IS���

DECREASING �SEE&IGURE �# FOR A SCHEMATIC OF THE 6( MECHANISM	� 7E NOTE THAT THERE IS A DISTINCTION���

BETWEEN A RING NETWORK WHICH DESCRIBES A GROUP OF NEURONS WHOSE PATTERN OF ACTIVITY FORMS A���

CIRCULAR REPRESENTATION REGARDLESS OF ACTUAL PHYSICAL ARRANGEMENT AND2! NETWORKS WHICH FOLLOW���

A SPECI1C CONNECTIVITY PATTERN �ALL MODELLED 2!S LABELLED IN1GURES	� 4AKEN TOGETHER THE MODEL���

ITERATIVELY RE1NES IT�S ORIENTATION TO DESCEND THE VISUAL NOVELTY GRADIENT AND THUS RECOVER FAMILIAR���

TERRAIN �SEE&IGURE �! FOR FULL MODEL	����

&IGURE �$ DEMONSTRATES THAT THE PROPOSED NETWORK ACCURATELY REPLICATES BOTH THE DIRECTED���

INITIAL PATHS AS IN7YSTRACH ET AL������ 	 �SEE THE INSERTED BLACK ARROW	� AND EXTENDED HOMING PATHS���

AS IN.ARENDRA����� 	 OBSERVED IN ANTS DISPLACED TO NOVEL LOCATIONS PERPENDICULAR TO THEIR FAMILIAR���

ROUTES� 7E NOTE THAT UPON ENCOUNTERING THE ROUTE THE MODEL IS UNABLE TO DISTINGUISH THE DIRECTION���

IN WHICH TO TRAVEL AND THUS MEANDERS BACK AND FORTH ALONG THE FAMILIARITY VALLEY� UNLIKE REAL ANTS����

DEMONSTRATING THE NEED FOR ADDITIONAL ROUTE RECOGNITION AND RECOVERY CAPABILITIES����

/PTIMALLY INTEGRATING VISUAL HOMING AND PATH INTEGRATION���

7E HAVE DEMONSTRATED HOW ANTS COULD USE VISUAL CUES TO RETURN TO THE ROUTE IN THE ABSENCE OF���

0“ BUT IN MOST NATURAL SCENARIOS �E�G� DISPLACEMENT BY A GUST OF WIND	 ANTS WILLRETAIN A HOME���

VECTOR READOUT OŠERING AN ALTERNATIVE� AND OFTEN CON2ICTING� GUIDANCE CUE TO THAT PROVIDED BY 6(����

“N SUCH SCENARIOS DESERT ANTS STRIKE A COMPRISE BY INTEGRATING THEIR 0“ AND 6( OUTPUTS IN A MANNER���

CONSISTENT WITH OPTIMAL INTEGRATION THEORY BY WEIGHTING 6( RELATIVE TO THE FAMILIARITY OF THE CURRENT���

VIEW �,EGGE ET AL�� ���� 	 AND 0“ RELATIVE TO THE HOME VECTOR LENGTH �A PROXY FOR DIRECTIONAL CERTAINTY	���

�7YSTRACH ET AL�� ����	����

6ARIOUS RING
LIKE STRUCTURES OF THE #8 REPRESENT DIRECTIONAL CUES AS BUMPS OF ACTIVITY WITH THE���

PEAK DE1NING THE SPECI1C TARGET DIRECTION� AND THE SPREAD PROVIDING A MECHANISM TO ENCODE CUE���

CERTAINTY AS REQUIRED FOR OPTIMAL INTEGRATION �FOR AN EXAMPLE SEE INCREASED SPREADOF ($ CELL ACTIVITY���

WHEN ONLY PROPRIOCEPTIVE CUES ARE PRESENT �3EELIG AND *AYARAMAN� ����		� "ESIDES THEIR EXCELLENT���

PROPERTIES TO ENCODE THE ANIMAL�S HEADING RING ATTRACTORS ALSO PROVIDE A BIOLOGICALLY REALISTIC MEANS���

TO OPTIMALLY WEIGHT CUES REPRESENTED IN THIS FORMAT �4OURETZKY� ����� 3UN ET AL�� ���� 	 WITHOUT THE���

NEED FOR DEDICATED MEMORY CIRCUITS TO STORE MEANS AND UNCERTAINTIES OF EACH CUE����

4HUS WE INTRODUCE A PAIR OF INTEGRATING RING
ATTRACTOR NETWORKS TO THE #8 MODEL �&IGURE �! GREY���

NEURAL RINGS� 2!?, AND 2!?2	 THAT TAKE AS INPUT THE DESIRED HEADINGS FROMTHE ABOVE PROPOSED���

6( MODEL �RED NEURAL RINGS� 6(?, AND 6(?2	 AND3TONE ET AL������ 	�S 0“ MODEL �ORANGE NEURAL���

RINGS� 0“?, AND 0“?2	 AND OUTPUT COMBINED /Š 2OUTE DESIRED HEADING SIGNALS THAT ARE SENT TO THE���

STEERING CIRCUITS �BLUE NEURAL RINGS� #05?, AND #05?2	�3TONE ET AL������ 	 MAPPED THE HOME VECTOR���

COMPUTATION TO A POPULATION OF NEURONS �#05�	 OWING TO THEIR DUAL INPUTS FROM DIRECTION SELECTIVE���

COMPASS NEURONS �“?4"�	 AND MOTION SENSITIVE SPEED NEURONS �4.�	 AS WELL AS THEIR RECURRENT���

CONNECTIVITY PATTERNS FACILITATING ACCUMULATION OF ACTIVITY AS THE ANIMAL MOVES IN A GIVEN DIRECTION����

7YSTRACH ET AL������ 	 SHOWED THAT THE CERTAINTY OF 0“ AUTOMATICALLY SCALES WITH THE HOME
VECTOR���

LENGTH OWING TO THE ACCUMULATING EŠECT OF THE MEMORY NEURONS WHICH CORRELATES WITH DIRECTIONAL���

UNCERTAINTY� AND THUS THE OUTPUT 0“ NETWORK IS DIRECTLY INPUT TO THE RING ATTRACTOR CIRCUITS�“N OUR���

IMPLEMENTATION THE 6( INPUT HAS A1XED HEIGHT AND WIDTH PRO1LE AND IN2UENCES THE INTEGRATION���

THROUGH TUNING NEURONS �45.	 �SEE THE PLOTTED ACTIVATION FUNCTION IN&IGURE �" AND /PTIMAL CUE���

INTEGRATION	 THAT WE SUGGEST RESIDE IN THE 3-0 AND MODULATE THE 0“ INPUT TO THE INTEGRATION NETWORK����

!LTERING THE WEIGHTING IN THIS MANNER RATHER THAN BY SCALING THE 6( INPUT INDEPENDENTLY ALLOWS 6(���

TO DOMINATE THE INTEGRATED OUTPUT AT SITES WITH HIGH VISUAL FAMILIARITY EVEN IN THE PRESENCE OF A���

LARGE HOME VECTOR WITHOUT HAVING LARGE STORED ACTIVITY� 7E NOTE HOWEVER� THAT BOTH APPROACHES���

REMAIN FEASIBLE AND FURTHER NEUROANATOMICAL DATA IS REQUIRED TO CLARIFY WHICH� IF EITHER� MECHANISM���
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&IGURE �� /PTIMAL CUE INTEGRATION IN THE #8��! 	 0ROPOSED MODEL FOR OPTIMALLY INTEGRATING 0“ AND 6( GUIDANCE SYSTEMS� “N EACH HEMISPHERE� RING
ATTRACTORS�2!S	 �GREY NEURAL RINGS	 �SPECULATIVELY LOCATED IN &"�#"5	 RECEIVE THE CORRESPONDING INPUTS FROM 0“ �ORANGE NEURAL RINGS	 AND 6( �RED
NEURAL RINGS	 WITH THE OUTPUTS SENT TO THE CORRESPONDING STEERING CIRCUITS �BLUE NEURAL RINGS	�“NTEGRATION IS WEIGHTED BY THE VISUAL NOVELTY TRACKING
TUNING NEURON �45.	 WHOSE ACTIVATION FUNCTION IS SHOWN IN THE LEFTMOST PANEL� �" 	 %XAMPLES OF OPTIMAL INTEGRATION OF 0“ AND 6( HEADINGS FOR TWO 0“
STATES WITH THE PEAK STABLE STATE �GREY DOTTED ACTIVITY PRO1LE IN THE INTEGRATION NEURONS	 SHIFTING TOWARDS 6( AS THE HOME VECTOR LENGTH RECEDES� �#	
2EPLICATION OF OPTIMAL INTEGRATION STUDIES OF7YSTRACH ET AL������ 	 AND,EGGE ET AL������ 	� 3IMULATED ANTS ARE CAPTURED AT VARIOUS POINTS ����M�
�M� �M AND �M	 ALONG THEIR FAMILIAR ROUTE �GREY CURVE	 AND RELEASED AT RELEASE POINT � �20�	 THUS WITH THE SAME VISUAL CERTAINTY BUT WITH DIŠERENT 0“
CERTAINTIES AS IN7YSTRACH ET AL������ 	 �SEE THICK ORANGE ARROW	� 4HE LEFT POLAR PLOT SHOWS THE INITIAL HEADINGSOF SIMULATED ANTS INCREASINGLY WEIGHT
THEIR 0“ SYSTEM ���� o	 IN FAVOUR OF THEIR 6( SYSTEM ����o	 AS THE HOME VECTOR LENGTH INCREASES AND 0“ DIRECTIONAL UNCERTAINTY DROPS� 3IMULATED ANTS
ARE ALSO TRANSFERRED FROM A SINGLE POINT �M ALONG THEIR FAMILIAR ROUTE TO EVER DISTANT RELEASE POINTS �20�� 20�� 20�	 THUS WITH THE SAME 0“ CERTAINTY
BUT INCREASINGLY VISUAL UNCERTAINTY AS IN,EGGE ET AL������ 	 �SEE THICK RED ARROW	� 4HE RIGHT POLAR PLOT SHOWS THE INITIAL HEADINGS OFSIMULATED ANTS
INCREASINGLY WEIGHT 0“ ���� o	 OVER 6( ���� o	 AS VISUAL CERTAINTY DROPS� �SEE2EPRODUCE THE OPTIMAL CUE INTEGRATION BEHAVIOURFOR DETAILS	 �$ 	 %XAMPLE
HOMING PATHS OF THE INDEPENDENT AND COMBINED GUIDANCE SYSTEMS DISPLACED FROM THE FAMILIAR ROUTE �GREY	 TO A1CTIVE RELEASE POINT �20	

&IGURE �ÿ&IGURE SUPPLEMENT ��4HE EXTENDED HOMING PATHS AND THE 0“ MEMORY IN THE SIMULATIONS

&IGURE �ÿSOURCE DATA ��4HE RESULTS OF TUNING 0“ UNCERTAINTY�

&IGURE �ÿSOURCE DATA ��4HE RESULTS OF TUNING 6( UNCERTAINTY�

&IGURE �ÿSOURCE DATA ��4HE EXTENDED HOMING PATH OF 0“� 6( AND COMBINED 0“ AND 6(�

IS EMPLOYED BY INSECTS����
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&IGURE �# SHOWS THE INITIAL HEADINGS PRODUCED BY THE MODEL WHICH REPLICATES THE TRENDSREPORTED���

IN CUE
CON2ICT EXPERIMENTS BY,EGGE ET AL������ 	 AND7YSTRACH ET AL������ 	 WHEN THE UNCERTAINTY���

OF 0“ AND 6( CUES WERE ALTERED INDEPENDENTLY� %XAMPLE EXTENDED PATHS OF INDEPENDENT 0“ AND���

6( MODELS AND THE RING
ATTRACTOR
BASED COMBINED 0“ AND 6( MODEL ARE PLOTTED IN&IGURE �$ WITH���

THE COMBINED MODEL SHOWING THE MOST ANT
LIKE BEHAVIOUR �+OHLER AND 7EHNER� ����� -ANGAN AND���

7EBB� ���� 	 BY INITIALLY FOLLOWING PREDOMINANTLY THE HOME
VECTOR DIRECTION BEFORE SWITCHING TO���

VISUAL HOMING WHEN THE HOME
VECTOR LENGTH DROPS LEADING THE SIMULATED ANT BACK TOFAMILIAR TERRAIN����

.OTE THAT THE 0“
ONLY AND 0“�6( MODELS ARE DRAWN BACK TOWARDS THEIR 1CTIVENEST SITES INDICATED���

BY THEIR HOME VECTORS WHICH IF LEFT TO RUN WOULD LIKELY RESULT IN EMERGENT SEARCH
LIKE PATTERNS AS���

IN3TONE ET AL������ 	� -OREOVER� UPON ENCOUNTERING THE ROUTE THE 6(
BASED MODELS �6(
ONLY AND���

0“�6(	 ARE UNABLE TO DISTINGUISH THE DIRECTION IN WHICH TO TRAVEL AND HENCEAGAIN �SEE MEANDER���

AROUND THE VALLEY OF FAMILIARITY&IGURE �$ AND&IGURE �$	 FURTHER DEMONSTRATING A NEED FOR A ROUTE���

RECOVERY MECHANISM����

2OUTE FOLLOWING IN THE INSECT BRAIN���

4HE MODEL DESCRIBED ABOVE CAN GUIDE INSECTS BACK TO THEIR FAMILIAR ROUTE AREA� BUT LACKS THE MEANS���

TO RECOVER THE ROUTE DIRECTION UPON ARRIVAL AS OBSERVED IN HOMING INSECTS� 4HIS IS NOT SURPRISINGLY���

AS 6( RELIES UPON TRANSLATIONALLY
VARYING BUT ROTATIONAL
INVARIANT INFORMATION WHEREAS2& REQUIRES���

ROTATIONALLY
VARYING CUES� 4HUS WE INTRODUCE A NEW ELEMENTAL GUIDANCE SYSTEMTHAT MAKES USE OF���

THE ROTATIONALLY
VARYINGPHASECOEZCIENTS OF THE FREQUENCY INFORMATION DERIVED FROM THE PANORAMIC���

SKYLINE WHICH TRACKS THE ORIENTATION OF SPECI1C FEATURES OF THE VISUAL SURROUNDINGS �SEE-ETHODS���

AND -ATERIALS	� (ERE WE ASK WHETHER BY ASSOCIATING THE ROTATIONALLY INVARIANTAMPLITUDES�SHOWN���

USEFUL FOR PLACE RECOGNITION	 WITH THE ROTATIONALLY
VARYINGPHASESEXPERIENCED AT THOSE LOCATIONS����

INSECTS MIGHT RECOVER THE FAMILIAR ROUTE DIRECTION����

.EUROANATOMICAL DATA WITH WHICH TO CONSTRAIN A MODEL REMAINS SPARSE AND THEREFOREA STANDARD���

ARTI1CIAL NEURAL NETWORK �!..	 ARCHITECTURE IS USED TO INVESTIGATE THE UTILITY OFPHASE
BASED ROUTE���

RECOVERY WITH BIOLOGICAL PLAUSIBILITY DISCUSSED IN MORE DETAIL BELOW� ! �
LAYER !.. WAS TRAINED TO���

ASSOCIATE THE SAME �� ROTATIONAL
INVARIANTAMPLITUDESAS USED IN THE 6( MODEL WITH THE ROTATIONAL���

VARYINGPHASEVALUE OF SINGLE FREQUENCY COEZCIENT EXPERIENCED WHEN TRAVELLING ALONG THE HABITUAL���

ROUTE WHICH WE ENCODE IN AN � NEURON
RING �SEE&IGURE �! AND 2OUTE &OLLOWINGFOR DETAILED MODEL���

DESCRIPTION	� 4HUS� WHEN THE ROUTE IS REVISITED THE NETWORK SHOULD OUTPUT THE ORIENTATIONTHAT THE���

PHASECONVERGED UPON WHEN AT THE SAME LOCATION PREVIOUSLY� WHICH WE NOTE IS NOT NECESSARILY���

ALIGNED WITH THE ACTUAL HEADING OF THE ANIMAL �E�G� IT MAY TRACK THE ORIENTATION TO VERTICAL BAR �3EELIG���

AND *AYARAMAN� ����		� 2EALIGNMENT IS POSSIBLE USING THE SAME STEERING MECHANISM AS DESCRIBED���

ABOVE BUT WHICH SEEKS TO REDUCE THE OŠSET BETWEEN THE CURRENTPHASEREADOUT �E�G� A LOCAL COMPASS���

LOCKED ONTO VISUAL FEATURES OF THE ANIMALS SURROUNDINGS	� AND THE RECALLEDPHASEREADOUT FROM THE���

!..����

7E SPECULATE THAT THE MOST LIKELY NEURAL PATHWAYS FOR THE NEW DESIRED AND CURRENT HEADINGS ARE���

FROM /PTIC ,OBE VIA !NTERIOR /PTIC 4UBERCLE �!/45	 AND "ULB �"5	 TO %" �#",	 OFTHE #8 �(OMBERG���

ET AL�� ���� � /MOTO ET AL�� ���� 	 �SEE&IGURE �!	 WITH THE DESIRED HEADING TERMINATING IN THE %"���

WHEREAS THE CURRENT HEADING CONTINUES TO THE 0" FORMING A LOCAL COMPASS THAT SITS BESIDE THE GLOBAL���

COMPASS USED BY 0“ AND 6( SYSTEMS� 4HIS HYPOTHESIS IS FURTHER SUPPORTED BY THE RECENTLY IDENTI1ED���

PARALLEL PATHWAYS FROM /, VIA !/45 TO THE #8 IN$ROSOPHILA�4IMAEUS ET AL�� ���� 	� 4HAT�S TO SAY THAT����

1RSTLY� THERE ARE TWO PARALLEL PATHWAYS FORMING TWO COMPASS SYSTEMS
 THE GLOBAL �HERE BASED ON���

CELESTIAL CUES	 AND THE LOCAL �BASED ON TERRESTRIAL CUES	 COMPASSES MODELLED BY THE ACTIVATION OF“
4"����

AND““
4"� NEURONS RESPECTIVELY� &OUR CLASSES OF #,� NEURONS �OR %
0' AND 0
%' NEURONS	(EINZE���

AND (OMBERG����� 	� 8U ET AL������ 	 AND THREE CLASSES OF INDEPENDENT 4"� NEURONS"EETZ ET AL����

����� 	 HAVE BEEN IDENTI1ED THAT PROVIDE POTENTIAL SITES FOR THE PARALLEL RECURRENT LOOPSENCODING���

INDEPENDENT LOCAL AND GLOBAL COMPASSES� 3ECONDLY� THE DESIRED HEADING� WHICH IS THE RECALLED���

PHASEOF A SPECI1C VIEW� IS GENERATED THROUGH THE NEURAL PLASTICITY FROM !/45 TO "5 AND"5 TO %"����

WHICH IS LINE WITH RECENT EVIDENCE OF ASSOCIATIVE LEARNING BETWEEN THE 2
NEURONS TRANSMITTING VISUAL���
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INFORMATION FROM "5 TO %" AND THE COMPASS NEURONS �#,�A OR %
0' NEURONS	 THAT RECEIVE INPUT���

FROM %" �+IM ET AL�� ���� � &ISHER ET AL�� ����	� 4HIS KIND OF LEARNING ENDOWS THE ANIMAL WITH THE���

ABILITY TO 2EXIBLY ADAPT THEIR LOCAL COMPASS AND ALSO DESIRED NAVIGATIONALORIENTATION ACCORDING TO���

THE CHANGING VISUAL SURROUNDINGS�(ANESCH ET AL������ 	 REPORTED A DIRECT PATHWAY FROM %" TO &"���

NEURONS WHICH WE MODEL TO ALLOW COMPARISON OF THE LOCAL COMPASS ACTIVITY �““
4"�	 WITH THE DESIRED���

HEADING� (OWEVER� WE NOTE THAT THIS CONNECTIVITY HAS NOT BEEN REPLICATED IN RECENT STUDIES(EINZE���

AND (OMBERG����� 	 AND THUS FURTHER INVESTIGATION OF POTENTIAL PATHWAYS IS REQUIRED����

4HE2& MODEL ACCURATELY RECOVERS THE INITIAL ROUTE HEADING IN A SIMILAR MANNER TOREAL ANTS���

RETURNED TO THE START OF THEIR FAMILIAR ROUTE �7YSTRACH ET AL�� ����	 �&IGURE �"� INSERT	� AND THEN���

FOLLOWS THE REMAINING ROUTE IN ITS ENTIRETY BACK TO THE NEST AGAIN RE2ECTING ANT DATA �+OHLER AND���

7EHNER� ���� � -ANGAN AND 7EBB� ���� 	 �&IGURE �"	� 4HE QUIVER PLOTS DISPLAYED IN THE BACKGROUND���

OF&IGURE �" SHOW THE PREFERRED HOMING DIRECTION OUTPUT BY THE !.. WHEN ROTATED ON THE SPOT���

ACROSS LOCATIONS IN THE ENVIRONMENT� 4HE NOISE IN THE RESULTS ARE DUE TO ERRORS IN THETRACKING���

PERFORMANCE �SEE EXAMPLES&IGURE �" RIGHT	 YET AS THESE ERRORS ARE IN LARGELY CON1NED TO THE���

MAGNITUDE� THE STEERING CIRCUIT STILL DRIVES THE ANT ALONG THE ROUTE� 7E NOTE THAT THIS EŠECT IS���

PRIMARILY A FUNCTION OF THE SPECI1C FREQUENCY TRANSFORMATION ALGORITHM USED WHICH WE BORROW���

FROM COMPUTER GRAPHICS TO INVESTIGATE THE UTILITY OF FREQUENCY ENCODING OF VISUALINFORMATION� 4HE���

BIOLOGICAL REALISM OF SUCH TRANSFORMS AND THEIR POTENTIAL IMPLEMENTATION IN THE INSECT VISION SYSTEM���

ARE ADDRESSED IN THE$ISCUSSION� 4HE DISPLACED ROUTES ALSO HIGHLIGHT THE DANGER OF EMPLOYING���

SOLELY 2& WHICH OFTEN SHADOWS RATHER THAN CONVERGES WITH THE ROUTE WHEN DISPLACED SIDEWAYS����

FURTHER DEMONSTRATING THE NECESSITY FOR INTEGRATION WITH THE /Š
2OUTE STRATEGIES THAT PROMOTE���

ROUTE CONVERGENCE����

2OUTE RECOVERY THROUGH CONTEXT
DEPENDENT MODULATION OF GUIDANCE SYSTEMS���

(OMING INSECTS READILY RECOGNISE FAMILIAR ROUTE SURROUNDINGS� RECOVER THEIR BEARING� AND RETRACE���

THEIR HABITUAL PATH HOME� IRRESPECTIVE OF THE STATUS OF OTHER GUIDANCE SYSTEM SUCH AS 0“� 2EPLICATING���

SUCH CONTEXT
DEPENDENT BEHAVIOURAL SWITCHING UNDER REALISTIC CONDITIONS IS THE1NAL TASK FOR THE���

PROPOSED MODEL� 4HE VISUAL NOVELTY MEASURED BY THE -"/. PROVIDES AN IDEAL SIGNAL FOR CONTEXT���

SWITCHING WITH LOW OUTPUT WHEN CLOSE TO THE ROUTE WHEN 2& SHOULD DOMINATE VERSUS HIGH OUTPUT���

FURTHER AWAY FROM THE ROUTE WHEN 0“ AND 6( SHOULD BE ENGAGED �SEE&IGURE �$	� !LSO THE FACT THAT���

/ Š
ROUTE STRATEGIES �0“ AND 6(	 COMPUTE THEIR TURNING ANGLES WITH REFERENCE TO THE GLOBAL COMPASS���

WHEREAS THE /N
ROUTE 2& STRATEGY IS DRIVEN WITH REFERENCE TO A LOCAL COMPASS PROVIDES A MEANS TO���

MODULATE THEIR INPUTS TO THE STEERING CIRCUIT INDEPENDENTLY� 4HIS IS REALISED THROUGH A NON
LINEAR���

WEIGHTING OF THE /N AND /Š
ROUTE STRATEGIES WHICH WE PROPOSE ACTS THROUGH THE SAME 3-0 PATHWAY���

AS THE 6( MODEL �SEE THE 3.� AND 3.� NEURONS IN&IGURE �!	 �SEE #ONTEXT
DEPENDENT SWITCHFOR���

NEURON DETAILS AND&IGURE �FOR A FORCE
DIRECTED GRAPH REPRESENTATION OF THE1NAL UNI1ED MODEL	����

4HE ACTIVITY OF THE PROPOSED SWITCHING CIRCUIT AND THE PATHS THAT IT GENERATES INSIMULATEDZERO���

VECTOR AND FULL VECTOR DISPLACEMENT TRIALS ARE SHOWN IN&IGURE �" � # RESPECTIVELY� “N THE FULL VECTOR���

TRIAL �&IGURE �" �UPPER	�&IGURE �# �SOLID LINE		 AS VISUAL NOVELTY IS INITIALLY HIGH �SEE HIGH 45. ACTIVITY���

UNTIL STEP ��	 3.� IS ACTIVATED WHICH ENABLES /Š
2OUTE STRATEGIES �0“ AND 6(	 WHILE 3.� �ALWAYS THE���

INVERSE OF 3.�	 IS DEACTIVATED WHICH DISABLES /N
2OUTE STRATEGIES� .OTE THAT IT IS THE INTEGRATION OF 0“���

AND 6( THAT GENERATES THE DIRECT PATH BACK TO THE ROUTE AREA IN THE &6 TRIAL� 0“ RECOMMENDS MOVING���

AT A �� oBEARING BUT 6( PREVENTS ASCENSION OF THE VISUAL NOVELTY GRADIENT THAT THIS WOULD CAUSE WITH���

THE COMPROMISE BEING A BEARING CLOSER TO ��o I�E� TOWARD THE ROUTE� !S THE ROUTE IS APPROACHED���

THE VISUAL NOVELTY DECREASES �AGAIN SEE 45. ACTIVITY	� UNTIL AT STEP �� 3.� FALLSBELOW THRESHOLD���

AND DEACTIVATES THE /Š
2OUTE STRATEGIES WHILE CONVERSELY 3.� ACTIVATES AND ENGAGES /N
2OUTE���

STRATEGIES� !FTER SOME INITIAL2IP
2OPPING WHILE THE AGENTS CONVERGES ON THE ROUTE �STEPS ��
��	 2&���

BECOMES DOMINANT AND DRIVES THE AGENT BACK TO THE NEST VIA THE FAMILIAR PATH�“N THEZERO VECTOR���

TRIAL �&IGURE �" �LOWER	� �&IGURE �" �DASHED LINE		 /Š
ROUTE STRATEGIES �HERE ONLY 6(	 LARGELY DOMINATE���

�SOME FALSE POSITIVE ROUTE RECOGNITION �E�G STEP ��		 UNTIL THE ROUTE IS RECOVERED �STEP ��	� AT WHICH���

POINT THE SAME 2IP
2OPPING DURING ROUTE CONVERGENCE OCCURS �STEPS ��
��	 FOLLOWED BY2& ALONE���
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&IGURE �� 0HASE
BASED ROUTE FOLLOWING��! 	 .EURAL MODEL� 4HE VISUAL PATHWAY FROM THE OPTIC LOBE VIA !/45 AND "ULB TO %" OF THE #8 IS MODELLED
BY A FULLY CONNECTED ARTI1CIAL NEURAL NETWORK �!..	 WITH ONE HIDDEN LAYER� 4HE INPUT LAYER RECEIVES THEAMPLITUDESOF THE FREQUENCY ENCODED VIEWS
�AS FOR THE -" NETWORK	 AND THE OUTPUT LAYER IS AN �
NEURON RING WHOSE POPULATIONENCODING REPRESENTS THE DESIRED HEADING AGAINST TO WHICH THE
AGENT SHOULD ALIGN� �" 	 "EHAVIOURS� "LUE AND RED ARROWS IN THE INSERTED POLAR PLOT �TOP LEFT	 DISPLAY THE MEAN DIRECTIONS AND ��� CON1DENTIAL
INTERVALS OF THE INITIAL HEADINGS OF REAL �7YSTRACH ET AL�� ����	 AND SIMULATED ANTS RELEASED AT THE START OF THE ROUTE.*7 ; *7/ RESPECTIVELY� $ARK BLUE
CURVES SHOW THE ROUTES FOLLOWED BY THE MODEL WHEN RELEASED AT � LOCATIONS CLOSE TO THE STARTOF THE LEARNED PATH� 4HE OVERLAID FAN
PLOTS INDICATE
THE CIRCULAR STATISTICS �THE MEAN DIRECTION AND ��� CON1DENTIAL INTERVAL	 OF THEHOMING DIRECTIONS RECOMMENDED BY THE MODEL WHEN SAMPLED
ACROSS HEADING DIRECTIONS ��� SAMPLES AT ��oINTERVALS	� $ATA FOR ENTIRE ROTATIONSARE SHOWN ON THE RIGHT FOR SPECI1C LOCATIONS WITH THE UPPER PLOT�
SAMPLED AT.1:5; *3/ � DEMONSTRATING ACCURATE PHASE
BASED TRACKING OF ORIENTATION� WHEREAS THE LOWER PLOT SAMPLED AT.*2 :5; *3 :5/ SHOWS POOR
TRACKING PERFORMANCE AND HENCE PRODUCES A WIDE FAN
PLOT�

&IGURE �ÿSOURCE DATA ��4HE FREQUENCY TRACKING PERFORMANCE ACROSS THE WORLD�

&IGURE �ÿSOURCE DATA ��4HE2& MODEL RESULTS OF THE AGENTS RELEASED ON ROUTE�

&IGURE �ÿSOURCE DATA ��4HE 2& MODEL RESULTS OF THE AGENTS RELEASED ASIDE FROM THE ROUTE�
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&IGURE �� 5NI1ED MODEL REALISING THE FULL ARRAY OF COORDINATED NAVIGATIONAL BEHAVIOURS��! 	
#ONTEXT
DEPENDENT SWITCHING IS REALISED USING TWO SWITCHING NEURONS �3.�� 3.�	 THAT HAVE MUTUALLY EXCLUSIVE
1RING STATES �ONE ACTIVE WHILE THE OTHER IS IN ACTIVE	 ALLOWING COORDINATION BETWEEN /N AND /Š 
2OUTE STRATEGIES
DRIVEN BY THE INSTANTANEOUS VISUAL NOVELTY OUTPUT BY THE -"� #ONNECTIVITY AND ACTIVATION FUNCTIONS OF THE 3-0
NEURONS ARE SHOWN IN THE LEFT SIDE OF PANEL� �" 	 !CTIVATION HISTORY OF THE 3.�� 3.� AND 45. �TO DEMONSTRATE THE
INSTANTANEOUS VISUAL NOVELTY READOUT OF THE -"	 NEURONS DURING THE SIMULATED DISPLACEMENT TRIALS� �#	 0ATHS
GENERATED BY THE UNI1ED MODEL UNDER CONTROL OF THE CONTEXT
DEPENDENT SWITCH CIRCUIT DURING SIMULATED &6�SOLID
LINE	 AND :6 �DASHED LINE	 DISPLACEMENT TRIALS�

&IGURE �ÿSOURCE DATA ��4HE NAVIGATION RESULTS OF THE WHOLE MODEL�

WHICH RETURNS THE AGENT TO THE NEST VIA THE FAMILIAR PATH�“T SHOULD BE NOTED THAT THE DATA PRESENTED���

UTILISED DIŠERENT ACTIVATION FUNCTIONS OF THE 45. NEURON THAT WEIGHTS 0“ AND 6( �SEE4ABLE �FOR���

PARAMETER SETTINGS ACROSS TRIALS AND$ISCUSSIONFOR INSIGHTS INTO MODEL LIMITATIONS AND POTENTIAL���

EXTENSIONS	� YET THE RESULTS PRESENTED NEVERTHELESS PROVIDE A PROOF
OF
PRINCIPLEDEMONSTRATION THAT���

THE PROPOSED UNI1ED NAVIGATION MODEL CAN FUL1L ALL OF THE CRITERIA DE1NED FOR REPLICATION OF KEY���

ADAPTIVE BEHAVIOUR OBSERVED IN INSECTS �&IGURE �!	����

�� OF ��
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$ISCUSSION���

4HIS WORK ADDRESSES TWO GAPS IN THE CURRENT UNDERSTANDING OF INSECT NAVIGATION� WHAT ARE THE CORE���

VISUAL GUIDANCE SYSTEMS REQUIRED BY THE INSECT NAVIGATIONAL TOOLKIT� !ND HOW ARE THEY COORDINATED���

BY THE INSECT BRAIN����

7E PROPOSE THAT THE INSECT NAVIGATION TOOLKIT �7EHNER� ���� � 7EBB� ���� 	 SHOULD BE EXTENDED TO���

INCLUDE INDEPENDENT VISUAL HOMING �6(	 AND ROUTE FOLLOWING�2&	 SYSTEMS �SEE&IGURE �" FOR UPDATED���

“NSECT .AVIGATION 4OOLKIT	� 7E SHOW HOW 6( AND 2& CAN BE REALISED USING FREQUENCY
ENCODING OF���

PANORAMIC SKYLINES TO SEPARATE INFORMATION INTO ROTATIONALLY
INVARIANTAMPLITUDESFOR 6( AND���

ROTATIONALLY
VARYINGPHASESFOR 2&� 4HE CURRENT MODEL UTILISES FREQUENCY ENCODING SCHEMA FROM THE���

COMPUTER GRAPHICS BUT BEHAVIOURAL STUDIES SUPPORT THE USE OF SPATIAL FREQUENCYBY BEES �(ORRIDGE����

���� � ,EHRER� ���� 	� WITH NEURONS IN THE LOBULA OF DRAGON2IES �/�#ARROLL� ���� 	 AND LOCUSTS �*AMES���

AND /SORIO� ���� 	 FOUND TO HAVE RECEPTIVE1ELDS AKIN TO BASIS FUNCTIONS� PROVIDING A MECHANISM BY���

WHICH TO EXTRACT THE FREQUENCY INFORMATION NECESSARY FOR THE LOCAL COMPASS SYSTEM� /UR MODEL���

ALLOWS FOR THIS INFORMATION EXTRACTION PROCESS TO HAPPEN AT MULTIPLE STAGES AHEAD OF ITS USAGE IN���

THE CENTRAL LEARNING SITES SUCH AS THE -"S OPENING THE POSSIBILITY FOR ITS APPLICATION IN EITHER THE���

OPTIC LOBES OR SUBSEQUENT PATHWAYS THROUGH REGIONS SUCH AS THE !/45� &URTHER� NEUROPHYSIOLOGICAL���

DATA IS REQUIRED TO PINPOINT BOTH THE MECHANISMS AND SITES OF THIS DATA PROCESSING ININSECTS����

3IMILARLY� FOLLOWING3TONE ET AL������ 	 THE GLOBAL COMPASS SIGNAL DIRECTLY MIMICS THE1RING PATTERN���

OF COMPASS NEURONS IN THE #8 WITHOUT REFERENCE TO SENSORY INPUT BUT'KANIAS ET AL������ 	 RECENTLY���

PRESENTED A PLAUSIBLE NEURAL MODEL OF THE CELESTIAL COMPASS PROCESSING PIPELINE THAT COULD BE���

EASILY INTEGRATED INTO THE CURRENT MODEL TO1LL THIS GAP� &OLLOW
ON NEUROANATOMICALLY CONSTRAINED���

MODELLING OF THE OPTIC LOBES PRESENTS THE MOST OBVIOUS EXTENSION OF THIS WORK ALLOWING THENEURAL���

PATHWAY FROM SENSORY INPUT TO MOTOR OUTPUT SIGNAL TO BE MAPPED IN DETAIL� #ONVERSELY�MODELLING���

THE CONVERSION OF DIRECTION SIGNALS INTO BEHAVIOUR VIA MOTOR GENERATING MECHANISMSSUCH AS CENTRAL���

PATTERN GENERATORS �SEE �3TEINBECK ET AL�� ����		 WILL THEN ALLOW CLOSURE OF THE SENSORY
MOTOR LOOP����

6ISUAL HOMING IS MODELLED ON NEURAL CIRCUITS FOUND ALONG THE /,
-"
3-0 PATHWAY �%HMER AND���

'RONENBERG� ���� � 'RONENBERG AND ,²PEZ
2IQUELME� ����	 BEFORE TERMINATING IN THE #8 STEERING���

CIRCUIT �3TONE ET AL�� ����	 AND SHOWN CAPABLE OF PRODUCING REALISTIC HOMING PATHS�“N THIS SCHEMA���

THE -"S DO NOT MEASURE ROTATIONALLY
VARYING SENSORY VALENCE AS RECENTLY USED TO REPLICATE 2& �!RDIN���

ET AL�� ���� � -»LLER ET AL�� ���� 	� BUT RATHER THE SPATIALLY VARYING �BUT ROTATIONALLY
INVARIANT	 SENSORY���

VALENCE MORE SUITED TO GRADIENT DESCENT STRATEGIES SUCH AS VISUAL HOMING �:EIL ET AL�� ���� � 3TONE���

ET AL�� ���� 	 AND OTHER TAXIS BEHAVIOURS �7YSTRACH ET AL�� ����	� 4HIS IS INLINE WITH THE HYPOTHESIS���

FORWARDED BY#OLLETT AND #OLLETT����� 	 THAT SUGGEST THAT THE -"S OUTPUT �WHETHER� THE CURRENT���

SENSORY STIMULUS IS POSITIVE OR NEGATIVE AND THE #8 THEN ADAPTS THE ANIMAL HEADING� THE �WHITHER�����

ACCORDINGLY����

2OUTE FOLLOWING IS SHOWN POSSIBLE BY LEARNED ASSOCIATIONS BETWEEN THEAMPLITUDES�I�E� THE���

PLACE	 AND THEPHASE�THE ORIENTATION	 EXPERIENCED ALONG A ROUTE� ALLOWING REALIGNMENT WHEN LATER AT���

A PROXIMAL LOCATION� 4HIS KIND OF NEURAL PLASTICITY BASED CORRELATION BETWEEN THEVISUAL SURROUNDINGS���

AND THE ORIENTATIONS1TS WITH DATA RECENTLY OBSERVED IN FRUIT2IES �+IM ET AL�� ���� � &ISHER ET AL�����

���� 	� 4HESE STUDIES PROVIDE THE NEURAL EXPLANATION FOR THE ANIMAL�S ABILITY TO MAKE2EXIBLE USE OF���

VISUAL INFORMATION TO NAVIGATE WHILE THE PROPOSED MODEL GIVES A DETAILED IMPLEMENTATION OF SUCH���

ABILITY IN THE CONTEXT OF INSECT�S ROUTE FOLLOWING SCHEMA� .EUROPHYSIOLOGICAL EVIDENCE SUGGESTS THAT���

THE LAYERED VISUAL PATHWAY FROM /, VIA !/45 AND "5 TO THE %" OF THE #8 �"ARTH AND (EISENBERG����

���� � (OMBERG ET AL�� ���� � /MOTO ET AL�� ���� 	 WITH ITS SUGGESTED NEURAL PLASTICITY PROPERTIES �"ARTH���

AND (EISENBERG� ����� 9ILMAZ ET AL�� ���� 	 PROVIDES A POSSIBLE NEURAL PATHWAY BUT FURTHER ANALYSIS���

IS NEEDED TO IDENTIFY THE CIRCUIT STRUCTURES THAT MIGHT UNDERPIN THE GENERATION OF2& DESIRED HEADING����

“N ADDITION TO THE DESIRED HEADING� THE CURRENT HEADING OF 2& IS DERIVED FROM THE LOCAL COMPASS���

SYSTEM ANCHORED TO ANIMAL�S IMMEDIATE VISUAL SURROUNDINGS� 4HIS INDEPENDENT COMPASS SYSTEM���

MAY BE REALISED PARALLEL TO THE GLOBAL COMPASS SYSTEM IN AN SIMILAR BUT INDEPENDENT CIRCUIT �(EINZE���

AND (OMBERG� ���� � "EETZ ET AL�� ���� � 8U ET AL�� ���� 	� /UR MODEL THEREFORE HYPOTHESISES THAT���

�� OF ��
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INSECTS POSSESS DIŠERENT COMPASS SYSTEMS BASED ON VARIED SENSORY INFORMATION AND FURTHER THAT���

INSECTS POSSESS THE CAPABILITY �VIA #8
BASED2!S	 TO COORDINATE THEIR IN2UENCE OPTIMALLY ACCORDING���

TO THE CURRENT CONTEXT� 3INCE THE GLOBAL COMPASS� THE LOCAL COMPASS AND THE DESIREDHEADING OF 2&���

SHARE THE SAME VISUAL PATHWAY �/,
�!/45
�"5
�#8	� DISTINCT INPUT AND OUTPUT PATTERNS ALONG THIS���

PATHWAY MAY BE FOUND BY FUTURE NEUROANATOMICAL STUDIES�“N ADDITION� IN THE PROPOSED MODEL� THE���

ACTIVATION OF CURRENT HEADING AND DESIRED HEADING OF 2& OVERLAP IN THE %"� AND THEREFORE SEPARATION���

OF ACTIVATION PRO1LES REPRESENTING EACH OUTPUT �E�G� FOLLOWING METHODS IN3EELIG AND *AYARAMAN���

����� 		 PRESENTS ANOTHER MEANINGFUL TOPIC FOR FUTURE NEUROPHYSIOLOGICAL RESEARCH����

#LOSED
LOOP BEHAVIOURAL STUDIES DURING WHICH THE SPATIAL FREQUENCY INFORMATION OF VIEWS IS���

ALTERED �SIMILAR TO0AULK ET AL������ 		 COINCIDENT WITH IMAGING OF KEY BRAIN AREAS �3EELIG AND *AYARA
���

MAN� ���� � ���� 	 OŠERS A MEANS TO INVESTIGATE WHICH NEURAL STRUCTURES MAKE USE OF WHAT VISUAL���

INFORMATION� #OMPLIMENTARY BEHAVIOURAL EXPERIMENTS COULD VERIFY THE DISTINCT 6( AND 2& SYSTEMS���

BY SELECTIVELY BLOCKING THE PROPOSED NEURAL PATHWAYS WITH IMPACTS ON BEHAVIOUR PREDICTED BY���

&IGURE �# AND&IGURE �" RESPECTIVELY�/FSTAD ET AL������ 	 REPORT THAT VISUAL HOMING ABILITIES ARE LOST���

FOR FRUIT2IES WITH A BLOCKED %" OF THE #8 BUT NOT -"� WHICH IS PREDICTED BY OUR MODEL IF ANIMALS HAVE���

LEARNED TARGET
FACING VIEWS TO WHICH THEY CAN LATER ALIGN USING THEIR 2& GUIDANCE SYSTEM� !NALYSIS OF���

ANIMAL�S ORIENTATION DURING LEARNING IS THUS VITAL TO UNPACKING PRECISELY HOW THE ABOVE RESULTS ARISE����

7ITH THE ELEMENTAL GUIDANCE STRATEGIES DE1NED� WE PROPOSE THAT THEIR OUTPUTS ARE COORDINATED���

THROUGH THE COMBINED ACTION OF THE -"S AND #8� 3PECI1CALLY� WE DEMONSTRATE THAT A PAIR OF���

RING ATTRACTOR NETWORKS THAT HAVE SIMILAR CONNECTIVITY PATTERNS OF THE #8
BASED HEAD
DIRECTION���

SYSTEM �+IM ET AL�� ���� � 4URNER
%VANS ET AL�� ����� 0ISOKAS ET AL�� ����	� ARE SUZCIENT FOR OPTIMALLY���

WEIGHTING MULTIPLE DIRECTIONAL CUES FROM THE SAME FRAME OF REFERENCE �E�G� 6( AND 0“	� 4HE USE OF A���

PAIR OF INTEGRATING 2!S IS INSPIRED BY THE COLUMN STRUCTURE OF THE &" WHICH HAS �� NEURAL COLUMNS���

DIVIDED INTO TWO GROUPS OF � NEURAL COLUMNS THAT EACH REPRESENT THE ENTIRE ���oSPACE� 4HE OPTIMAL���

INTEGRATION OF 0“ AND 6( USING A RING ATTRACTOR CLOSELY MATCHES THE NETWORKS THEORISED TO GOVERN���

OPTIMAL DIRECTIONAL INTEGRATION IN MAMMALS �*EŠERY ET AL�� ����	 AND SUPPORTS HYPOTHESIS OF THEIR���

CONSERVED USE ACROSS ANIMALS �3UN ET AL�� ���� 	� /PTIMALITY IS SECURED EITHER THROUGH ADAPTING THE���

SHAPE OF THE ACTIVITY PRO1LE OF THE INPUT AS IS THE CASE FOR 0“ WHICH NATURALLY SCALES WITH DISTANCE����

OR BY USING A STANDARDISED INPUT ACTIVITY PRO1LE WITH CROSS
INHIBITION OF COMPETING CUES AS IS THE���

CASE FOR 6( IN THE MODEL� 4HE LATER SCHEMA AVOIDS THE NEED FOR EVER INCREASING NEURAL ACTIVITY TO���

MAINTAIN RELEVANCE����

4O REPLICATE THE SUITE OF NAVIGATIONAL BEHAVIOURS DESCRIBED IN&IGURE �OUR NETWORK INCLUDES���

THREE INDEPENDENT RING ATTRACTOR NETWORKS� THE GLOBAL COMPASS HEAD DIRECTION SYSTEM �0ISOKAS���

ET AL�� ���� 	� THE LOCAL COMPASS HEAD DIRECTION SYSTEM �3EELIG AND *AYARAMAN� ����� +IM ET AL�����

���� � 4URNER
%VANS ET AL�� ����	� AND AN /Š
ROUTE INTEGRATION SYSTEM �MODELLED HERE	� 7E WOULD���

SPECULATE THAT IT IS LIKELY THAT CENTRAL PLACE FORAGING INSECTS ALSO POSSESS A SIMILAR INTEGRATION NETWORK���

FOR �/N
2OUTE� CUES �NOT MODELLED HERE	 BRINGING THE TOTAL NUMBER OF 2!S TO FOUR� 4HE UTILITY OF���

2!S FOR HEAD
DIRECTION TRACKING ARISES FROM THEIR PROPERTIES IN CONVERGING ACTIVITY TO A SIGNAL BUMP���

THAT CAN EASILY BE SHIFTED BY SENSORY INPUT AND IS MAINTAINED IN THE ABSENCE OF STIMULATION�“N���

ADDITION� 2!S ALSO POSSESS THE BENE1CIAL PROPERTY THAT THEY SPONTANEOUSLY WEIGHT COMPETING���

SENSORY INFORMATION STORED AS BUMPS OF ACTIVITY IN AN OPTIMAL MANNER� 4HUS� THERE ARE EXCELLENT���

COMPUTATIONAL REASONS FOR INSECTS TO INVEST IN SUCH NEURAL STRUCTURES� 9ET� IT SHOULD BE CLEAR THAT THE���

MODEL PROPOSED HERE REPRESENTS A PROOF
OF
CONCEPT DEMONSTRATING THAT THE UNDERLYING NETWORK���

ARCHITECTURES ALREADY MAPPED TO THE #8 �DIRECTIONAL CUES ENCODED AS BUMPS OF ACTIVITY �3EELIG AND���

*AYARAMAN� ���� � (EINZE AND (OMBERG� ���� 	� VARIOUS LATERAL SHIFTING MECHANISMS �3TONE ET AL�����

���� � 'REEN ET AL�� ���� � 4URNER
%VANS ET AL�� ����	� 2!S � +IM ET AL�� ���� � 4URNER
%VANS ET AL�� ��������

0ISOKAS ET AL�� ����		 ARE SUZCIENT TO GENERATE ADAPTIVE NAVIGATION BUT FURTHER STUDIES ARE REQUIRED���

TO CRITIQUE AND RE1NE THE BIOLOGICAL REALISM OF THIS HYPOTHESIS����

7HILE THIS ASSEMBLAGE RECREATES OPTIMAL INTEGRATION OF STRATEGIES THAT SHARE A COMPASSSYSTEM����

IT DOES NOT EASILY EXTEND TO INTEGRATION OF DIRECTIONAL CUES FROM OTHER FRAMES OF REFERENCE�E�G� 6(���

AND 0“ REFERENCE THE GLOBAL COMPASS VERSUS 2& THAT REFERENCES A LOCAL COMPASS	�“NDEED AS THE���

�� OF ��
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#8 STEERING NETWORK SEEKS TO MINIMISE THE DIŠERENCE BETWEEN A CURRENT AND A DESIRED HEADING����

CALIBRATING INPUT SIGNALS FROM DIŠERENT FRAMES OF REFERENCE WOULD REQUIRE A SIMILAR CALIBRATION OF���

THEIR RESPECTIVE COMPASS SYSTEMS�2ATHER� THE PROPOSED MODEL INCORPORATES A CONTEXT
DEPENDENT���

NON
LINEAR SWITCHING MECHANISM DRIVEN BY THE OUTPUT OF THE -" THAT ALTERNATES BETWEEN STRATEGIES����

GLOBAL COMPASS BASED 0“ AND 6( ARE TRIGGERED WHEN THE SURROUNDINGS ARE UNFAMILIAR� BUT WHEN���

IN FAMILIAR SURROUNDINGS ENGAGE LOCAL COMPASS BASED 2&�“N SUMMARY� THE ADAPTIVE BEHAVIOUR���

DEMONSTRATED IS THE RESULT OF DISTINCT GUIDANCE SYSTEMS THAT CONVERGE IN THE #8� WITHTHEIR RELATIVE���

WEIGHTING DE1NED BY THE OUTPUT OF THE -"� 4HIS DISTRIBUTED ARCHITECTURE IS REMINISCENT OF MECHA
���

NISMS FOUND IN THE VISUAL LEARNING OF HONEYBEES �0LATH ET AL�� ����	� AND SUPPORTS THE HYPOTHESIS���

THAT THE #8 IS THE NAVIGATION COORDINATOR OF INSECTS �(EINZE� ���� � (ONKANEN ET AL�� ���� 	 BUT SHOWS���

HOW THE -" ACTS AS A MEDIATOR ALLOWING THE #8 TO GENERATE OPTIMAL BEHAVIOUR ACCORDING TO THE���

CONTEXT����

4HE RESULTANT UNI1ED MODEL OF INSECT NAVIGATION&IGURE �" AND # REPRESENTS A PROOF
OF
PRINCIPLE���

FRAMEWORK AS TO HOW INSECTS MIGHT CO
ORDINATE CORE NAVIGATIONAL BEHAVIOURS �0“� 6( AND 2&	 UNDER���

STANDARD1ELD MANIPULATIONS&IGURE �!� .EUROANATOMICAL DATA HAS BEEN DRAWN FROM ACROSS INSECT���

CLASSES �SEE4ABLE �	 TO ENSURE NEURAL REALISM WHERE POSSIBLE WITH PERFORMANCE COMPARED TO ANT���

NAVIGATION BEHAVIOUR IN A SINGLE SIMULATED DESERT ANT HABITAT� 4HE FRAMEWORK CAN BE EASILY EXTENDED���

TO NEW NAVIGATION BEHAVIOURS OBSERVED IN OTHER INSECTS FROM IDIOTHETIC 0“ �+IM AND $ICKINSON� ���� 	���

TO STRAIGHT LINE FOLLOWING �%L *UNDI ET AL�� ����	 TO MIGRATIONS �2EPPERT ET AL�� ����	 AS WELL AS MORE���

NUANCED STRATEGIES THAT2EXIBLY USE DIRECTIONAL CUES FROM DIŠERENT SENSORY MODALITIES �7YSTRACH���

ET AL�� ���� � 3CHWARZ ET AL�� ����� $ACKE ET AL�� ���� 	� ! PRIORITY OF FUTURE WORKS SHOULD BE THE���

INVESTIGATION OF THE DIŠERENCES AND COMMONALITIES IN SENSORY SYSTEMS� NEURAL STRUCTURES AND���

ECOLOGY OF DIŠERENT INSECT NAVIGATORS AND HOW THEY IMPACT BEHAVIOUR ALLOWING FOR EXTENSION AND���

RE1NEMENT OF THE FRAMEWORK FOR DIŠERENT ANIMALS� #OMPLEMENTARY STRESS
TESTING OF MODELS ACROSS���

DIŠERENT ENVIRONMENTS IN BOTH SIMULATION AND ROBOTIC STUDIES ARE ALSO REQUIRED TO ENSURE THAT���

MODEL PERFORMANCE GENERALISES ACROSS SPECIES AND HABITATS AND TO PROVIDE GUIDANCE TO RESEARCHERS���

SEEKING THE SENSORY� PROCESSING AND LEARNING CIRCUITS UNDERPINNING THESE ABILITIES����

-ETHODS AND -ATERIALS���

!LL SOURCE CODE RELATED TO THIS PUBLICATION IS AVAILABLE FOR DOWNLOAD ATHTTPS���GITHUB�COM�8UELONG3UN����

“NSECT.AVIGATION4OOLKIT-ODELLING� !LL SIMULATIONS AND NETWORK MODELS ARE IMPLEMENTED BY 0YTHON���

��� AND MAKE USE OF EXTERNAL LIBRARIES
NUMPY� MATPLOTLIB� SCIPY� 0“, ANDCV�����

3IMULATED �$ WORLD���

4HE ENVIRONMENT USED IN THIS STUDY IS THAT PROVIDED BY3TONE ET AL������ 	 WHICH IS ITSELF ADAPTED���

FROM"ADDELEY ET AL������ 	 �SEE&IGURE �#	� “T IS A VIRTUAL ANT
LIKE WORLD CONSISTING OF RANDOMLY���

GENERATED BUSHES� TREES AND TUSSOCKS BASED ON TRIANGULAR PATCHES �FOR MORE DETAILS SEE"ADDELEY���

ET AL������ 		� 4HEREFORE� THE DATA OF THIS SIMULATED WORLD IS STORED IN A MATRIX WITH THESIZE OF���

N P • 3 • 3 � DE1NING THE THREE DIMENSIONAL COORDINATES �X�Y�Z	 OF THE THREE VERTICES OFN P �NUMBER OF���

PATCHES	 TRIANGLE PATCHES� !GENT MOVEMENT WAS CONSTRAINED TO A20m• 20 mTRAINING AND TEST AREA���

ALLOWING FREE MOVEMENT WITHOUT THE REQUIREMENT OF AN ADDITIONAL OBSTACLE AVOIDANCE MECHANISM����

“MAGE RECONSTRUCTION���

4HE AGENT�S VISUAL INPUT AT LOCATION.x; y/ WITH THE HEADING DIRECTION� h IS SIMULATED FROM A POINT���

�CM ABOVE FROM THE GROUND PLANE WITH 1ELD OF VIEW360ý WIDE BY90ý HIGH �CENTRED ON THE HORIZON	����

4HIS PANORAMIC IMAGE �300 • 104	 IS THEN WRAPPED ONTO A SKY
CENTRED DISK AS REQUIRED BY THE���

:ERNIKE -OMENTS TRANSFORMATION ALGORITHM USED WITH THE SIZE OF208.104 • 2/ • 208 READY FOR IMAGE���

PROCESSING �SEE&IGURE �$ UPPER	����

�� OF ��



-ANUSCRIPT SUBMITTED TO E,IFE

&IGURE �� “NFORMATION PROVIDED BY FREQUENCY ENCODING IN CARTOON AND SIMULATED ANT ENVIRONMENTS� �!	�
! CARTOON DEPICTION OF A PANORAMIC SKYLINE� IT�S DECOMPOSITION INTO TRIGONOMETRIC FUNCTIONS� AND RECONSTRUCTION
THROUGH THE SUMMATION OF LOW FREQUENCY COEZ CIENTS RE2ECTING STANDARD IMAGE COMPRESSION TECHNIQUES��"	 �
&OLLOWING A ��o ROTATION THERE IS NO CHANGE IN THEAMPLITUDESOF THE FREQUENCY COEZ CIENTS BUT THEPHASESOF
THE FREQUENCY COEZ CIENTS TRACK THE CHANGE IN ORIENTATION PROVIDING A ROTATIONAL INVARIANT SIGNAL USEFUL FOR VISUAL
HOMING AND ROTATIONALLY
VARYING SIGNAL USEFUL FOR ROUTE FOLLOWING RESPECTIVELY��#	 � 4HE SIMULATED �$ WORLD USED
FOR ALL EXPERIMENTS� 4HE PINK AREA �SIZE�20m• 20 m	 IS USED FOR MODEL TRAINING AND TESTING ZONE FOR MODELS
ALLOWING OBSTACLE
FREE MOVEMENT��$	 � 4HE FREQUENCY ENCODING �:ERNIKE -OMENT�SAMPLITUDESAND PHASE	 OF
THE VIEWS SAMPLED FROM THE SAME LOCATION BUT WITH DIŠERENT HEADINGS �0� AND 0� IN �#	 � WITH90ý HEADING
DIŠERENCE	 IN THE SIMULATED WORLD� 4HE1RST �� AMPLITUDESARE IDENTICAL WHILE THEPHASESHAVE THE DIŠERENCE OF
ABOUT90ý �

&IGURE �ÿSOURCE DATA ��4HE MATRIX OF SIMULATED �$ WORLD�

“MAGE PROCESSING���

&REQUENCY ENCODING CONCEPTUAL OVERVIEW���

“MAGE COMPRESSION ALGORITHMS SUCH AS *0%' ENCODING �(UDSON ET AL�� ���� 	 HAVE LONG UTILISED THE���

FACT THAT A COMPLEX SIGNAL CAN BE DECOMPOSED INTO A SERIES OF TRIGONOMETRIC FUNCTIONS THAT OSCILLATE���

AT DIŠERENT FREQUENCIES� 4HE ORIGINAL SIGNAL CAN THEN BE RECONSTRUCTED BY SUMMING ALL �FOR PREFECT���

RECONSTRUCTION	 OR SOME �FOR APPROXIMATE RECONSTRUCTION	 OF THE BASE TRIGONOMETRIC FUNCTIONS����

4HUS� COMPRESSION ALGORITHMS SEEK A BALANCE BETWEEN USING THE FEWEST TRIGONOMETRIC FUNCTIONS TO���

ENCODE THE SCENE �FOR EXAMPLE� BY OMITTING HIGH FREQUENCIES THAT HUMANS STRUGGLE TO PERCEIVE	� AND���

THE ACCURACY OF THE RECONSTRUCTED SIGNAL �OFTEN GIVEN AS AN OPTION WHEN CONVERTING TO *0%' FORMAT	����

�� OF ��
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&IGURE �! PROVIDES A CARTOON OF THE FREQUENCY DECOMPOSITION PROCESS FOR A PANORAMIC VIEW����

7HEN SUCH TRANSFORMS ARE APPLIED TO FULLY PANORAMIC IMAGES� OR SKYLINES� BENE1TS BEYOND���

COMPRESSION ARISE� 3PECI1CALLY� DISCRETE TRANSFORMATION ALGORITHMS USED TO EXTRACT THE FREQUENCY���

INFORMATION GENERATE A SERIES OF INFORMATION TRIPLETS TO DESCRIBE THE ORIGINAL FUNCTION� FREQUENCY���

COEZ CIENTS DESCRIBE THE FREQUENCY OF THE TRIGONOMETRIC FUNCTION WITH ASSOCIATEDAMPLITUDES���

ANDPHASEVALUES DE1NING THE VERTICAL HEIGHT VERSUS THE MEAN AND THE LATERAL POSITION OF THE���

WAVEFORM RESPECTIVELY �&IGURE �!	� &OR PANORAMIC VIEWS� REGARDLESS OF THE ROTATIONAL ANGLE OF THE���

IMAGE CAPTURING DEVICE �EYE OR CAMERA	 THE ENTIRE SIGNAL WILL ALWAYSBE VISIBLE AND HENCE THE���

AMPLITUDESOF THE FREQUENCY COEZ CIENTS DO NOT ALTER WITH ROTATION �&IGURE �"	� 4HIS INFORMATION���

HAS BEEN USED FOR SUCCESSFUL PLACE RECOGNITION IN A SERIES OF ROBOT STUDIES �0AJDLA AND (LAV Ì� ���� ����

-ENEGATTI ET AL�� ���� � 3TONE ET AL�� ����	� -OST RECENTLY �3TONE ET AL�� ����	 DEMONSTRATED THAT���

THE DIŠERENCE BETWEEN THEAMPLITUDESOF THE FREQUENCY COEZ CIENTS RECORDED AT TWO LOCATIONS���

INCREASES MONOTONICALLY WITH DISTANCE PRODUCING AN ERROR SURFACE SUITABLE FORVISUAL HOMING� 4HIS���

FEATURE OF THE FREQUENCY ENCODING UNDERLIES THE VISUAL HOMING RESULTS DESCRIBED IN -USHROOM���

BODIES AS DRIVERS OF ROTATIONAL INVARIANT VISUAL HOMING����

“N ADDITION� AS THEPHASEOF EACH COEZ CIENT DESCRIBES HOW TO ALIGN THE SIGNAL THIS WILL NATURALLY���

TRACK ANY ROTATION IN THE PANORAMIC VIEW �&IGURE �"	 PROVIDING A MEANS TO REALIGN WITH PREVIOUS���

HEADINGS� 4HEPHASECOMPONENTS OF PANORAMIC IMAGES HAVE BEEN UTILISED PREVIOUSLY TO DERIVE���

THE HOME DIRECTION IN A VISUAL HOMING TASK �3T»RZL AND -ALLOT� ����	� 4HIS FEATURE OF THE FREQUENCY���

ENCODING UNDERLIES THE ROUTE FOLLOWING RESULTS DESCRIBED IN2OUTE FOLLOWING IN THE INSECT BRAIN����

4HE IMAGE PROCESSING 1ELD HAS CREATED AN ARRAY OF ALGORITHMS FOR DERIVING THEFREQUENCY���

CONTENT OF CONTINUOUS SIGNALS �*IANG ET AL�� ���� � 'ONZALEZ ET AL�� ����	� 4O ALLOW EXPLORATION OF THE���

USEFULNESS OF FREQUENCY INFORMATION� AND HOW IT COULD BE USED BY THE KNOWN NEURAL STRUCTURES����

WE ADOPT THE SAME :ERNIKE -OMENT ALGORITHM USED BY3TONE ET AL������ 	� BUT THE READER SHOULD���

BE CLEAR THAT THERE ARE MANY ALTERNATE AND MORE BIOLOGICALLY PLAUSIBLE PROCESSES BY WHICH INSECTS���

COULD DERIVE SIMILAR INFORMATION�“T IS BEYOND THE SCOPE OF THIS PROOF OF CONCEPT STUDY TO DE1NE���

PRECISELY HOW THIS PROCESS MIGHT HAPPEN IN INSECTS BUT FUTURE RESEARCH POSSIBILITIES ARE OUTLINED IN���

THE$ISCUSSION����

:ERNIKE -OMENTS ENCODING���

:ERNIKE -OMENTS �:-	 ARE DE1NED AS THE PROJECTION OF A FUNCTION ONTO ORTHOGONAL BASIS POLYNOMIALS���

CALLED :ERNIKE POLYNOMIALS �4EAGUE� ���� � +HOTANZAD AND (ONG� ����	� 4HIS SET OF FUNCTIONS ARE���

DE1NED ON THE UNIT CIRCLE WITH POLAR COORDINATES.�; � / SHOWN AS����

Vnm.�; � / = Rnm.� /ejm� ��	

7HEREn Ë N + IS THE ORDER ANDm IS THE REPETITION MEETING THE CONDITION�m Ë N � ðmðf n AND���

n * ðmðIS EVEN TO ENSURE THE ROTATIONAL INVARIANT PROPERTY IS MET�Rnm.� / IS THE RADIAL POLYNOMIAL���

DE1NED AS����

Rnm.� / =
n* ðmð_2É

s=0

.*1/ s .n * s/@

s@.n+ðmð
2

* s/@.n* ðmð
2

* s/@
� n*2 s ��	

&OR A CONTINUOUS IMAGE FUNCTIONf .x; y/� THE :- COEZCIENT CAN BE CALCULATED BY����

Z nm.� / =
n + 1

� Ê Êx2+y2f 1
f .x; y/V <

nm.�; � /dxdy ��	

&OR A DIGITAL IMAGE� SUMMATIONS CAN REPLACE THE INTEGRALS TO GIVE THE :-����

Z nm.� / =
n + 1

�

É

x

É

y

f .x; y/V <
nm.�; � /; x2 + y2 f 1: ��	

:- ARE EXTRACTED FROM THE SIMULATED INSECT VIEWS IN WRAPPED FORMAT �&IGURE �$	 WHOSE CENTRE���

IS TAKEN TO BE THE ORIGIN OF THE POLAR COORDINATES SUCH THAT ALL VALID PIXELS LIEWITHIN THE UNIT CIRCLE����

�� OF ��
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&OR A GIVEN IMAGEI �0� IN &IGURE �$	 AND THE ROTATED VERSION OF THIS IMAGEI � r �0� IN &IGURE �$	� THE���

AMPLITUDEA = ðZ ðANDPHASE� = Ú Z OF :- COEZ CIENTS OF THESE TWO IMAGES WILL SATISFY����

T
ðZ � r

nmð= ðZ nme* jm� r ð= ðZ nmð i:e:; A� r
nm = Anm

� � r
nm = � nm * m� r

��	

&ROM WHICH WE CAN SEE THAT THEAMPLITUDEOF THE :- COEZ CIENT REMAINS THE SAME WHILE THEPHASE���

OF :- CARRIES THE INFORMATION REGARDING THE ROTATION �SEE&IGURE �! AND $	� 4HIS PROPERTY IS THE���

CORNERSTONE OF THE VISUAL NAVIGATION MODEL WHERE THEAMPLITUDESENCODE THE FEATURES OF THE VIEW���

WHILE THEPHASEDE1NES THE ORIENTATION����

!MPLITUDESFOR :- ORDERS RANGING FROMn = 0 TOn = 16 WERE SELECTED AS THEY APPEARED TO COVER���

THE MAJORITY OF INFORMATION WITHIN THE IMAGE� &ROM%QUATION �WE KNOW THATVn;m = Vn;* m� SO WE���

LIMITEDm Ë N + TO REDUCE THE COMPUTATIONAL COST� WHICH SETS THE TOTAL NUMBER OF :- COEZ CIENTS���

�N ZM 	 TO.16 Ÿ 2 + 1/2 = 81 WHICH WAS INPUT TO THE VISUAL NAVIGATION NETWORKS� &OR TRAINING THE !..���

NETWORK FOR2&� IN%QUATION �� IF WE SETm = 1� SUCH THAT� � r
n;1 = � n;1 * � r WHICH MEANS THAT ALL :-���

COEZCIENTS WILL PROVIDE THE SAME INFORMATION WHEN THE IMAGE IS ROTATED� &URTHER� THE DIŠERENCE���

BETWEEN THEPHASEOF :- COEZCIENTS OF THE CURRENT VIEW WITH THOSE OF THE MEMORISED VIEW� WILL���

INHERENTLY PROVIDE THE ANGLE WITH WHICH TO TURN TO REALIGN ONESELF� I�E� ����

� current
7;1 * � memory

7;1 = � h * � m ��	

7HERE THE ORDERn OF THIS :- IS SELECTED TO BEn = 7 MANUALLY BY COMPARING THE PERFORMANCE���

WITH DIŠERENT ORDERS IN THIS SPECI1C VIRTUAL ENVIRONMENT�� h IS THE CURRENT HEADING OF THE AGENT WHILE���

� m IS THE MEMORISED HEADING DIRECTION �DESIRED HEADING DIRECTION	����

.EURAL NETWORKS���

7E USE THE SIMPLE 1RING RATE TO MODEL THE NEURONS IN THE PROPOSED NETWORKS� WHERE THE OUTPUT���

1RING RATEC IS A SIGMOID FUNCTION OF THE INPUTI IF THERE IS NO SPECIAL NOTE�“N THE FOLLOWING���

DESCRIPTIONS AND FORMULAS� A SUBSCRIPT IS USED TO REPRESENT THE LAYERS OR NAME OF THENEURON WHILE���

THE SUPERSCRIPT IS USED TO REPRESENT THE VALUE AT A SPECI1C TIME OR WITH A SPECI1C INDEX����

#URRENT HEADINGS���

“N THE PROPOSED MODEL� THERE ARE TWO INDEPENDENT COMPASS SYSTEMS BASED ON THE GLOBAL AND THE���

LOCAL CUES RESPECTIVELY SO NAMED GLOBAL AND LOCAL COMPASS CORRESPONDINGLY� 4HESETWO COMPASS���

SYSTEMS HAVE SIMILAR NEURAL PATHWAYS FROM /, VIA !/45 AND "5 TO THE #8 BUT ENDED DISTINCT���

GROUPINGS OF 4"� NEURONS�“
4"� AND ““
4"� IN THE 0"����

'LOBAL COMPASS���

4HE GLOBAL COMPASS NEURAL NETWORK APPLIED IN THIS STUDY IS THE SAME AS THAT OF3TONE ET AL������ 	����

WHICH HAS THREE LAYERS OF NEURONS� 4, NEURONS� #,� NEURONS AND“
4"� NEURONS� 4HE �� 4, NEURONS���

RESPOND TO SIMULATED POLARISED LIGHT INPUT AND ARE DIRECTLY MODELLED AS����

I T L = cos.� T L * � h/ ��	

7HERE� T L Ë ^0; � _4; � _2;3� _4; �; 5� _4;3� _2;7� _4` IS THE ANGULAR PREFERENCE OF THE �� 4,
NEURONS����

4HE �� #,�
NEURONS ARE INHIBITED BY 4,
NEURON ACTIVITY WHICH INVERT THE POLARISATION RESPONSE����

I CL1 = 1:0 * CT L ��	

4HE � “
4"� NEURONS ACT AS A RING ATTRACTOR CREATING A SINUSOIDAL ENCODING OF THE CURRENT HEADING����

%ACH“
4"� NEURON RECEIVES EXCITATION FROM THE #,� NEURON SHARING THE SAME DIRECTIONAL PREFERENCE���

AND INHIBITION FROM OTHER“
4"� NEURONS VIA MUTUAL CONNECTIONS����

W ij
I * T B1 =

cos.� i
I * T B1 * � j

I * T B1/ * 1

2
��	
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I t;j
I * T B1 = .1 * c/Ct;j

CL1 + c
8É

i=1

W ij
I * T B1C

t*1 ;j
I * T B1 ���	

7HEREc IS A BALANCE FACTOR TO MODIFY THE STRENGTH OF THE INHIBITION AND THE #,� EXCITATION� &INALLY����

THE POPULATION CODINGCt;j
I * T B1; j = 0;1; :::7 REPRESENTS THE HEADING OF GLOBAL COMPASS OF THE AGENT AT���

TIMEt����

,OCAL COMPASS���

4HE LOCAL COMPASS IS DERIVED FROM THE TERRESTRIAL CUES THROUGH A SIMILAR VISUAL PATHWAY AS THE GLOBAL���

COMPASS AND ALSO ENDS IN A RING ATTRACTOR NETWORK� !S FOR THE GLOBAL COMPASS� THE LOCAL COMPASS���

HEADING IS DIRECTLY MODELLED BY THE POPULATION ENCODING OF ““
4"� NEURONS����

Ci
I I * T B1 = cos.� 7;1 * � i

I I * T B1/ i = 0;1; :::7 ���	

7HERE� I I * T B1 IS THE ANGULAR PREFERENCE OF THE ““
4"� NEURONS AND� 7;1 IS THEPHASEOF :-� 4HEREFORE����

THE 1RING RATE OFCI I * T B1 ENCODES THE HEADING OF THE LOCAL COMPASS����

6ISUAL HOMING���

4HE NEURAL NETWORK OF VISUAL HOMING IS AN ASSOCIATIVE NETWORK CONSTRAINED BY THE ANATOMICAL���

STRUCTURE OF THE MUSHROOM BODY �-"	 OF THE INSECTS� “N CONTRAST TO!RDIN ET AL������ 	 WHERE A���

SPIKING NEURAL NETWORK IS IMPLEMENTED TO MODEL THE -"� WE APPLY A SIMPLE VERSION OF-" WHERE���

THE AVERAGE 1RING RATES OF NEURONS ARE USED����

4HE VISUAL PROJECTION NEURONS �V0.S	 DIRECTLY RECEIVE THEAMPLITUDESOF THE :- COEZ CIENTS AS���

THEIR1RING RATES����

Ci
vP N = A i ; i = 0;1;2:::NvP N ���	

7HEREN vP N IS THE NUMBER OF THE V0. NEURONS WHICH IS THE SAME AS THE TOTAL NUMBER OF :-���

AMPLITUDESAPPLIED AND IN THIS STUDYN vP N = N ZM = 81� 4HEA i DENOTES THEi th AMPLITUDESOF :-���

COEZ CIENTS����

4HE V0.S PROJECT INTO +ENYON CELLS �+#	 THROUGH RANDOMLY GENERATED BINARY CONNECTIONSWvP N 2KC ����

WHICH RESULT IN THE SCENARIO WHEREIN ONE +# RECEIVES �� RANDOMLY SELECTED V0.S� ACTIVATION����

I j
KC =

N vP NÉ

i=0

W ji
vP N 2KC Ci

vP N ���	

7HEREI j
KC DENOTES THE TOTAL INPUT CURRENT OFj th +# FROM THE V0. AND THE +#S ARE MODELLED AS���

BINARY NEURONS WITH THE SAME THRESHOLDT hrkc����

CKC =

T
0 if I KC f T hrKC

1 if I KC > T hr KC

���	

4HE -"/. NEURON SUMS ALL THE ACTIVATION OF +ENYON CELLS VIA PLASTIC CONNECTIONSWKC2EN ����

CMBON =
N KCÉ

i=0

W i
KC2MBON Ci

KC ���	

!N ANTI
(EBBIAN LEARNING RULE IS APPLIED FOR THE PLASTICITY OFWKC2MBON IN A SIMPLE WAY����

W t
KC2MBON = W t*1

KC2MBON * � KC2MBON if C i
KC g W i

KC2MBON ���	

7HERE� KC2MBON IS THE LEARNING RATE� 4HE LEARNING PROCESS WILL HAPPEN ONLY WHEN THE REWARD SIGNAL���

IS TURNED ON� 4HE ACTIVATION OF %.CMBON REPRESENTS THE FAMILIARITY OF THE CURRENT VIEW AND THE���

CHANGE OF THECMBON IS DE1NED AS����

� CMBON = Ct
MBON * Ct*1

MBON ���	
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� CMBON IS USED TO TRACK THE GRADIENT OF THE FAMILIARITY TO GUIDE THE AGENT TO THE MORE FAMILIAR���

LOCATIONS BY SHIFTING THE “
4"� NEURONS� ACTIVATIONCI * T B1����

Ci
V H = Cj

I * T B1; j =

T
i + of fset if i + of fset f 7

i + of fset * 7 otherwise
i = 0;1; :::7 ���	

4HE RELATIONSHIP BETWEEN THE� CMBON AND THEof fset IS SHOWN AS FOLLOWING����

of fset =

T
0 if � CMBON < 0

min.âkV H � CMBON ã;4/ otherwise
���	

0ATH INTEGRATION���

4HE 0“ MODEL IMPLEMENTED IS THAT PUBLISHED BY3TONE ET AL������ 	� 4HE CORE FUNCTIONALITY ARISES���

FROM THE #05� NEURONS THAT INTEGRATE THE ACTIVATION OF 4.� NEURONS THAT ENCODE THE SPEED OF���

THE AGENT AND THE INVERTED ACTIVATION OF DIRECTION
SENSITIVE “
4"� NEURONS� 4HE RESULT IS THAT THE���

POPULATION OF #05� NEURONS ITERATIVELY TRACK THE DISTANCE AND ORIENTATION TO THE NEST �A HOME���

VECTOR	 IN A FORMAT AKIN TO A SERIES OF DIRECTIONALLY
LOCKED ODOMETERS����

4HE 1RING RATE OF THE #05� NEURONS ARE UPDATED BY����

I t
CP U4 = I t*1

CP U4 + r.Ct
T N 2 * Ct

I * T B1 * k/ ���	

7HERE THE RATE OF THE MEMORY ACCUMULATIONr = 0:0025� THE MEMORY LOSSk = 0:1� THE INITIAL MEMORY���

CHARGE OF #05� NEURONSI 0
CP U4 = 0:1����

4HE INPUT OF THE 4.� NEURONS ENCODING THE SPEED IS CALCULATED BY����

T
I T N 2L

= [sin. � h + � T N 2/ cos.� h + � T N 2/]v

I T N 2R
= [sin. � h * � T N 2/ cos.� h * � T N 2/]v

���	

WHEREv IS THE VELOCITY �SEE%QUATION ��	 OF THE AGENT AND� T N 2 IS THE PREFERENCE ANGLE OF THE 4.����

NEURONS� “N THIS STUDY� T N 2 = � _4� 4HE ACTIVATION FUNCTION APPLIED TO 4.� NEURONS IS THE RECTI1ED���

LINEAR FUNCTION GIVEN BY����

CT N 2 = max.0;2I T N 2/ ���	

!S #05� NEURONS INTEGRATE THE SPEED AND DIRECTION OF THE AGENT� THE DESIRED HEADING OF 0“ CAN BE���

REPRESENTED BY THE POPULATION ENCODING OF THESE NEURONS� THUS����

CP I = CCP U4 ���	

2OUTE &OLLOWING���

4HE ROUTE FOLLOWING MODEL IS BASED ON A SIMPLE ARTI1CIAL NEURAL NETWORK �!..	 WITH JUST ONE HIDDEN���

LAYER� 4HE INPUT LAYER DIRECTLY TAKES THEAMPLITUDESOF THE :- COEZCIENTS AS THE ACTIVATION IN THE���

SAME WAY AS THAT OF VISUAL PROJECTION NEURONS IN -" NETWORK� 4HIS IS A FULLY CONNECTED NEURAL���

NETWORK WITH THE SIGMOID ACTIVATION FUNCTION� SO THE FORWARD PROPAGATION IS RULEDBY����

h
n
l
n
j

Z i
l =

³ N
i=0 W ji Y j

l *1

Y l
i = sigmoid.Z i

l / = 1

1+e
* Z i

l

i = 0;1; :::7 and l = 0;1;2 ���	

7HEREZ i
l ANDY i

l DENOTE THE INPUT AND OUTPUT OF THEi th NEURON INl th LAYER� THUS THE INPUT IS THE���

SAME AS THE -" NETWORKZ i
0 = A i ; i = 0;1; :::NZM AND THE OUTPUT OF THE !.. IS CONSEQUENTLY THE���

POPULATION CODING OF THE 2& DESIRED HEADING� I�E�����

Ci
RF = Y2

i i = 0;1; :::7 ���	

&OR A FAST AND EZCIENT IMPLEMENTATION� THE LEARNING METHOD APPLIED HERE IS BACKPROPAGATION���

WITH GRADIENT DESCEND� 4RAINING DATA IS DERIVED FROM THEAMPLITUDESAND THE POPULATION ENCODED���

PHASESOF THE :- COEZCIENTS OF THE IMAGES RECONSTRUCTED ALONG A HABITUAL ROUTE� !S SHOWN IN���
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%QUATION ��THE ““
4"� NEURONS ENCODE THE HEADING OF LOCAL COMPASS� THEREFORE� THE TRAINING PAIR���

FOR THE2& NETWORK CAN BE DE1NED AŜ A; CI I * T B1` � !FTER TRAINING� THIS NETWORK WILL CORRELATE THE���

DESIRED :- PHASEWITH THE SPECI1C :- AMPLITUDES� AND WHEN 2& IS RUNNING� THE OUTPUT OF THIS���

NEURAL NETWORKCRF WILL REPRESENT THE DESIRED HEADING WITH RESPECT TO THE CURRENT HEADING OF THE���

LOCAL COMPASS REPRESENTED BY THE POPULATION ENCODING OF““
4"� NEURONS����

#OORDINATION OF ELEMENTAL GUIDANCE STRATEGIES���

4HE COORDINATION OF THE THREE MAIN NAVIGATION STRATEGIES 0“� 6( AND 2& ARE REALISED IN DISTINCT���

STAGES� &IRSTLY� /Š
ROUTE STRATEGIES �0“ AND 6(	 ARE OPTIMALLY INTEGRATED BY WEIGHING ACCORDING TO���

THE CERTAINLY OF EACH BEFORE A CONTEXT
DEPENDENT SWITCH ACTIVATES EITHER /N
ROUTE �2&	 OR /Š
ROUTE���

STRATEGIES DEPENDING ON THE CURRENT VISUAL NOVELTY����

/PTIMAL CUE INTEGRATION���

! RING ATTRACTOR NEURAL NETWORK IS USED TO INTEGRATE THE CUES FROM THE 6( AND 0“ GUIDANCE SYSTEMS����

!S REPORTED IN(OINVILLE AND 7EHNER����� 	 SUMMATION OF DIRECTIONAL CUES REPRESENTED IN VECTOR���

FORMAT LEADS TO OPTIMAL ANGULAR CUE INTEGRATION WHICH IS THE SAME CASE AS REAL INSECTS�3UN ET AL����

����� 	 GAVE A BIOLOGY PLAUSIBLE WAY TO DO THIS KIND OF COMPUTATION BASED ON A SIMPLERING ATTRACTOR���

NEURAL NETWORK� 4HERE ARE TWO POPULATIONS OF NEURONS IN THIS NETWORK� THE1RST IS THE INTEGRATION���

NEURONS �“.	 WHICH IS THE OUTPUT POPULATION OF THE NETWORK� #ONSTRAINED BY THE NUMBER OF COLUMNS���

IN EACH HEMISPHERE OF THE INSECTS #8� WE SET THE NUMBER OF THE“. TO BE �� AND ITS1RING RATE IS���

UPDATED BY����

�
dCIN

dt
= * CIN + g

H
nÉ

j =1

W ji
E2E Cj

IN + X i
1 + X i

2 + WI 2E CUI

I

i = 0;1; :::7: ���	

7HEREW ji
E2E IS THE RECURRENT CONNECTIONS FROMj th NEURON TOi th NEURON�g.x/ IS THE ACTIVATION FUNCTION���

THAT PROVIDES THE NON
LINEAR PROPERTY OF THE NEURON����

g.c/ = max.0; � + c/ ���	

7HERE� DENOTES THE OŠSET OF THE FUNCTION����

“N %QUATION ��� X 1 ANDX 2 GENERALLY DENOTE THE CUES THAT SHOULD BE INTEGRATED�“N THIS STUDY����

X 1 ANDX 2 REPRESENT THE DESIRED HEADING OF PATH INTEGRATION �CP I 	 AND VISUAL HOMING �CV H 	� 4HE���

DESIRED HEADING OF 0“ IS ALSO TUNED BY THE TUNING NEURON �45.	 IN 3-0 WHICH IS STIMULATED BY THE���

-"/. OF -" �SEE &IGURE �!	 AND ITS ACTIVATION FUNCTION IS DE1NED BY A RECTI1ED LINEAR FUNCTION� I�E�����

CT UN = min.kT UN CEN ; 1/ ���	

7HEREkT UN IS THE SCALING FACTOR����

4HUS� THEX 1 ANDX 2 FOR THIS RING ATTRACTOR NETWORK CAN BE CALCULATED BY����

T
X i

1 = CT UN Ci
P I

X i
2 = Ci

V H

i = 0;1; :::7 ���	

4HE SECOND POPULATION OF THE RING ATTRACTOR IS CALLED THE UNIFORM INHIBITION �5“	 NEURONS MODELLED���

BY����

�
dCUI

dt
= * u + g

H

WI 2I CUI + WE2I

nÉ

k=1

Ck
IN

I

i = 0;1; :::7: ���	

!FTER ARRIVING AT A STABLE STATE� THE1RING RATE OF THE INTEGRATION NEURONS IN THIS RING ATTRACTOR���

NETWORK PROVIDES THE POPULATION ENCODING OF THE OPTIMAL INTEGRATED OUTPUTCOI ����

COI = CCN ���	
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#ONTEXT
DEPENDENT SWITCH���

4HE MODEL GENERATES TWO CURRENT�DESIRED HEADINGS PAIRS� THE CURRENT HEADING OF GLOBAL COMPASS���

DECODED BYCI * T B1 WITH THE DESIRED HEADING OPTIMALLY INTEGRATED BY THE INTEGRATION NEURONS OF THE���

RING ATTRACTOR NETWORKCOI AND THE CURRENT HEADING OF LOCAL COMPASS DECODED BY ““
4"� NEURONS���

CI I * T B2 WITH THE DESIRED HEADING DECODED BY THE OUTPUT OF THE2& NETWORKCRF � 4HESE TWO PAIRS OF���

SIGNAL BOTH ARE CONNECTED TO THE STEERING CIRCUIT �SEE&IGURE �! AND 3TEERING CIRCUIT	 BUT ARE TURNED���

ON�OŠ BY TWO SWITCHING NEURONS �3.� AND 3.�	 IN THE 3-0 �&IGURE �!	� 3.� NEURON RECEIVES THE���

ACTIVATION FROM -"/. NEURON AND IS MODELLED AS����

SN 2 =

T
0 if C MBON < T hr SN 2

1 otherwise
���	

7HILE 3.� WILL ALWAYS1RE UNLESS 3.�1RES����

SN 1 =

T
0 if C SN 2 = 1

1 otherwise
���	

4HEREFORE� THE CONTEXT
DEPEND SWITCH IS ACHIEVED ACCORDING TO THE CURRENT VISUAL NOVELTY REPRESENTED���

BY THE ACTIVATION OF -"/.����

3TEERING CIRCUIT���

4HE STEERING NEURONS� I�E�� #05� NEURONS �Ci
CP U1; i = 0;1;2:::15	 RECEIVE EXCITATORY INPUT FROM THE DE
���

SIRED HEADING �Ci
DH ; i = 0;1;2:::15	 AND INHIBITORY INPUT FROM THE CURRENT HEADING �CCH ; i = 0;1;2:::15	���

TO GENERATE THE TURNING SIGNAL����

Ci
ST = Ci

DH * Ci
CH i = 0;1; :::15 ���	

4HE TURNING ANGLE IS DETERMINED BY THE DIŠERENCE OF THE ACTIVATION SUMMATIONS BETWEEN LEFT���

�i = 0;1;2:::7	 AND RIGHT �i = 8;9;10:::15	 SET OF #05� NEURONS����

� M = kmotor.
7É

i=0

CCP U1 *
15É

i=8

CCP U1/ ���	

WHICH CORRESPONDS TO THE DIŠERENCE OF THE LENGTH OF THE SUBTRACTED LEFT AND RIGHT VECTORS IN���

&IGURE �!� “N ADDITION� AS IT IS ILLUSTRATED IN&IGURE �!� ANOTHER KEY PART OF STEERING CIRCUIT IS THE���

LEFT�RIGHT SHIFTED DESIRED HEADING� IN THIS PAPER� THIS IS ACHIEVED BY THE OŠSET CONNECTIVITY PATTERN���

�WDH 2CP U1L ANDWDH 2CP U1R	 FROM THE DESIRED HEADING TO THE STEERING NEURONS �(EINZE AND (OMBERG����

���� � 3TONE ET AL�� ����	����

T
C0*7

DH = CSN 1CRF WDH 2CP U1L + CSN 2COI WDH 2CP U1L

C8*15
DH = CSN 1CRF WDH 2CP U1R + CSN 2COI WDH 2CP U1R

���	

7HERE THEWDH 2CP U1L ANDWDH 2CP U1R ARE����

WDH 2CP U1L =

b
f
f
f
f
f
f
f
f
f
f
f
d

0 1 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 0 1 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 1 0 0

0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 1

1 0 0 0 0 0 0 0

c
g
g
g
g
g
g
g
g
g
g
g
e

WDH 2CP U1R =

b
f
f
f
f
f
f
f
f
f
f
f
d

0 0 0 0 0 0 0 1

0 1 0 0 0 0 0 0

0 0 1 0 0 0 0 0

0 0 0 1 0 0 0 0

0 0 0 0 1 0 0 0

0 0 0 0 0 1 0 0

0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 1

c
g
g
g
g
g
g
g
g
g
g
g
e

���	

WHICH DE1NES THE CONNECTION PATTERN REALISING THE LEFT�RIGHT SHIFTING OF THE DESIRED HEADINGS���

USED THROUGHOUT OUR MODEL ��&IGURE �!� &IGURE �!� &IGURE �!� &IGURE �! AND &IGURE �!	����

4HE CURRENT HEADING INPUT TO THE STEERING CIRCUIT IS ALSO SWITCHED BETWEEN GLOBAL AND LOCAL���

COMPASS INPUT VIA THE 3.� AND 3.� NEURON����

T
C0*7

CH = CSN 1CI I * T B1 + CSN 2CI * T B1

C8*15
CH = CSN 1CI I * T B1 + CSN 2CI * T B1

���	
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$ETAILED NEURAL CONNECTIVITY OF UNI1ED MODEL���

&IGURE �! SHOWS A COMPLETE PICTURE OF THE PROPOSED MODEL� 3PECI1CALLY� IT HIGHLIGHTS THE 1NAL���

COORDINATION SYSTEM SHOWING THAT #8 COMPUTING THE OPTIMAL NAVIGATION OUTPUT WITH THE MODULATION���

FROM THE -" AND 3-0� “N ADDITION� OŠSET CONNECTIVITY PATTERN FROM THE DESIRED HEADING TO THE���

STEERING CIRCUIT THAT UNDERPIN THE LEFT�RIGHT SHIFTING IS CLEARLY SHOWN� &IGURE �"# SHOWS THE NETWORK���

GENERATING THE DESIRED HEADING OF2& AND 6( RESPECTIVELY����

“N ADDITION�4ABLE �PROVIDES DETAILS OF ALL MODELLED NEURAL CIRCUITS WITH THEIR FUNCTION AND NAMING���

CONVENTIONS WITH LINKS TO BIOLOGICAL EVIDENCE FOR THESE NEURAL CIRCUITS WHEREIT EXISTS AND THE ANIMAL���

THAT THEY WERE OBSERVED IN����

3IMULATIONS���

%QUATION ��GIVES THE TURNING ANGLE OF THE AGENT� THUS THE INSTANTANEOUS �VELOCITY� �v	 AT EVERY STEP���

CAN BE COMPUTED BY����

vt = SL [cos� t
M ; sin� t

M ] ���	

7HERESL IS THE STEP LENGTH WITH THE UNIT OF CENTIMETRES� .OTE THAT WE HAVEN�T DE1NED THE TIME���

ACCURACY FOR EVERY STEP OF THE SIMULATIONS� THUS THE UNIT OF THE VELOCITY IN THIS IMPLEMENTATION IS���

cm_stepRATHER THANcm_s� 4HEN THE POSITION OF AGENTP t+1 IN THE #ARTESIAN COORDINATES FOR THE IS���

UPDATED BY����

P t+1 = P t + vt ���	

4HE MAIN PARAMETER SETTINGS FOR ALL THE SIMULATIONS IN THIS PAPER CAN BE FOUND IN 4ABLE �����

2EPRODUCE VISUAL NAVIGATION BEHAVIOUR���

“NSPIRED BY THE BENCHMARK STUDY OF REAL ANTS IN7YSTRACH ET AL������ 	� WE TEST OUR MODEL OF 6( AND���

2& BY REPRODUCING THE HOMING BEHAVIOURS IN THAT STUDY� 4HIS IS ACHIEVED BY CONSTRUCTING A HABITUAL���

ROUTE WITH A SIMILAR SHAPE �ARC OR BANANA SHAPE	 IN OUR SIMULATED �$ WORLD� 4HE POSITIONPR* Arc���

AND HEADING� R* Arc ALONG THAT ROUTE IS MANUALLY GENERATED BY����

T
� i

R* Arc = �
2

* i �
2N M

P i
R* Arc = [* R sin� i

R* Arc ; *7 + R cos� i
R* Arc ]

i = 0;1::NM ���	

7HERE THER = 7mIS THE RADIUS OF THE ARC ANDN M = 20 IN THIS CASE IS THE NUMBER OF THE SAMPLING���

POINTS WHERE VIEW IMAGES ARE RECONSTRUCTED ALONG THE ROUTE� 4HE RECONSTRUCTED VIEWSTHEN BE���

WRAPPED AND DECOMPOSED BY :- INTOAMPLITUDESANDPHASESARE USED TO TRAIN THE !.. NETWORK���

OF 2& AND -" NETWORK OF 6(����

6ISUAL HOMING���

!FTER TRAINING� �� AGENTS WITH DIŠERENT INITIAL HEADINGS THAT WERE EVENLY DISTRIBUTED IN[0;360/ WERE���

RELEASED AT THE SIDEWAYS RELEASE POINT �P = [0; *7] 	 FOR THE SIMULATION OF 6( �&IGURE �$	� 4HE���

HEADINGS OF THE AGENTS AT RADIUS ���M FROM THE RELEASE POINT �MANUALLY SELECTEDTO ENSURE THAT THE���

ALL THE AGENTS HAVE COMPLETED ANY LARGE INITIAL LOOP	 ARE TAKEN AS THE INITIALHEADINGS����

2OUTE FOLLOWING���

!FTER TRAINING� � AGENTS WITH0ý AND180ý ARE RELEASED AT THE DIŠERENT RELEASE POINTS �P = [*9 ; *7] ;���

[*8 ; *7] ; [*7 ; *7] ; [*6 ; *7] ; [*5 ; *7] 	 FOR THE SIMULATION OF 2& �SEE&IGURE �"	 TO GENERATE THE HOMING���

PATH� !ND THEN� WE RELEASE �� AGENTS ON THE ROUTE �P = [*7 ; *7] 	 WITH DIŠERENT INITIAL HEADINGS���

THAT IS EVENLY DISTRIBUTED IN[0;360/ TO COMPARE THE RESULTS WITH THE REAL ANT DATA IN7YSTRACH ET AL����

����� 	� 4HE HEADING OF EACH AGENT AT THE POSITION THAT IS ���M FROM THE RELEASE POINT ISTAKEN AS THE���

INITIAL HEADING����

�� OF ��
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4ABLE �� 4HE DETAILS OF THE MAIN NEURONS USED IN THE PROPOSED MODEL

.AME &UNCTION .UM .ETWORK "RAIN REGION .EURON IN 3PECIES�E�G�	 2EFERENCE

“
4"�
'LOBAL COMPASS

CURRENT HEADING
�

2ING

ATTRACTOR

#8

4"� IN 3CHISTOCERCA GREGARIA

AND-EGALOPTA GENALIS

�7 IN$ROSOPHILA

(EINZE AND (OMBERG����� 	

3TONE ET AL������ 	

&RANCONVILLE ET AL������ 	““
4"�
,OCAL COMPASS

CURRENT HEADING
�

2ING

ATTRACTOR

3 “
4"�
#OPY OF SHIFTED

GLOBAL HEADING
� 2ING .O DATA

�

6(
,
6( DESIRED

HEADING LEFT
� 2ING .O DATA

6(
2
6( DESIRED

HEADING RIGHT
� 2ING .O DATA

0“
,
0“ DESIRED

HEADING LEFT
� 2ING #05� IN 3CHISTOCERCA GREGARIA

AND-EGALOPTA GENALIS

0
&�.�V IN $ROSOPHILA

(EINZE AND (OMBERG����� 	

3TONE ET AL������ 	

&RANCONVILLE ET AL������ 	0“
2
0“ DESIRED

HEADING RIGHT
� 2ING

2&
,
2& DESIRED

HEADING LEFT
� 2ING .O DATA

�
2&
2

2& DESIRED

HEADING RIGHT
� 2ING .O DATA

2!
,
#UE INTEGRATION

LEFT
�

2ING

ATTRACTOR
.O DATA

2!
2
#UE INTEGRATION

RIGHT
�

2ING

ATTRACTOR
.O DATA

#05�
#OMPARING THE

CURRENT AND

DESIRED HEADING

��
3TEERING

CIRCUIT

#05� IN 3CHISTOCERCA GREGARIA

AND-EGALOPTA GENALIS

0&
,#RE IN$ROSOPHILA

(EINZE AND (OMBERG����� 	

3TONE ET AL������ 	

&RANCONVILLE ET AL������ 	

V0. VISUAL PROJECTION ��
!SSOCIATIVE

LEARNING
-"

-" NEURONS IN$ROSOPHILA

#AMPONOTUS

!PIS MELLIFERA

!SO ET AL������ 	

%HMER AND 'RONENBERG����� 	

2YBAK AND -ENZEL����� 	

+#S +ENYON CELLS ����

-"/. VISUAL NOVELTY �

45.
4UNING WEIGHTS

FROM 0“ TO 2!
� �

3-0

.O DATA

�

3.�
4URN ON�OŠ THE

2& OUTPUT TO #05�
�

3WITCH

CIRCUIT
.O DATA

3.�
4URN ON�OŠ THE

2! OUTPUT TO #05�
�

3WITCH

CIRCUIT
.O DATA

�� OF ��
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&IGURE �� 4HE DETAILED NEURAL CONNECTIONS OF THE PROPOSED MODEL� �! 	� 4HE DETAILED NEURAL CONNECTIONS OF THE NAVIGATION COORDINATION SYSTEM�
�" 	� 4HE NEURAL CONNECTION OF THE ROUTE FOLLOWING NETWORK� 4HE INPUT LAYER TO THE HIDDEN LAYER IS FULLY CONNECTED� SO DOES THE HIDDEN LAYER TO THE
OUTPUT LAYER� �#	� 4HE NETWORK GENERATING THE VISUAL HOMING MEMORY� �$ 	� 4HE DETAILED NEURAL CONNECTION OF THE RING ATTRACTOR NETWORK FOR OPTIMAL
CUE INTEGRATION�

2EPRODUCE THE OPTIMAL CUE INTEGRATION BEHAVIOUR���

7E EVALUATED THE CUE INTEGRATION MODEL BY REPRODUCING THE RESULTS OF7YSTRACH ET AL������ 	 AND���

,EGGE ET AL������ 	� 4HE ANTS� OUTBOUND ROUTES IN7YSTRACH ET AL������ 	 IS BOUNDED BY THE CORRIDOR����

�� OF ��
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4ABLE �� 4HE DETAILED PARAMETERS SETTINGS FOR THE SIMULATIONS

0ARA�
6ISUAL

(OMING

/PTIMAL “NTEGRATION

TUNING 0“

/PTIMAL “NTEGRATION

TUNING 6(

2OUTE

&OLLOWING

7HOLE MODEL

:6

7HOLE MODEL

&6

T hrKC ��� 	 ���� ���� ���� ���� ���� ����

� KC2MBON ��� 	 ��� ��� ��� ��� ��� ���

kV H ��� 	 ��� ��� ��� � ��� ���

kT UN ��� 	 � ��� ��� � ����� ������

T hrSN 2 ��� 	 � � � � ��� ���

kmotor ��� 	 ����� ����� ����� ����� ����� �����

SL �CM�STEP	 ��� 	 � � � � � �

INITIAL HEADING �DEG	 �í ��� � í ��� � í ��� � � ��� �� �

SO HERE WE SIMULATE THE VELOCITY OF THE AGENT BY����

vt
out = [ rand.0;2V0/ * V0; V0]; t = 0;1:::Tout ���	

7HERE THE FUNCTIONrand.0; x/ GENERATES A RANDOM VALUE FROM THE UNIFORM DISTRIBUTION OF[0; x]� THUS���

THE SPEED OF X
AXIS WILL BE IN[* V0; V0] AND WILL CANCEL EACH OTHER DURING THE FORGING� 4HE SPEED OF���

Y
AXIS IS CONSTANT SO IT WILL ACCUMULATED AND BE RECORDED BY THE 0“ MODEL� !NDV0 = 1cm_stepIS THE���

BASIC SPEED OF THE AGENT ANDTout IS THE TOTAL TIME FOR OUTBOUND PHASE DETERMINING THE LENGTH OF���

THE OUTBOUND ROUTE� !S FOR THE SIMULATED HOMING ROUTE� WE DUPLICATE THE OUTBOUND ROUTE WHEN���

Tout = 300 BUT WITH A INVERTED HEADING DIRECTION� !ND THEN THE VISUAL NAVIGATION NETWORK WAS TRAINED���

WITH IMAGES SAMPLED ALONG A SIMULATED ROUTE �GREY CURVE IN&IGURE �"	����

4UNING 0“ UNCERTAINTY���

4HE AGENT IN THIS SIMULATION WAS ALLOWED TO FORAGE TO DIŠERENT DISTANCES OF ���M� �M� �M OR �M���

FROM THE NEST TO ACCRUE DIŠERENT 0“ STATES AND DIRECTIONAL CERTAINTIES BEFORE BEING TRANSLATED TO A���

NEVER
BEFORE
EXPERIENCED TEST SITE ���M FROM THE NEST� �20� IN&IGURE �"	� &OR EACH TRIAL� WE RELEASE���

�� AGENTS WITH DIŠERENT INITIAL HEADINGS THAT IS EVENLY DISTRIBUTED IN[0;360/� 4HE HEADINGS OF EVERY���

AGENT AT THE POSITION THAT IS ���M FROM THE START POINT IS TAKEN AS THE INITIAL HEADINGS� AND THE MEAN���

DIRECTION AND THE ��� CON1DENTIAL INTERVALS ARE CALCULATED� !S IN THE BIOLOGICAL EXPERIMENT� THE���

ANGLE BETWEEN THE DIRECTIONS RECOMMENDED BY THE 0“ AND VISUAL NAVIGATION SYSTEMS DIŠERED BY���

APPROXIMATELY130ý����

!S THE LENGTH OF THE HOME VECTOR INCREASE ����M 
� �M	 THE ACTIVATION OF 0“ MEMORY BECOMES���

HIGHER �&IGURE 3UPPLEMENT �"	� AND INCREASINGLY DETERMINES THE OUTPUT OF THE RING ATTRACTOR INTE
���

GRATION� 3INCE THE LENGTH OF THE HOME VECTOR IS ALSO ENCODED IN THE ACTIVATION OF THE 0“ MEMORY���

NEURONS� THE RING ATTRACTOR CAN EXTRACT THIS INFORMATION AS THE STRENGTH OF THE CUE� !S THE VISUAL���

FAMILIARITY IS NEARLY THE SAME IN THE VICINITY OF THE RELEASE POINT� THE STRENGTH OFVISUAL HOMING CIRCUIT���

REMAINS CONSTANT AND HAS MORE OF AN IN2UENCE AS THE 0“ LENGTH DROPS����

4UNING VISUAL UNCERTAINTY���

4HE AGENT IN THIS SIMULATION WAS ALLOWED TO FORAGE UP TO �M FROM THE NEST TO ACCRUE ITS 0“ STATE AND���

DIRECTIONAL CERTAINTY BEFORE BEING TRANSLATED TO THREE DIŠERENT RELEASE POINTS �20�� 20� AND 20� IN���

&IGURE �"	� !S THE DISTANCE FROM NEST INCREASES �20�
�20�
�20�	 SO DOES THE VISUAL UNCERTAINTY� &OR���

EACH TRIAL� WE RELEASE �� AGENTS WITH DIŠERENT INITIAL HEADINGS THAT IS EVENLY DISTRIBUTED IN[0;360/����

4HE HEADINGS OF EACH AGENT AT THE POSITION THAT IS ���M FROM THE START POINT IS TAKEN AS THE INITIAL���

HEADINGS� AND THE MEAN DIRECTION AND THE ��� CON1DENTIAL INTERVALS ARE CALCULATED����

7HOLE MODEL���

4HE SIMULATED HABITUAL ROUTE REMAINS THE SAME AS IN THE SIMULATION OF VISUAL NAVIGATION �2EPRODUCE���

VISUAL NAVIGATION BEHAVIOUR	 AS IS THE LEARNING PROCEDURE� 4HEZERO
 AND FULL
 VECTOR AGENTS ARE BOTH���

�� OF ��
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RELEASED AT[*2 ; *7] WITH THE HEADING0ý AND90ý RESPECTIVELY� 4HE FULL
VECTOR AGENT�S 0“ MEMORY IS���

GENERATED BY LETTING THE AGENT FORAGE ALONG THE ROUTE FROM NEST TO FEEDER����

!CKNOWLEDGEMENTS���

4HIS RESEARCH HAS RECEIVED FUNDING FROM THE %UROPEAN 5NION�S (ORIZON ���� RESEARCH AND INNOVATION���

PROGRAMME UNDER THE -ARIE 3KLODOWSKA
#URIE GRANT AGREEMENT .O ������� 5, 42!#%04 AND .O���

������� 34%0�$9.!����

4HANKS TO "ARBARA 7EBB AND“NSECTS 2OBOTICS 'ROUP AT THE 5NIV OF %DINBURGH� (ADI -ABOUDI����

!LEX #OPE AND !NDREW 0HILIPPEDES FOR COMMENTS ON EARLY DRAFTS� AND TO !NTOINE 7YSTRACH FOR���

PROVISION OF DATA FROM PREVIOUS WORKS� 4HANKS FOR PROOF READERS !NNE � -IKE -ANGAN �3NR	� &INALLY����

THANKS TO OUR EDITOR AND REVIEWERS WHO HELPED IMPROVE THE MODEL AND MANUSCRIPT THROUGH THEIR���

EXCELLENT FEEDBACK����

2EFERENCES���

!RDIN 0� 0ENG &� -ANGAN -� ,AGOGIANNIS +� 7EBB "� 5SING AN“NSECT -USHROOM "ODY #IRCUIT TO %NCODE���

2OUTE -EMORY IN #OMPLEX .ATURAL %NVIRONMENTS� 0,O3 #OMPUTATIONAL "IOLOGY� �����DOI� ��������JOUR
���

NAL�PCBI�������� ����

!SO 9 � (ATTORI $� 9U 9� *OHNSTON 2-�“YER .!� .GO 44"� $IONNE (� !BBOTT ,&� !XEL 2� 4ANIMOTO (� 2UBIN '-� 4HE���

NEURONAL ARCHITECTURE OF THE MUSHROOM BODY PROVIDES A LOGIC FOR ASSOCIATIVE LEARNING� E,IFE� ����� ��E���������

DOI� ��������E,IFE������ ����

"ADDELEY "� 'RAHAM 0� (USBANDS 0� 0HILIPPIDES !� ! MODEL OF ANT ROUTE NAVIGATION DRIVEN BY SCENE FAMILIARITY����

0,O3 #OMPUTATIONAL "IOLOGY� �����DOI� ��������JOURNAL�PCBI�������� ����

"ARTH - � (EISENBERG -� 6ISION AŠECTS MUSHROOM BODIES AND CENTRAL COMPLEX IN $ROSOPHILA MELANOGASTER����

,EARNING � -EMORY� ����� ���	���� ÿ�������

"EETZ -* � EL *UNDI "�(EINZE 3� (OMBERG 5� 4OPOGRAPHIC ORGANIZATION AND POSSIBLE FUNCTION OF THE POSTERIOR���

OPTIC TUBERCLES IN THE BRAIN OF THE DESERT LOCUST 3CHISTOCERCA GREGARIA� *OURNAL OF#OMPARATIVE .EUROLOGY����

����� ������	�����ÿ��������

"REGY 0� 3OMMER 3� 7EHNER2� .EST
MARK ORIENTATION VERSUS VECTOR NAVIGATION IN DESERT ANTS� *OURNAL OF���

%XPERIMENTAL "IOLOGY� ����� ������	����� ÿ��������

#ARTWRIGHT "� #OLLETT 4� (OW HONEY BEES USE LANDMARKS TO GUIDE THEIR RETURN TO A FOOD SOURCE� .ATURE� ��������

��������	��������

#OLLETT -� (OW NAVIGATIONAL GUIDANCE SYSTEMS ARE COMBINED IN A DESERT ANT� #URRENT "IOLOGY� ����� �����	���� ÿ���

�������

#OLLETT -� #HITTKA ,� #OLLETT 43� 3PATIAL MEMORY IN INSECT NAVIGATION� #URRENT "IOLOGY������ �����	�2��� ÿ2�������

HTTP���DX�DOI�ORG���������J�CUB������������ � DOI� ��������J�CUB������������ ����

#OLLETT -� #OLLETT 43� (OW DOES THE INSECT CENTRAL COMPLEX USE MUSHROOM BODY OUTPUT FOR STEERING�#URRENT���

"IOLOGY� ����� �����	�2��� ÿ2���� HTTP���DX�DOI�ORG���������J�CUB������������ � DOI� ��������J�CUB������������ ����

#OLLETT 43� 0ATH INTEGRATION� HOW DETAILS OF THE HONEYBEE WAGGLE DANCE AND THE FORAGINGSTRATEGIES OF DESERT���

ANTS MIGHT HELP IN UNDERSTANDING ITS MECHANISMS� *OURNAL OF %XPERIMENTAL "IOLOGY� ����� ������	�JEB����������

#OLLETT 4� “NSECT NAVIGATION EN ROUTE TO THE GOAL� MULTIPLE STRATEGIES FOR THE USE OF LANDMARKS� *OURNAL OF���

%XPERIMENTAL "IOLOGY� ����� �����	���� ÿ�������

#OPE !* � 3ABO #� 6ASILAKI %� "ARRON !"� -ARSHALL *!2� ! COMPUTATIONAL MODEL OF THEINTEGRATION OF LANDMARKS���

AND MOTION IN THE INSECT CENTRAL COMPLEX� 0,O3 /.%� ����� ����	��ÿ��� DOI� ��������JOURNAL�PONE�������� ����

#RUSE (� 7EHNER 2� .O NEED FOR A COGNITIVE MAP� DECENTRALIZED MEMORY FOR INSECT NAVIGATION� 0,O3 COMPUTA
���

TIONAL BIOLOGY� ����� ���	�E�����������

$ACKE - � "ELL !4� &OSTER **� "AIRD %*� 3TRUBE
"LOSS -&� "YRNE -*� EL *UNDI "� -ULTIMODAL CUE INTEGRATION IN THE���

DUNG BEETLE COMPASS� 0ROCEEDINGS OF THE .ATIONAL !CADEMY OF 3CIENCES� ����� P� �������������

�� OF ��



-ANUSCRIPT SUBMITTED TO E,IFE

$EWAR !$- � 0HILIPPIDES !� 'RAHAM 0� 7HAT IS THE RELATIONSHIP BETWEEN VISUAL ENVIRONMENTAND THE FORM OF���

ANT LEARNING
WALKS� !N IN SILICO INVESTIGATION OF INSECT NAVIGATION� !DAPTIVE "EHAVIOR� ����� ����	����ÿ�������

HTTPS���DOI�ORG������������������������� � DOI� ����������������������������

%HMER "� 'RONENBERG 7� 3EGREGATION OF VISUAL INPUT TO THE MUSHROOM BODIES IN THE HONEYBEE �!PIS MELLIFERA	����

*OURNAL OF #OMPARATIVE .EUROLOGY� ����� �����	����ÿ�������

%HMER "� 'RONENBERG 7� -USHROOM BODY VOLUMES AND VISUAL INTERNEURONS IN ANTS� COMPARISON BETWEEN SEXES���

AND CASTES� *OURNAL OF #OMPARATIVE .EUROLOGY� ����� �����	����ÿ�������

%L *UNDI "� &OSTER **� +HALDY ,� "YRNE -*� $ACKE -� "AIRD %� ! SNAPSHOT
BASED MECHANISM FOR CELESTIAL ORIENTATION����

#URRENT BIOLOGY� ����� �����	�����ÿ��������

&ISHER 9%� ,U *� $�!LESSANDRO “� 7ILSON2“� 3ENSORIMOTOR EXPERIENCE REMAPS VISUAL INPUT TO A HEADING
DIRECTION���

NETWORK� .ATURE� ����� ��������	���� ÿ�������

&LEISCHMANN 0.� #HRISTIAN -� -»LLER 6,� 2µSSLER 7� 7EHNER 2� /NTOGENY OF LEARNING WALKS AND THEACQUISITION OF���

LANDMARK INFORMATION IN DESERT ANTS� #ATAGLYPHIS FORTIS� *OURNAL OF %XPERIMENTAL "IOLOGY� ����� ������	����� ÿ���

��������

&RANCONVILLE 2� "ERON #� *AYARAMAN 6� "UILDING A FUNCTIONAL CONNECTOME OF THE $ROSOPHILA CENTRAL COMPLEX����

E,IFE� ����� �� DOI� ��������ELIFE������ ����

&UKUSHI 4� 7EHNER 2� .AVIGATION IN WOOD ANTS &ORMICA JAPONICA� CONTEXT DEPENDENT USE OF LANDMARKS� *OURNAL���

OF %XPERIMENTAL "IOLOGY� ����� ������	����� ÿ��������

'KANIAS %� 2ISSE "� -ANGAN -� 7EBB "� &ROM SKYLIGHT INPUT TO BEHAVIOURAL OUTPUT� A COMPUTATIONAL MODEL OF���

THE INSECT POLARISED LIGHT COMPASS� 0,O3 COMPUTATIONAL BIOLOGY� ����� ����	�E�����������

'ONZALEZ 2#� 7OODS 2%� %DDINS 3,� $IGITAL IMAGE PROCESSING USING -!4,!"� 0EARSON %DUCATION“NDIA� ��������

'RAHAM 0 � 0HILIPPIDES !� "ADDELEY "� !NIMAL COGNITION� MULTI
MODAL INTERACTIONSIN ANT LEARNING� #URRENT���

"IOLOGY� ����� �����	�2��� ÿ2�������

'REEN *� !DACHI !� 3HAH ++� (IROKAWA *$� -AGANI 03� -AIMON '� ! NEURAL CIRCUIT ARCHITECTURE FOR ANGULAR���

INTEGRATION IN $ROSOPHILA� .ATURE� ����� ��������	��������

'RONENBERG 7� ,²PE Z
2IQUELME '� -ULTISENSORY CONVERGENCE IN THE MUSHROOM BODIES OF ANTS AND BEES� !CTA���

"IOLOGICA (UNGARICA� ����� ����
�	��� ÿ������

(ANESCH 5� &ISCHBACH +&� (EISENBERG -� .EURONAL ARCHITECTURE OF THE CENTRAL COMPLEX IN$ROSOPHILA���

MELANOGASTER� #ELL AND 4ISSUE 2ESEARCH� ����� �����	����ÿ���� DOI� ��������"&������������

(ARRISON *&� &EWELL *(� 3TILLER 4-� "REED -$� %ŠECTS OF EXPERIENCE ON USE OF ORIENTATION CUES IN THE GIANT TROPICAL���

ANT� !NIMAL BEHAVIOUR� ����� ����

(EINZE 3� 5NRAVELING THE NEURAL BASIS OF INSECT NAVIGATION� #URRENT /PINION IN“NSECT 3CIENCE� ����� ���&IGURE���

�	��� ÿ��� HTTP���DX�DOI�ORG���������J�COIS������������ � DOI� ��������J�COIS������������ ����

(EINZE 3� (OMBERG 5� -APLIKE REPRESENTATION OF CELESTIAL %
VECTOR ORIENTATIONS IN THE BRAIN OF AN INSECT� 3CIENCE����

����� ��������	���� ÿ�������

(EINZE 3� (OMBERG 5� .EUROARCHITECTURE OF THE CENTRAL COMPLEX OF THE DESERT LOCUST�“NTRINSIC AND COLUMNAR���

NEURONS� *OURNAL OF #OMPARATIVE .EUROLOGY� ����� �����	����ÿ���� DOI� ��������CNE������ ����

(EINZE 3� (OMBERG 5� ,INKING THE INPUT TO THE OUTPUT� NEW SETS OF NEURONS COMPLEMENT THE POLARIZATION VISION���

NETWORK IN THE LOCUST CENTRAL COMPLEX� *OURNAL OF .EUROSCIENCE� ����� �����	����� ÿ��������

(EINZE 3� .ARENDRA !� #HEUNG !� 0RINCIPLES OF“NSECT 0ATH“NTEGRATION� #URRENT "IOLOGY� ����� �����	�2���� ÿ���

2����� HTTPS���DOI�ORG���������J�CUB������������ � DOI� ��������J�CUB������������ ����

(EINZE 3� 0FEIŠER +� 4HE INSECT CENTRAL COMPLEX
FROM SENSORY CODING TO DIRECTING MOVEMENT� &RONTIERS IN���

BEHAVIORAL NEUROSCIENCE� ����� ����������

(EISENBERG -� -USHROOM BODY MEMOIR� FROM MAPS TO MODELS� .ATURE 2EVIEWS .EUROSCIENCE� ��������	��������

�� OF ��



-ANUSCRIPT SUBMITTED TO E,IFE

(OINVILLE 4� 7EHNER 2� /PTIMAL MULTIGUIDANCE INTEGRATION IN INSECT NAVIGATION� 0ROCEEDINGS OF THE .ATIONAL���

!CADEMY OF 3CIENCES� ����� ������	����������� HTTP���WWW�PNAS�ORG�LOOKUP�DOI���������PNAS����������� ����

DOI� ��������PNAS����������� ����

(OINVILLE 4� 7EHNER 2� #RUSE (� ,EARNING AND RETRIEVAL OF MEMORY ELEMENTS IN A NAVIGATION TASK� “N� #ONFERENCE���

ON "IOMIMETIC AND "IOHYBRID 3YSTEMS3PRINGER� ����� P� ���ÿ�������

(OMBERG 5� (OFER 3� 0FEIŠER +� 'EBHARDT 3� /RGANIZATION AND NEURAL CONNECTIONS OF THE ANTERIOR OPTIC TUBERCLE���

IN THE BRAIN OF THE LOCUST� 3CHISTOCERCA GREGARIA� *OURNAL OF #OMPARATIVE .EUROLOGY� ����� �����	����ÿ�������

(ONKANEN ! � !DDEN !� DA 3ILVA &REITAS *� (EINZE 3� 4HE INSECT CENTRAL COMPLEX AND THENEURAL BASIS OF NAVIGATIONAL���

STRATEGIES� 4HE *OURNAL OF %XPERIMENTAL "IOLOGY� ����� ����3UPPL �	�JEB������� DOI� ��������JEB������� ����

(ORRIDGE '! � 0ATTERN DISCRIMINATION BY THE HONEYBEE� DISRUPTION AS A CUE� *OURNAL OF #OMPARATIVE 0HYSIOLOGY���

!� ����� �����	����ÿ�������

(UDSON ' � ,¨GER !� .ISS "� 3EBESTY¨N “� 6AABEN *� *0%'
� STANDARD �� YEARS� PAST� PRESENT� AND FUTURE REASONS���

FOR A SUCCESS� *OURNAL OF %LECTRONIC “MAGING� ����� ����	�����������

*AMES ! � /SORIO $� #HARACTERISATION OF COLUMNAR NEURONS AND VISUAL SIGNAL PROCESSING IN THE MEDULLA OF THE���

LOCUST OPTIC LOBE BY SYSTEM IDENTI1CATION TECHNIQUES� *OURNAL OF #OMPARATIVE 0HYSIOLOGY !� ����� �����	����ÿ���

�������

*EŠERY +*� 0AGE (*� 3TRINGER 3-� /PTIMAL CUE COMBINATION AND LANDMARK
STABILITYLEARNING IN THE HEAD DIRECTION���

SYSTEM� 4HE *OURNAL OF PHYSIOLOGY� ����� ������	�����ÿ��������

*IANG (� 0AULSEN +$� /STERBERG 5,� 0OGUE "7� 0ATTERSON -3� /PTICAL IMAGE RECONSTRUCTION USING FREQUENCY
���

DOMAIN DATA� SIMULATIONS AND EXPERIMENTS� */3! !� ����� ����	����ÿ��� ����

+AKARIA +3� DE "IVORT ",� 2ING ATTRACTOR DYNAMICS EMERGE FROM A SPIKING MODEL OF THE ENTIREPROTOCEREBRAL���

BRIDGE� &RONTIERS IN BEHAVIORAL NEUROSCIENCE� ����� ��������

+HOTANZAD !� (ONG 9(� “NVARIANT IMAGE RECOGNITION BY :ERNIKE MOMENTS� “%%% 4RANSACTIONS ON PATTERN ANALYSIS���

AND MACHINE INTELLIGENCE� ����� ����	����ÿ�������

+IM “3 � $ICKINSON -(� “DIOTHETIC PATH INTEGRATION IN THE FRUIT2Y $ROSOPHILA MELANOGASTER� #URRENT "IOLOGY����

����� �����	�����ÿ��������

+IM 33 � (ERMUNDSTAD !-� 2OMANI 3� !BBOTT ,� *AYARAMAN 6� 'ENERATION OF STABLE HEADINGREPRESENTATIONS IN���

DIVERSE VISUAL SCENES� .ATURE� ����� ��������	����ÿ�������

+IM 33 � 2OUAULT (� $RUCKMANN 3� *AYARAMAN 6� 2ING ATTRACTOR DYNAMICS IN THE$ROSOPHILA CENTRAL BRAIN� 3CIENCE����

����� ��������	����ÿ�������

+ODZHABASHEV !� -ANGAN -� 2OUTE FOLLOWING WITHOUT SCANNING� “N�#ONFERENCE ON "IOMIMETIC AND "IOHYBRID���

3YSTEMS3PRINGER� ����� P� ���ÿ�������

+OHLER -� 7EHNER 2� “DIOSYNCRATIC ROUTE
BASED MEMORIES IN DESERT ANTS� -ELOPHORUS BAGOTI� HOWDO THEY���

INTERACT WITH PATH
INTEGRATION VECTORS� .EUROBIOLOGY OF LEARNING AND MEMORY� ����� ����	��ÿ������

,EGGE %,' � 7YSTRACH !� 3PETCH -,� #HENG +� #OMBINING SKY AND EARTH� DESERT ANTS �-ELOPHORUS BAGOTI	 SHOW���

WEIGHTED INTEGRATION OF CELESTIAL AND TERRESTRIAL CUES� *OURNAL OF %XPERIMENTAL "IOLOGY� ����� ������	�����ÿ���

����� HTTP���JEB�BIOLOGISTS�ORG�CGI�DOI���������JEB�������� DOI� ��������JEB������� ����

,EHRER - � 3HAPE PERCEPTION IN THE HONEYBEE� SYMMETRY AS A GLOBAL FRAMEWORK� “NTERNATIONAL *OURNAL OF 0LANT���

3CIENCES� ����� ����3�	�3��ÿ3������

-ANGAN - � 7EBB "� 3PONTANEOUS FORMATION OF MULTIPLE ROUTES IN INDIVIDUAL DESERT ANTS �#ATAGLYPHIS VELOX	����

"EHAVIORAL %COLOGY� ����� ����	����ÿ���� DOI� ��������BEHECO�ARS�� �����

-ENEGATTI %� -AEDA 4� “SHIGURO (� “MAGE
BASED MEMORY FOR ROBOT NAVIGATION USING PROPERTIESOF OMNIDIREC
���

TIONAL IMAGES� 2OBOTICS AND !UTONOMOUS 3YSTEMS� ����� ����	����ÿ�������

-»LLER *� .AWROT -� -ENZEL 2� ,ANDGRAF 4� ! NEURAL NETWORK MODEL FOR FAMILIARITY ANDCONTEXT LEARNING DURING���

HONEYBEE FORAGING2IGHTS� "IOLOGICAL CYBERNETICS� ����� �����
�	����ÿ�������

-»LLER - � 7EHNER 2� 0ATH INTEGRATION PROVIDES A SCAŠOLD FOR LANDMARK LEARNING IN DESERTANTS� #URRENT "IOLOGY����

����� �����	�����ÿ��������

�� OF ��



-ANUSCRIPT SUBMITTED TO E,IFE

.ARENDRA !� (OMING STRATEGIES OF THE !USTRALIAN DESERT ANT -ELOPHORUS BAGOTI ““� “NTERACTION OF THE PATH���

INTEGRATOR WITH VISUAL CUE INFORMATION� *OURNAL OF %XPERIMENTAL "IOLOGY� ����� ������	�����ÿ��������

/�#ARROLL $� &EATURE
DETECTING NEURONS IN DRAGON2IES� .ATURE� ����� ��������	��������

/FSTAD 4! � :UKER #3� 2EISER -"� 6ISUAL PLACE LEARNING IN $ROSOPHILA MELANOGASTER� .ATURE� ����� ���� DOI����

��������NATURE���������

/MOTO **� +ELE� -&� .GUYEN "#-� "OLANOS #� ,OVICK *+� &RYE -!� (ARTENSTEIN 6� 6ISUAL INPUT TO THE $ROSOPHILA���

CENTRAL COMPLEX BY DEVELOPMENTALLY AND FUNCTIONALLY DISTINCT NEURONAL POPULATIONS� #URRENT "IOLOGY� ��������

����	�����ÿ��������

0AJDLA 4� (LAV Ì 6� :ERO PHASE REPRESENTATION OF PANORAMIC IMAGES FOR IMAGE BASED LOCALIZATION� “N�“NTERNATIONAL���

#ONFERENCE ON #OMPUTER !NALYSIS OF “MAGES AND 0ATTERNS3PRINGER� ����� P� ���ÿ�������

0AULK !# � +IRSZENBLAT ,� :HOU 9� VAN 3WINDEREN "� #LOSED
LOOP BEHAVIORAL CONTROL INCREASES COHERENCE IN THE2Y���

BRAIN� *OURNAL OF .EUROSCIENCE� ����� �����	������ÿ���������

0FEIŠER +� (OMBERG 5� /RGANIZATION AND FUNCTIONAL ROLES OF THE CENTRAL COMPLEX IN THE INSECT BRAIN� !NNUAL���

REVIEW OF ENTOMOLOGY� ����� ������ÿ�������

0ISOKAS “� (EINZE 3� 7EBB "� 4HE HEADING DIRECTION CIRCUIT OF TWO INSECT SPECIES� BIO2XIV� ����� P� ����������

0LATH *!� %NTLER "6� +IRKERUD .(� 3CHLEGEL 5� 'ALIZIA #'� "ARRON !"� $IŠERENT 2OLES FOR (ONEY "EE -USHROOM���

"ODIES AND #ENTRAL #OMPLEX IN 6ISUAL ,EARNING OF #OLORED ,IGHTS IN AN !VERSIVE #ONDITIONING !SSAY� &RONTIERS���

IN "EHAVIORAL .EUROSCIENCE� ����� ���-AY	� DOI� ��������FNBEH����������� ����

2EPPERT 3-� 'UERRA 0!� -ERLIN #� .EUROBIOLOGY OF MONARCH BUTTER2Y MIGRATION� !NNUAL REVIEW OF ENTOMOLOGY����

����� ������

2YBAK *� -ENZEL 2� !NATOMY OF THE MUSHROOM BODIES IN THE HONEY BEE BRAIN� THE NEURONAL CONNECTIONS OF THE���

ALPHA
LOBE� *OURNAL OF #OMPARATIVE .EUROLOGY� ����� �����	����ÿ�������

3CHWARZ 3� -ANGAN -� :EIL *� 7EBB "� 7YSTRACH !� (OW ANTS USE VISION WHEN HOMING BACKWARD� #URRENT "IOLOGY����

����� ����	����ÿ�������

3EELIG *$� *AYARAMAN 6� &EATURE DETECTION AND ORIENTATION TUNING IN THE $ROSOPHILA CENTRAL COMPLEX� .ATURE����

����� ��������	����ÿ���� HTTP���DX�DOI�ORG���������NATURE����� � DOI� ��������NATURE���������

3EELIG *$� *AYARAMAN 6� .EURAL DYNAMICS FOR LANDMARK ORIENTATION AND ANGULARPATH INTEGRATION� .ATURE� ��������

��������	����ÿ���� DOI� ��������NATURE���������

3TEINBECK &� !DDEN !� 'RAHAM 0� #ONNECTING BRAIN TO BEHAVIOUR� A ROLE FOR GENERAL PURPOSESTEERING CIRCUITS IN���

INSECT ORIENTATION� *OURNAL OF %XPERIMENTAL "IOLOGY� ����� �����	����

3TONE 4� $IŠERT $� -ILFORD -� 7EBB "� 3KYLINE
BASED LOCALISATION FOR AGGRESSIVELY MANOEUVRING ROBOTS USING 56���

SENSORS AND SPHERICAL HARMONICS� “N����� “%%% “NTERNATIONAL #ONFERENCE ON 2OBOTICS AND !UTOMATION �“#2!	���

“%%%� ����� P� ����ÿ��������

3TONE 4� -ANGAN -� 7YSTRACH !� 7EBB "� 2OTATION INVARIANT VISUAL PROCESSING FOR SPATIAL MEMORY IN INSECTS����

“NTERFACE &OCUS� �����DOI� ��������RSFS���������� ����

3TONE 4� 7EBB "� !DDEN !� 7EDDIG ."� (ONKANEN !� 4EMPLIN 2� 7CISLO 7� 3CIMECA ,� 7 ARRANT %� (EINZE 3� !N���

!NATOMICALLY #ONSTRAINED -ODEL FOR 0ATH “NTEGRATION IN THE "EE "RAIN� #URRENT "IOLOGY� ����� �����	�����ÿ���

�����E��� HTTPS���DOI�ORG���������J�CUB������������ � DOI� ��������J�CUB������������ ����

3T»RZL 7� -ALLOT (!� %Z CIENT VISUAL HOMING BASED ON &OURIER TRANSFORMED PANORAMIC IMAGES� 2OBOTICS AND���

!UTONOMOUS 3YSTEMS� ����� ����	����ÿ�������

3T»RZL 7� :EIL *� "OEDDEKER .� (EMMI *-� (OW WASPS ACQUIRE AND USE VIEWS FOR HOMING� #URRENT "IOLOGY� ��������

����	����ÿ�������

3UN 8� -ANGAN -� 9UE 3� !N ANALYSIS OF A RING ATTRACTOR MODEL FOR CUE INTEGRATION� “N� #ONFERENCE ON "IOMIMETIC���

AND "IOHYBRID 3YSTEMS3PRINGER� ����� P� ���ÿ�������

4EAGUE -2 � “MAGE ANALYSIS VIA THE GENERAL THEORY OF MOMENTS� */3!� ����� ����	����ÿ�������

�� OF ��



-ANUSCRIPT SUBMITTED TO E,IFE

4IMAEUS , � 'EID ,� 3ANCER '� 7ERNET -&� (UMMEL 4� 0ARALLEL VISUAL PATHWAYS WITH TOPOGRAPHIC VERSUS NON
���

TOPOGRAPHIC ORGANIZATION CONNECT THE $ROSOPHILA EYES TO THE CENTRAL BRAIN� BIO2XIV� ����� ����

4OURETZKY $3� !TTRACTOR NETWORK MODELS OF HEAD DIRECTION CELLS� (EAD DIRECTION CELLS AND THE NEURALMECHANISMS���

OF SPATIAL ORIENTATION� ����� P� ���ÿ�������

4URNER
%VANS $� 7EGENER 3� 2OUAULT (� &RANCONVILLE 2� 7OLŠ 4� 3EELIG *$� $RUCKMANN 3� *AYARAMAN 6� !NGULAR���

VELOCITY INTEGRATION IN A2Y HEADING CIRCUIT� %LIFE� ����� ��E���������

4URNER
%VANS $"� *ENSEN +� !LI 3� 0ATERSON 4� 3HERIDAN !� 2AY 20� ,AURITZEN 3� "OCK $� *AYARAMAN 6� 4HE���

NEUROANATOMICAL ULTRASTRUCTURE AND FUNCTION OF A BIOLOGICAL RING ATTRACTOR� BIO2XIV� ����� P� ����������

7EBB " � 4HE INTERNAL MAPS OF INSECTS� 4HE *OURNAL OF %XPERIMENTAL "IOLOGY� ����� ����3UPPL �	�JEB������� DOI����

��������JEB������� ����

7EHNER 2� 4HE ARCHITECTURE OF THE DESERT ANT�S NAVIGATIONAL TOOLKIT� -YRMECOLOGICAL .EWS� ��������

���3EPTEMBER	���ÿ������

7YSTRACH !� "EUGNON '� #HENG +� !NTS MIGHT USE DIŠERENT VIEW
MATCHING STRATEGIES ON AND OŠ THE ROUTE����

*OURNAL OF %XPERIMENTAL "IOLOGY� ����� �����	���ÿ��� HTTP���JEB�BIOLOGISTS�ORG�CGI�DOI���������JEB�������� DOI����

��������JEB������� ����

7YSTRACH !� -ANGAN -� 0HILIPPIDES !� 'RAHAM 0� 3NAPSHOTS IN ANTS� .EW INTERPRETATIONS OFPARADIGMATIC���

EXPERIMENTS� *OURNAL OF %XPERIMENTAL "IOLOGY� ����� ������	�����ÿ���� � DOI� ��������JEB������� ����

7YSTRACH !� "EUGNON '� #HENG +� ,ANDMARKS OR PANORAMAS� WHAT DO NAVIGATING ANTS ATTENDTO FOR GUIDANCE����

&RONTIERS IN :OOLOGY� ����� ���	�������

7YSTRACH !� ,AGOGIANNIS +� 7EBB "� #ONTINUOUS LATERAL OSCILLATIONS AS A CORE MECHANISM FOR TAXIS IN DROSOPHILA���

LARVAE� E,IFE� ����� ��/#4/"%2����	� DOI� ��������E,IFE������ ����

7YSTRACH !� -ANGAN -� 7EBB "� /PTIMAL CUE INTEGRATION IN ANTS� 0ROCEEDINGS OF THE 2OYAL 3OCIETY "� "IOLOGICAL���

3CIENCES� ����� ��������	� DOI� ��������RSPB���������� ����

8U #3� *ANUSZEWSKI -� ,U :� 4AKEMURA 3Y� (AYWORTH +� (UANG '� 3HINOMIYA +� -AITIN
3HEPARD *� !CKERMAN $����

"ERG 3� ET AL� ! CONNECTOME OF THE ADULT DROSOPHILA CENTRAL BRAIN� "IO2XIV� ����� ����

9ILMAZ ! � 'R»BEL +� 3PAETHE *� 2µSSLER 7� $ISTRIBUTED PLASTICITY IN ANT VISUAL PATHWAYS FOLLOWING COLOUR LEARNING����

0ROCEEDINGS OF THE 2OYAL 3OCIETY "� ����� ��������	�������������

:EIL *� 6ISUAL HOMING� AN INSECT PERSPECTIVE� #URRENT OPINION IN NEUROBIOLOGY� ����� ����	����ÿ�������

:EIL *� &LEISCHMANN 0.� 4HE LEARNING WALKS OF ANTS �(YMENOPTERA� &ORMICIDAE	� -YRMECOLOGICAL .EWS� ����� ������

:EIL *� (OFMANN -“� #HAHL *3� #ATCHMENT AREAS OF PANORAMIC SNAPSHOTS IN OUTDOOR SCENES�*/3! !� ��������

����	����ÿ�������

:EIL *� +ELBER !� 6OSS 2� 3TRUCTURE AND FUNCTION OF LEARNING2IGHTS IN GROUND
NESTING BEES AND WASPS� *OURNAL OF���

%XPERIMENTAL "IOLOGY� ����� �����	����ÿ�������

�� OF ��



-ANUSCRIPT SUBMITTED TO E,IFE

&IGURE �ÿ&IGURE SUPPLEMENT �� 4HE EXTENDED HOMING PATHS AND THE0“ MEMORY IN THE SIMU


LATIONS� �!	4HE EXTENDED HOMING PATH OF �� AGENTS RELEASED AT 20� IN&IGURE �" WITH DIŠERENT

HOME VECTOR LENGTH��"	 4HE ACTIVATION OF #05� NEURONS �0“ MEMORY	 ENCODING HOME VECTORS WITH

DIŠERENT LENGTHS FROM � TO ���M��#	 4HE EXTENDED HOMING PATHS OF �� AGENTS RELEASED AT 20� AND

20� IN &IGURE �"�

���


	Introduction
	Results
	Mushroom bodies as drivers of rotational invariant visual homing
	Optimally integrating visual homing and path integration
	Route following in the insect brain
	Route recovery through context-dependent modulation of guidance systems

	Discussion
	Methods and Materials
	Simulated 3D world
	Image reconstruction
	Image processing
	Frequency encoding conceptual overview
	Zernike Moments encoding

	Neural networks
	Current headings
	Visual homing
	Path integration
	Route Following
	Coordination of elemental guidance strategies
	Steering circuit

	Detailed neural connectivity of unified model
	Simulations
	Reproduce visual navigation behaviour
	Reproduce the optimal cue integration behaviour



