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IBSTRACT“NSECT NAVIGATION ARISES FROM THE COORDINATED ACTION OF CONCURRENT GUIDAI
BUT THE NEURAL MECHANISMS THROUGH WHICH EACH FUNCTIONS AND AREECHRENMAIRRDIN
UNKNOWN 7E PROPOSE THAT INSECTS REQUIRE DISTINCT STRATEGIES RORRETRZSECE FAMILIA
ROUTE FOLLOWING AND DIRECTLY RETURN FROM NOVEL TO FAMINBRJBEIRGSERBOMASPECTS

OF FREQUENCY ENCODED VIEWS THAT ARE PROSEREHED NEDRAL PATHWAYS 7E ALSO DEMONSTRA'
HOW THE #ENTRAL #OMPLEX AND -USHROOM "ODIES REGIONS OF THE INSECT BRAMAMBEMWORK
COORDINATE THE DIRECTIONAL OUBERERNF GUIDANCE CUES THROUGH A CONTEXTUALLY SWITCHE
RING ATTRACTOR INSPIRED BY NEURAL RECORDINGS 4HEEREBODEANIFUNISECT NAVIGATION
REPRODUCES BEHAVIOURAL DATA FROM A SERIES OF CUE CON2ICT EXPERIMENIALIN REALISTI
ENVIRONMENTS ANEEGS TESTABLE HYPOTHESES OF WHERE AND HOW INSECTS PROCESS VISUAL C
THE CBERENT INFORMATION THAT THEY PROVIDE AND COORDINATE THEIR OUTPUWSNISART IWEHIEVE T
BEHAVIOURS OBSERVED IN THE WILD

‘NTRODUCTION
#ENTRAL PLACE FORAGING INSECTS NAVIGATE USING A TOOLKIT OMBWIEPENBERWEUNER
OF WHICH THE MOST FUNDAMENTAL ARE PATH INTEGRAERENBYFORAGERS TRACK THE DISTAN(
AND DIRECTION TO THEIR NEST BY INTEGRATING THE SERIES OF DIRECTIONS ARD [(HEGRARESHEEVWRAVE
SEEEINZE ET AL #OLLETT AND VISUAL MEMORY 6- WHEREBY FORAGERS DERIVE A HOMIN
SIGNAL BY COMPARING TSHRENCE BETWEEN CURRENT AND STORED VIEWS FORMREVIEWS SEE
#OLLETT ET AL .EUROPHYSIOLOGICAL AND COMPUTATIONAL MODELLING STUDIES ADVACATE TH
COMPLEX NEUROPIL #8 AS TIRERTREEINZE AND (OMBERG 3EELIG AND *AYARAMAN
3TONE ET AL WHEREAS THE MUSHROOM BODY NEUROPILS -" APPEAR WELL SUITED TO ASSI
VISUAL VALENCE AS NEEDED FOR%=NBERG 'RDIN ET AL -»LLER ET AL 9ET
TWO KEY GAPS IN OUR UNDERSTANDING REMAIN &IRSTLY ALTHOUGH EUSBASEB-OMNTHE
-" ARCHITECTURE CAN REPLICATE ROUTE FZ3L IEBMNMGOURS WHEREBY INSECTS VISUALLY RECOG
THE DIRECTION PREVIOUSLY TRAVELLED AT THE SANMEIREGSIFION  -»LLER ET AL THEY
CANNOT ACCOUNT FOR VISUAL HOMING 6( BEHAVIOURS WHEREBY INSECTSYREJUREIRIRAMILIAR
SURROUNDINGS FROM NOVEL LOCATIONS FOLLOWING A DISPLACEMEG BLEOW/MBEEEGBHRSE BY
A GUST OF WIND/STRACH ET AL 3ECONDLY DESPITE INCREASING NEUROANATOMICAL EVIDI
SUGGESTING THAT PREMOTOR REGIONS OF THE #8 COORDINATE NAVIGAHFOREBEAAY IQURBERG
(EINZE AND OFEISER (ONKANEN ET AL A THEORETICAL HYPOTHESIS EXPLAINING HC
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THIS IS ACHIEVED BY THE NEURAL CIRCUITRY HAS YET TO BE DEVELGPHEE PRESESIWAORNILED
NEURAL NAVIGATION MODEL THAT EXTENDS THE CORE GUIDANCE MODULE®RRAD TWREE" &
2& AND 6( AND BY INTEGRATING THEIR OUTPUTS OPTIMALLY USING RBADLSIBIJRAING ATTRACTOF
NETWORK IN THE #8 PRODUCES REALISTIC HOMING BEHAVIOURS
4HE FOREMOST CHALLENGE IN REALISING THIS GOAL IS TO ENSURE THAJETGIEBSYREEMBDAN
PROVIDE SUZCIENT DIRECTIONAL INFORMATION ACROSS CONDITIONS #ONTHENIRO BASED-ON
THE -"S CAN REPLICATE REALISTIC 2& BEHAVIOURS IN COMPLEX VISUAISEANTRENMMWRANMENTS
+ODZHABASHEV AND -ANGAN IRDIN ET AL BEE ENVIRONMENTSLLER ET AL
BUT DO NOT GENERALISE TO VISUAL HOMING SCENARIOS WHEREBY THE ANINDMRBECUSY RETUR
FAMILIAR TERRAIN FROM NOVEL LOCATIGRSENANFS BEES #ARTWRIGHT AND #OLLETT
WASPS3T»RZL ET AL 3TORING MULTIPLE NEST FACING VIEWS BEFORE FORAGING INSEIRED BY C
LEARNING WALKS IN ANTER AND 7EHNER &LEISCHMANN ET AL AND2IGHTS IN BEES AND
WASPSEIL ET AL :EIL AND &LEISCHMANN PROVIDES A POTENTIAL SOLRAKZN ET AL
7YSTRACH ET AL BUT SIMULATION STUDIES HAVE FOUND THIS APPROACH TO BE BRITTLE
HIGH PROBABILITIES OF ALIGNING WITH THE WRONG MEMORY CAUSINGROREETREPHIG\ER
-OREOVER ANTS RELEASED PERPENDICULARLY TO THEIR FAMILIAR ROUTE BOIGR TWEHENER!/
THEIR FAMILIAR VISUAL DIRECTION AS PREDICTED BY THE ABOVE AUGQORI THHMS. BUT
INSTEAD MOVE DIRECTLY BACK TOWARDS THEKROUJITEND 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 CMHUESTEONNE FTHUS
REQUIRED THAT CAN GUIDE INSECTS DIRECTLY BACK TO THEIR ROUTE OFDEDNUVMARING OEHREEN
HABITUAL PATH BUT ALSO ALLOW FOR THE ROUTE DIRECTION TO BE RESBEVEREB THRMABITUAL
PATH UPON ARRIVAL AT FAMILIAR SURROUNBIBIGSESEERO 6ECTOR
7ITH THE NECESSARY ELEMENTAL GUIDANCE SYSHEMS DHIFYING MODEL MUST THEN CONVER’
THE VARIOUS DIRECTIONAL RECOMMENDATIONS INTO A SINGLE MOTOR COMMBANDTAPEORNREXT
#RUSE AND 7EHNER (OINVILLE ET AL #OLLETTETAL  7EBB "EHAVIOURAL STUD
IES SHOW THAT WHEN IN UNFAMILIAR VISUAL SURROERDINEINSECTS COMBINE THE OUTPUTS OF
THEIR'0AND 6( SYSTEMS!OLLETT "REGY ET AL #OLLETT RELATIVE TO THEIR RESPECTIVE
CERTAINTIES CONSISTENT WITH OPTIMAL INTEGRAHOGNETHE®@RY  7YSTRACH ET AL
&IGURE! &ULL 6ECTORPON ENCOUNTERING THEIR FAMILIAR ROUTE INSECTS READILY RECOGI
SURROUNDINGS RECOVER THEIR PREVIOUS BEARING AND RETRAGEH HHEIRMEAMIRIARR ET AL
+OHLER AND 7TEHNER  7YSTRACH ET AL -ANGAN AND 7EBB 4HUS THE NAVIGA
TION COORDINATION MODEL MUST POSSES TWO CAPABILITIES A OUTPUT A DEBECSI©®NENTSIGN
WITH THE OPTIMAL INTEGRATIONNDFBQWHEN /S 20UTE B SWITCH FROBROUTE OAND 6( TO
IN 20UTE 2& STRATEGIES WHEN FAMILIAR TERRAIN IS ENCOUNTERED -ATHEMATA/H BEBN
DEVELOPED THAT REPRODUCE ASPECTS OF CUE INTEGRATEOENMABRERZUSE AND 7EHNER
(OINVILLE AND 7TEHNER BUT TO DATE NO NEUROBIOLOGICALLY CONSTRAINED NETWORK REVE,
INSECTS MIGHT REALISE THESE CAPABILITIES HAS BEEN DEVELOPED
40 ADDRESS THESE QUESTIONS A FUNCTIONAL MODELLING APPROACH IS FORE CWEBURRENEXTEN
BASE MODEL DESCRIBEDERB TO A ACCOUNT FOR THE ABILITY OF ANTS TO HOME FROM |
LOCATIONS BACK TO THE FAMILIAR ROUTE BEFORE RETRACING THEIREAWIOARHEAIBURNEY HOME
AND B PROPOSE A NEURALLY BASED MODEL OF THE CENTRAL COMPLEX NERWIEHSICOMHAENTEG
ING CUES OPTIMALLY AND GENERATES A SIMPLE STEERING COMMAND THATVEABRORRECHEMA
OERFORMANCE IS BENCH MARKED BY DIRECT COMPARISON TO BEHAVIOURABYATAIREREBRTED
ET AL SHOWING BERENT NAVIGATION BEHAVIOURS OSl| BDRDUTEEGGE ET AL
7YSTRACH ET AL DEMONSTRATING OPTIMAL INTEGRATEND®@F (AND THROUGH QUALITATIVE
COMPARISON TO EXTENDED HOMING PATHS WHERE INSECTS SWITCH BETWEEN STRATHHHES ACC
CONTEXRRENDRA "IOLOGICAL REALISM IS ENFORCED BY CONSTRAINING MODELS TO THE
ANATOMY OF SPECBRAIN AREAS BUT WHERE NO DATA EXISTS AN EXPLORATORY APPROACH IS
INVESTIGATE THE MECHANISMS THAT INSECTS MAY@EXREMEPICTS THE ADAPTIVE BEHAVIOURS
OBSERVED IN ANIMALS THAT WE WISH TO REPLICATE ACCOMPANIED BY BRAJENY TGN RIENI
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MODEL OF INSECT NAVIGATI®NRE" MAPPED TO SPECI1C NEURAL SiTESRE#

2ESULTS

-USHROOM BODIES AS DRIVERS OF ROTATIONAL INVARIANT VISUAL HOMING
&OR ANTS TO RETURN DIRECTLY TO THEIR FAMILIAR ROUTE AFTER A SIDEWAYSRBISPEROBEENT
TORWITHOUT CONTINUOUS MENTAL OR PHYSICAL REALIGNMENT THEY REQUIRENAC O &SRTANROTAT
VISUAL CUES ONE ET AL RECENTLY DEMONSTRATED THAT BINARY IMAGES OF PANORAMIC S
CONVERTED INTO THEIR FREQUENCY COMPONENTS CAN PROVIDE SUCH ARREN AENIDADING DA
SCENES IN A COMPACT FORMNVBELE PROCESSFAR AN INTRODUCTION TO FREQUENCY TRANSFORMA
OF IMAGES -OREOVER THEY DEMONSTRATED THAT THE DISERENCE BETWEEN THERGNATIONA
FEATURES TAEPLITUDE®F THE FREQUENCY CERTS BETWEEN TWO LOCATIONS INCREASES MONOT
CALLY WITH DISTANCE PRODUCING AN ERROR SURFACE REMINISCENERENGESMREATHS REPORTED
BY:EIL ET AL WHICH CAN GUIDE AN AGENT BACK TO FAMILIAR TERRAIN (ERE WWHBTEERGATE
THE -" NEUROPILS SHOWN CAPABLE OF ASSESSING THE VISUAL VALENCE OF LEARNEBRRNGATIO
PANORAMIC SKYLINEQ&ORDIN ET AL -»LLER ET AL MIGHT INSTEAD ASSESS THE VISUAL
VALENCE OF ROTATIONALLY INVARIANT PROPERTIES OF VIEWS SAMRIER ROONE ALFRMIRTING
VISUAL HOMING

40 THIS END THE INTENSITY SENSITIVE INPUT NERIRDNS OF S -" MODEL ARE REPLACED
WITH INPUT NEURONS ENCODING ROTATIONAIAMRARIANEB&IGURE! LEFT BLUE PANEL 4HE
NETWORK IS TRAINED ALONG BNRVED ROUTE IN A SIMULATED WORLD THAT MIMICS THE TRAINING |
OF ANTS INVSTRACH ET AL SEE-ETHODS AND -ATERIABSID2EPRODUCE VISUAL NAVIGATION
BEHAVIOUFOR DETAILS ON SIMULATED WORLD IMAGE PROCESSING MODEL ARCHITNEEANRE AND
TEST REGIME IFTER TRAININGRINGEERATE OF THE -" OUTPUT NEURON -"/. WHEN PLACED AT LOCATION
ACROSS THE ENVIRONMENT AT RANDOM ORIENTATIONS REVEALS A GRADIBWONBGAONINOREASES
WITH DISTANCE FROM THE FAMILIAR ROUTE AREA PROVIDING A HOMCNEBIS IBDRIENDEPENDENT
OF THE ANIMBIORIENTATIGNS URE#

-OTOR OUTPUT IS THEN GENERATED BY CONNECTING THE -"/. TO A STEERING NETWORK RECENTL
IN THE FAN SHAPED BODY &"#'5 OF THE #8 THAT FUNCTIONS BY MINIMIEISRENGEBETWEEN
THE ANIMAL. CURRENT AND DESIRED HEADINGS ET AL 3TONE ET AL S KEY INSIGHT
WAS THAT THE ANATOMICALLY OBSERVED SHIFTS OF ACTIVITY IN THE COLUVBMEOTHEJRONS TH
DESIRED HEADING IN ESSENCE SIMUGATIRNS LEFT AND RIGHT AND THUS BY COMPARING THE SUM
DISERENCES BETWEEN THE ACTIMIIFSP@P THESE PREDICTED HEADINGS TO THE CURRENT HEADIN
THE APPROPRIATE TURNING COMMAND CAN BE COMPUTEIRESEEE ADOPT THIS CIRCUIT AS THE
BASIS FOR COMPUTING STEERING COMMANDS FOR ALL STRATEGIES AS\SBGEESTER BY

“N THE PROPOSED 6( MODEL THE CURRENT HEADING INPUT TO THE STEERING CIRGUIT USE!
CELESTIAL GLOBAL COMPASS USERHNET AL S 0 MODEL “NSECTS TRACK THEIR ORIENTATIO
THROUGH HEAD DIRECTIONZEELLS AND *AYARAMAN ~ WHOSE CONCURRENG PATTERN FORMS
A SINGLE BUMP OF ACTIVITY THAT SHIFTS AROUND THE RING AS THE BASMRE DURIR®WGH LOCAL
VISUALREEN ET AL 4URNER %VANS ET AL GLOBAL VISUAINZE AND (OMBERG
AND PROPRIOCEPTI¥ELIG AND *AYARAMAN  CUES .EUROANATOMICAL DAWAET AL
4URNER %VANS ET AL OISOKAS ET AL SUPPORTS THEORETICAL PREGICPEONSAL
+AKARIA AND DE "IVORT  THAT THE HEAD DIRECTION SYSTEM OF INSECTS FOLLOWS A RING ATTR
CONNECTIVITY PATTERN CHARACTERISED BY LOCAL EXCITATORY INTERCONNHTGINSE BETWEEN L
NEURONS AND GLOBAL INHIBNTONS WORK THE GLOBAL COMPASS 2! NETWORK IS NOT MODELLED D
BUT RATHER WE SIMULATE ITS SINUSOIDAL ACENNTA RIRG ‘@F LOCUSTS AND OR2IES NEURONS
FOUND IN THE PROTOCEREBRAL BRIDGE &#&'0RE! GREEN RING SEHRRENT HEADINGS

| DESIRED HEADING IS THEN GENERATED BY COPYING THE CURRENT ACTIVITYOBALTERHRANSTHE GL
NEURONS TO A NEW NEURAL RING WHICH WE SPECULATE COULD RESIDE IN®EI/BSER &BISTINC
NEURONSEETZ ET AL OR IN THE &" #RUCIALLY THE COPIED ACTIMETXLIBROUNDERGOES A
LEFTWARD SHIFT PROPORTIONAL TO ANY INCREASE IN VISUAL NOVEING MESIMAMIBISSIIHAS BEEN
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&IGURE /VERVIEW OF THE UNI1ED NAVIGATION MODEL AND IT S B@WRABILITIES 4HE HOMING

BEHAVIOURS TO BE PRODUCED BY THE MODEL WHEN DISPLACED EITHER FROM TNENE SEMNKINHVGY/D* HOME
VECTOR ZERO VECTOR OR FROM THE NEST WITH A FULL HOME VECTOR FULL \HROPFDMBE$ISVINORE IARE
DISTINGUISHED BY COLOURED PATH SEGMENTS AND STRIPPED BANDS INDICAT BEEARITDIRNHBRTA
SUGGESTS THAT MULTIPLE STRATEGIES ARE COMBINED .OTE THAT THIS COLOUBRJEOS INGIFABRED
THROUGHOUT THE REMAINING 1GURES TO HELP THE READER MAP FUNCTION'TGBRRROIFEIHEN CONCEPTUAL
MODEL OF THE INSECT NAVIGATION TOOLKIT FROM SENSORY INPUT TO MOTOR OUTPUT DANEESR ENEMT AL GL
ARE MODELLED IN THIS PAPER PATH INTEGRATION 0“ VISUAL HOMIDGT E(FANDORVEEG 4HEIR OUTPUTS MUST
THEN BE COORDINATED IN AN OPTIMAL MANNER APPROPRIATE TO THE CONTEXDBEPOREING STEERING
COMMAND # 4HE UN1ED NAVIGATION MODEL MAPS THE ELEMENTAL GUIDANCE SYSTEMS TO DISTINCT PROCES
PATHWAY3& /, /45 "5 #8 6( /, - 3-0 #8 0/, Y45 "5 #8 4HE OUTPUTS ARE

THEN OPTIMALLY INTEGRATED IN THE PROPOSED RING ATTRACTOR NETWORKS OF THEASINGBEH MGENERA
STEERING COMMAND #ONNECTIONS ARE SHOWN ONLY FOR THE LEFT BRAIN HEMISRHERA FEMR ENSBUT IN
PRACTICE ARE MIRRORED ON BOTH HEMISPHERES (YPOTHESISED OR ASSUMED PEFHRABS BREHHED LINES
WHEREAS NEUROANATOMICALLY SUPPORTED PATHWAYS ARE SHOWN BY SENTDONNESNT SIIKYD THROUGHOUT
ALLGURES

/, OPTICLOBHE5 ANTERIOR OPTIC TUBERGCLENTRAL COMPDEXPROTOCEREBRUM BREDGEAN SHAPE BODY

OR#"'S CENTRAL BODY UPPERELLIPSOID BODY#QR CENTRAL BODY LOWERVMUSHROOM BODB/0 SUPERIOR
MEDIAL PROTOCEREBRUMBULB

“MAGES OF THE BRAIN REGIONS ARE ADAPTED FROM THE INSECT BRAIN DATABASESECTBRAINDB ORG

OF
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&IGURE 6ISUAL (OMING IN THE “NSECT "RAIN .EURAL MODEL OF VISUAL HOMNMATIONAL INVARMBALITUDEARE INPUT TO THE -" CALYX

WHICH ARE THEN PROJECTED TO THE +ENYON CELLS +#S BEFORE CONVERGENCE DNEOR®IE -"/OWHICH SEEKS TO MEMORISE THE
PRESENTED DATA VIA REINFORCEMENT LEARNING BASED PLASTICITY FORRMORE PEVANG SHECUIT LEFT PANELS 3-0 NEURONS MEASURE
POSITIVE INCREASES IN VISUAL NOVELTY THROUGH INPUT FROM THE USBSINGHIEA BETWEEN THE CURRENT HEADING GREEN CELLS AND DES
HEADINGS RED CELLS IN THE RINGS OF THE #8 3-0 PATHWAY BETWEEN -" ARE #FANHEN#8 CIRCUIT RIGHT PANELS 4HE #8 BASED STEERING CIF
THEN COMPUTES THE RELEVANT TURNING ANGLE %XAMPLEREARETSHTIREN FOR AN INCREASE IN VISUAL NOVELTY CAUSING A SHIHN® DESIRE
AND A COMMAND TO CHANGE DIRECTION %ACH MODEL COMPOBEREINSALABELLED WITH A SHADED STAR TO INDICATE WHAT ASPECTS ARE NE
THOSE INCORPORATED FROM PREVIOUS MODELS SEE LEGEND IN BERERAEETOF THE STEERING CIRCUIT FUNCTION &IRST THHERENMEGHED DI
BETWEEN THE IMPACT OF oLEFT AND RIGHT TURNS ON THE DESIRED HEADREG RNEABIEGBRE COMPUTED "Y COMPARINSEREECE

BETWEEN THE RESULTANT ACTIVIES RRAWS AN APPROPRIATE STEERING COMMAND TO BE/GESHRAAEIL OF THE VISUAL HOMING MODEL 7HEN
VISUAL NOVELTY DRORPSTQ:*1 THE DESIRED HEADING IS AN UNSHIFTED COPY OF THE CURRENT HEADING/AM TS MEINREWECPBUT WHEN THE
VISUAL NOVELTY INCREASEBX THE DESIRED HEADING IS SHIFTED FROM THE CURRERST 4HEATRNGS RATE OF THE -"/. SAMPLED ACROSS
LOCATIONS AT RANDOM ORIENTATIONS IS DEPICTED BY THE HEAT MAP SHOWENG AEABAR BREK TO THE ROUTE 4HE GREY CURVE SHOWS THE HA
ROUTE ALONG WHICH ANTS WERE TRAINED 20 RELEASE POINT INDICATES THREASANOSIWHERCH ET AL WERE RELEASED AFTER CAPTURE
AT THE NEST THERO VECTOR AND FROM WHICH SIMULATIONS WERE STARTED 4HE ABILITY OBENERAVIDREAOISTIC HOMING DATA IS SHOWN B
THE INITIAL PATHS OF SIMULATED ANTS WHICH CLOSELY MATCH THOSE OF REAL ANAR FREETISSERVIRIE FHE MEAN DIRECTION AND  CONI1DENTIA
INTERVAL AND ALSO THE EXTENDED EXAMPLED PATH SHOWN RED LINE THEAGENTOAREIVES IN THE VICINITY OF THE ROUTE IT APPEARS TO ME
DUE THE 2ATTENING OF VISUAL NOVELTY GRADIENT AND THE LACK ORMARIETTIONAL INFOR

&IGURE ySOURCE DATAHE FREQUENCY INFORMATION FOR THE LOCATIONS WITH RANDOM ORIENTATIOINS ACROSS THE WOR
&IGURE ySOURCE DATAHE VISUAL HOMING RESULTS OF THE MODEL

OF
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PROPOSED FOR THE HEAD DIRECTION'SKFSWEM AL 4URNER %VANS ET AL WHICH WE
PROPOSE IS MEASURED BY NEURONS IN THE SUPERIOR MEDIAL PROTOCEREBRUM. 3-0
OLATH ET AL SEE&IGURE! CENTRE AND ACTIVITY OF RED RINGS 4HE RESULT IS A MECHA
THAT RECOMMENDS CHANGING DIRECTION WHEN THE AGENT MOVES AWRYTERBMIRAWBLAL
NOVELTY INCREASES BUT RECOMMENDS LITTLE CHANGE TO THE CURRENT ASARINSOVEENYTISE
DECREASING SHEURE# FOR A SCHEMATIC OF THE 6( MECHANISM 7E NOTE THAT THERE IS A DISTINC
BETWEEN A RING NETWORK WHICH DESCRIBES A GROUP OF NEURONS WHOSE PATTERN OF AC
CIRCULAR REPRESENTATION REGARDLESS OF ACTUAL PHYSICALAREANGERWESNVAIRB FOLLOW
A SPEQIC CONNECTIVITY PATTERN ALL MODELLED 2!S UABHREGD WAKEN TOGETHER THE MODEL
ITERATIVELYNRES IS5 ORIENTATION TO DESCEND THE VISUAL NOVELTY GRADIENT AND THUS RECO\
TERRAIN SEESURE! FOR FULL MODEL

&IGURE$ DEMONSTRATES THAT THE PROPOSED NETWORK ACCURATELY REPLICATES BOTH
INITIAL PATHS ASYWSTRACH ET AL SEE THE INSERTED BLACK ARROW AND EXTENDED HOMING P/
AS INARENDRA OBSERVED IN ANTS DISPLACED TO NOVEL LOCATIONS PERPENDICULAR TO THI
ROUTES 7E NOTE THAT UPON ENCOUNTERING THE ROUTE THE MODEL IS UNABLE TGREISTIQSUISH
IN WHICH TO TRAVEL AND THUS MEANDERS BACK AND FORTH ALONG AHEFAMMILIKIEIREXL 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 ROOFE IN TH
0“ BUT IN MOST NATURAL SCENARIOS E G DISPLACEMENT BY A GUST OF RENAINANTEOWEL
VECTOR READCEHRING AN ALTERNATIVE AND OFRIIENI®GNGUIDANCE CUE TO THAT PROVIDED BY 6
“N SUCH SCENARIOS DESERT ANTS STRIKE A COMPRISE BY INTEGROTHICGUHHIRS IN A MANNER
CONSISTENT WITH OPTIMAL INTEGRATION THEORY BY WEIGHTING 6( RELATIVE OB THE EARRENRT
VIEW ,EGGE ET AL AND 0 RELATIVE TO THE HOME VECTOR LENGTH A PROXY FOR DIRECTIONAL
7YSTRACH ET AL

6ARIOUS RING LIKE STRUCTURES OF THE #8 REPRESENT DIRECTIONAL COEYAS BUMPSHE- A
PEAK DENING THE SPECITARGET DIRECTION AND THE SPREAD PROVIDING A MECHANISM TO ENC(
CERTAINTY AS REQUIRED FOR OPTIMAL INTEGRATION FOR AN EXAMPLE SEEORCREESEBCPREAD
WHEN ONLY PROPRIOCEPTIVE CUES AREPRESENND *AYARAMAN "ESIDES THEIR EXCELLENT
PROPERTIES TO ENCODE THE S8MIE¥DING RING ATTRACTORS ALSO PROVIDE A BIOLOGICALLY REALIS
TO OPTIMALLY WEIGHT CUES REPRESENTED IN THIS RERRKAT  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 GORHEREMODEL
NEURAL RINGS 2!?, AND 21?2 THAT TAKE AS INPUT THE DESIRED HEADHGSEBR@EPROPOSED
6( MODEL RED NEURAL RINGS 6(?, AND 6(?2 ANDNE ET AL S 0 MODEL ORANGE NEURAL
RINGS ‘@, AND 0?22 AND OUTPUT COMBINED20OUTE DESIRED HEADING SIGNALS THAT ARE SENT TO
STEERING CIRCUITS BLUE NEURAL RINGS #05?, AND €082 T AL MAPPED THE HOME VECTOR
COMPUTATION TO A POPULATION OF NEURONS #05 OWING TO THEIR DUAL INAWS SRCACDIREC
COMPASS NEUROINE" AND MOTION SENSITIVE SPEED NEURONS 4. AS WELL AS THEIR RECURI
CONNECTIVITY PATTERNS FACILITATING ACCUMULATION OF ACTIVITOVES TNE AAWEANLCVRECTION
7YSTRACH ET AL SHOWED THAT THE CERTAINTAUDERIATICALLY SCALES WITH THE HOME VECT
LENGTH OWING TO THE ACCUMUSEUNGETHE MEMORY NEURONS WHICH CORRELATES WITH DIRE
UNCERTAINTY AND THUS THE OUNEUWORK IS DIRECTLY INPUT TO THE RING ATTRAGITOBRCIRCUI
IMPLEMENTATION THE 6( INPUT HASED HEIGHT AND WIDTHEPR@AND RUENCES THE INTEGRATION
THROUGH TUNING NEURONS 45. SEE THE PLOTTED ACTIVATION.IEUNETIENDINPTIMAL CUE
INTEGRATIONAT WE SUGGEST RESIDE IN THE 3-0 AND MODULANPTHH @ THE INTEGRATION NETWORK
ILTERING THE WEIGHTING IN THIS MANNER RATHER THAN BY SCALINGOERESDERULYMLLOWS 6(
TO DOMINATE THE INTEGRATED OUTPUT AT SITES WITH HIGH VISUAL FAMIEIRRESERNIENOR AH
LARGE HOME VECTOR WITHOUT HAVING LARGE STORED ACTIVITY 7E NOTE HONARPRONCTCHES B
REMAIN FEASIBLE AND FURTHER NEUROANATOMICAL DATA IS REQUIRED TOEITARR YAEEHANISM

OF
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&IGURE /PTIMAL CUE INTEGRATION IN THE #80ROPOSED MODEL FOR OPTIMALLY INTEGRATING 0“ AND 6( GUIDANCE SYSTEMS MEFRRAGHNEMISP
ATTRACTORS GREY NEURAL RINGS SPECULATIVELY LOCATED IN &" #'5 RECESEOMBENGRPUTS FROURANGE NEURAL RINGS AND 6( RED
NEURAL RINGS WITH THE OUTPUTS SENT TO THE CORRESPONDING STEERINRACIRMNGBET BGBENEWN IS WEIGHTED BY THE VISUAL NOVELTY TRAC
TUNING NEURON 45. WHOSE ACTIVATION FUNCTION IS SHOWN IN THE LEFTMIO@MPAREIOF OPTIMAL INTEGRATIAGNDDE HEADINGS FOR TWO 0
STATES WITH THE PEAK STABLE STATE GREY DOTTEDLACNWEYIRREGRATION NEURONS SHIFTING TOWARDS 6( AS THE HOME VECTORALENGTH R
2EPLICATION OF OPTIMAL INTEGRATION STUDIES@FET AL AND,EGGE ET AL 3IMULATED ANTS ARE CAPTURED AT VARIOUS POINTS M
M MAND M ALONG THEIR FAMILIAR ROUTE GREY CURVE AND RELEASEPQANRERBATHUS WITH THE SAME VISUAL CERTAINTY BRERENTFDI
CERTAINTIES ASMNTRACH ET AL SEE THICK ORANGE ARROW 4HE LEFT POLAR PLOT SHOWS THE ORTSAMHEPABNGSTS INCREASINGLY WEIGH
THEIR'GYSTEM o IN FAVOUR OF THEIR 6( SYSTEM AS THE HOME VECTOR LENGTH INCREASESRERDIONAL UNCERTAINTY DROPS 3IMULATED AN
ARE ALSO TRANSFERRED FROM A SINGLE POINT M ALONG THEIR FAMILIARTROWRELEASER@MNTS 20 20 20 THUS WITH THE SEBEIETAINTY

BUT INCREASINGLY VISUAL UNCERTAING®RASTNAL SEE THICK RED ARROW 4HE RIGHT POLAR PLOT SHOWS THE INITSAVBIEATHN GSI TF
INCREASINGLY WEIGHT @ OVER 6( 0 AS VISUAL CERTAINTY DROP&EFSEEDUCE THE OPTIMAL CUE INTEGRATION HROR\DETARSS %XAMPLE
HOMING PATHS OF THE INDEPENDENT AND COMBINED GUIDANCE SYSTEMS DISEIGHDIARGDUHE GREYLTUOVWE RELEASE POINT 20

&IGURE y&IGURE SUPPLEMENBAHE EXTENDED HOMING PATHS AND' WHHEMO®RY IN THE SIMULATIONS
&IGURE ySOURCE DATAMHE RESULTS OF TUNINSCERTAINTY

&IGURE ySOURCE DATAHE RESULTS OF TUNING 6( UNCERTAINTY

&IGURE ySOURCE DATAMHE EXTENDED HOMING PATH GEAND COMBINED DAND 6(

IS EMPLOYED BY INSECTS

OF
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&IGURE# SHOWS THE INITIAL HEADINGS PRODUCED BY THE MODEL WHICH REPLICREESRHED RENL
IN CUE CON2ICT EXPERIMENTES=BXE ET AL AND7YSTRACH ET AL WHEN THE UNCERTAINTY
OF 0" AND 6( CUES WERE ALTERED INDEPENDENTLY %XAMPLE EXTENDED PATHSTOF WXIEPEND
6( MODELS AND THE RING ATTRACTOR BASED COMBINED 0 AND 6( MODEL AREGRIRHF RIDTIN
THE COMBINED MODEL SHOWING THE MOST ANT LIKE BEBAMEGURND 7EHNER ~ -ANGAN AND
7EBB BY INITIALLY FOLLOWING PREDOMINANTLY THE HOME VECTOR DIRECTIOR BEFORE ¢
VISUAL HOMING WHEN THE HOME VECTOR LENGTH DROPS LEADING THE SIMULAAED ARTTERRATND
.OTE THAT THE 0“ ONLY AND 0" 6( MODELS ARE DRAWN BACK TOWARDS NHEIRSITES/EIDICATED
BY THEIR HOME VECTORS WHICH IF LEFT TO RUN WOULD LIKELY RESULT INIKHPRGEERNSEARCH
IN3TONE ET AL -OREOVER UPON ENCOUNTERING THE ROUTE THE 6( BASED MODELS 6( ONLY
0“6( ARE UNABLE TO DISTINGUISH THE DIRECTION IN WHICH TO TRAVEGAND SHRNRIEANDER
AROUND THE VALLEY OF FAMSILIARRES AND & GURE$ FURTHER DEMONSTRATING A NEED FOR A ROU
RECOVERY MECHANISM

20UTE FOLLOWING IN THE INSECT BRAIN
4HE MODEL DESCRIBED ABOVE CAN GUIDE INSECTS BACK TO THEIR FAMIBAR RELKE REMEANS
TO RECOVER THE ROUTE DIRECTION UPON ARRIVAL AS OBSERVED IN HOMINGTNSSIERPRISANER YS N
AS 6( RELIES UPON TRANSLATIONALLY VARYING BUT ROTATIOIRARMNAARNMHERERASEQUIRES
ROTATIONALLY VARYING CUES 4HUS WE INTRODUCE A NEW ELEMENTAL GHATANEKES'SSENDF
THE ROTATIONALLY VARMEEBOEZCIENTS OF THE FREQUENCY INFORMATION DERIVED FROM THE PAN
SKYLINE WHICH TRACKS THE ORIENTATION OF SPECI1C FEATURES OF THES@SSEFH=SJRROUNDIN
AND -ATERIALYERE WE ASK WHETHER BY ASSOCIATING THE ROTATIONAAMP LNVABESSHOWN
USEFUL FOR PLACE RECOGNITION WITH THE ROTATIGNASEEXYRRRINCED AT THOSE LOCATIONS
INSECTS MIGHT RECOVER THE FAMILIAR ROUTE DIRECTION

.EUROANATOMICAL DATA WITH WHICH TO CONSTRAIN A MODEL REMAINS SPARSESNMNDARREFORI
ARTI1CIAL NEURAL NETWORK !.. ARCHITECTURE IS USED TO INVESTIGAPHABBASHDIRGMH E
RECOVERY WITH BIOLOGICAL PLAUSIBILITY DISCUSSED IN MORE DEYER BEMAS/ TRANED TO
ASSOCIATE THE SAME ROTATIONAL INXARIANODE®&S USED IN THE 6( MODEL WITH THE ROTATIONAL
VARYINRHASE/ALUE OF SINGLE FREQUENCY COEZCIENT EXPERIENCED WHEN TRAVEABIRGAALONG
ROUTE WHICH WE ENCODE IN AN NEURON R#NGUSEEAND 20UTE &OLLOWHOR DETAILED MODEL
DESCRIPTION 4HUS WHEN THE ROUTE IS REVISITED THE NETWORK SHOULD OUTPUHATHEIERIENT
PHASEEONVERGED UPON WHEN AT THE SAME LOCATION PREVIOUSLY WHICH WE NOTEYS NOT |
ALIGNED WITH THE ACTUAL HEADING OF THE ANIMAL E G IT MAY TRACNTHEVEREICPATBAR |G
AND *AYARAMAN 2EALIGNMENT IS POSSIBLE USING THE SAME STEERING MECHANISM AS DESC
ABOVE BUT WHICH SEEKS TO REDUGSEHRBETWEEN THE CURRBISIREADOUT E G A LOCAL COMPASS
LOCKED ONTO VISUAL FEATURES OF THE ANIMALS SURROUNDINGS RNASREATEUALEROM THE
]

7E SPECULATE THAT THE MOST LIKELY NEURAL PATHWAYS FOR THE NEW DESHREAD NESGBREREN
FROM /PTIC ,OBE VIA INTERIOR /PTIC 4UBERCLE /45 AND "ULB "5 TO %" #'TIdE#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 CESRASEHEHAICEHAS B
COMPASS USED BYAND 6( SYSTEMS 4HIS HYPOTHESIS IS FURTHER SUPPORTED BY THE RECENTLY IL
PARALLEL PATHWAYS FROM /, VIA /45 TO THE$ROASOPHIKAVIAEUS ET AL 4HAT S TO SAY THAT
1RSTLY THERE ARE TWO PARALLEL PATHWAYS FORMING TWO COMPASS SYHRENMBABED GINDOBAL
CELESTIAL CUES AND THE LOCAL BASED ON TERRESTRIAL CUES COMPASSES MO CEA'BY THE AC
AND"“4" NEURONS RESPECTIVELY &OUR CLASSES OF #, NEURONS OR % 0' AND 0 %&INFERONS
AND (OMBERG 8U ET AL AND THREE CLASSES OF INDEPENDENT 4" NEBRONS AL

HAVE BEEN IDENTI1ED THAT PROVIDE POTENTIAL SITES FOR THE PARALLEERECDRRENT L(

INDEPENDENT LOCAL AND GLOBAL COMPASSES 3ECONDLY THE DESIRED BEABENRECAHLED |
PHASBEF A SPECI1C VIEW IS GENERATED THROUGH THE NEURAL PLASTICITY FRONB!I/AO % "5 AND
WHICH IS LINE WITH RECENT EVIDENCE OF ASSOCIATIVE LEARNING BETWEBENRANS MINEBROWNSUAL

OF
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INFORMATION FROM "5 TO %" AND THE COMPASS NEURONS #, A OR % 0' NEURONSETNRURECEIV
FROM %"+IM ET AL &ISHER ET AL 4HIS KIND OF LEARNING ENDOWS THE ANIMAL WITH T
ABILITY TO 2EXIBLY ADAPT THEIR LOCAL COMPASS AND ALSO DESIRERIENVAIADNOABCORDING TO
THE CHANGING VISUAL SURROUMDINGSH ET AL REPORTED A DIRECT PATHWAY FROM %" TO &
NEURONS WHICH WE MODEL TO ALLOW COMPARISON OF THE LOCAL COMPASBSACHE DESIRED
HEADING (OWEVER WE NOTE THAT THIS CONNECTIVITY HAS NOT BEEN REPLETAIBEHESNRECEN
AND (OMBERG AND THUS FURTHER INVESTIGATION OF POTENTIAL PATHWAYS IS REQUIRED

4HE2& MODEL ACCURATELY RECOVERS THE INITIAL ROUTE HEADING IN A SIRREAR AINTNENER
RETURNED TO THE START OF THEIR FAMILV AR RGUTET AL &IGURE" INSERT AND THEN
FOLLOWS THE REMAINING ROUTE IN ITS ENTIRETY BACK TO THEQEBSIGAANNDREAHLER AND
7TEHNER -ANGAN AND 7EBB &IGURE" 4HE QUIVER PLOTS DISPLAYED IN THE BACKGROUN
ORXIGURE" SHOW THE PREFERRED HOMING DIRECTION OUTPUT BY THE !.. WHEN ROTATED ON Tt
ACROSS LOCATIONS IN THE ENVIRONMENT 4HE NOISE IN THE RESULTS ARE DUERATERRIORS ||
PERFORMANCE SEE EXAMRIEHSRE" RIGHT YET AS THESE ERRORS ARE IN LAREBLYCCONE
MAGNITUDE THE STEERING CIRCUIT STILL DRIVES THE ANT ALONG THE ROUTIE EBEQIOEE THAT
PRIMARILY A FUNCTION OF THECSFREXDUENCY TRANSFORMATION ALGORITHM USED WHICH WE E
FROM COMPUTER GRAPHICS TO INVESTIGATE THE UTILITY OF FREQUENCY IRIFOBMAG QN VISEIAL
BIOLOGICAL REALISM OF SUCH TRANSFORMS AND THEIR POTENTIAL IMPLEMENTXB{ONISTSIEMSEC
ARE ADDRESSED IN fIHEUSSIOMHE DISPLACED ROUTES ALSO HIGHLIGHT THE DANGER OF EMP
SOLELY 2& WHICH OFTEN SHADOWS RATHER THAN CONVERGES WITH THE ROUTEBMARTS DISPL/
FURTHER DEMONSTRATING THE NECESSITY FOR INTEGRASIZNNMETSTRAHEGIES THAT PROMOTE
ROUTE CONVERGENCE

20UTE RECOVERY THROUGH CONTEXT DEPENDENT MODULATIANCE SXBTEMS
(OMING INSECTS READILY RECOGNISE FAMILIAR ROUTE SURROUNDING&ARISGVARDTRETRBCE
THEIR HABITUAL PATH HOME IRRESPECTIVE OF THE STATUS OF OTHER GUIDANCE2EPEIEM BIBCH AS
SUCH CONTEXT DEPENDENT BEHAVIOURAL SWITCHING UNDER REALISTICIB@NDOASBINSOR THE
PROPOSED MODEL 4HE VISUAL NOVELTY MEASURED BY THE -"/. PROVIDES ANUPBR.CGGIBNEXT
SWITCHING WITH LOW OUTPUT WHEN CLOSE TO THE ROUTE WHEN 2& SHOULD DGMINAPEVERSU
FURTHER AWAY FROM THE ROUTE ANES SHOULD BE ENGAGED SEEJRE$ LSO THE FACT THAT
/ S ROUTE STRATEGIEZS\D 6( COMPUTE THEIR TURNING ANGLES WITH REFERENCE TO THE GLOBAL ¢
WHEREAS THE /N ROUTE 2& STRATEGY IS DRIVEN WITH REFERENCE TO A LOCASGOWERES RROVI
MODULATE THEIR INPUTS TO THE STEERING CIRCUIT INDEPENDENTLY 4SGHIREMOISEMNEAR
WEIGHTING OF THE /N ANDROUTE STRATEGIES WHICH WE PROPOSE ACTS THROUGH THE SAME 3-0 PA
AS THE 6( MODEL SEE THE 3. AND 3. NEURONSUNURE! SEE #ONTEXT DEPENDENT SV\HORH
NEURON DETAILS ANi2JRE FOR A FORCE DIRECTED GRAPH REPRESENTANIQNUDHEDHRODEL

4HE ACTIVITY OF THE PROPOSED SWITCHING CIRCUIT AND THE PATHS THATMUIGHRERRDES IN
VECTOR AND FULL VECTOR DISPLACEMENT TRIALSSARESHOWNRBSPECTIVELY “N THE FULL VECTOR
TRIAKIGURE" UPPER &IGURE# SOLID LINE AS VISUAL NOVELTY IS INITIALLY HIGH SEE HIGH 45. AC
UNTIL STEP 3. IS ACTIVATED WHICH ENABLESISE STRATEGIESND 6( WHILE 3. ALWAYS THE
INVERSE OF 3. IS DEACTIVATED WHICH DISABLES /N 20UTE STRATEGIES .OEEINHBRGRABON OF 0
AND 6( THAT GENERATES THE DIRECT PATH BACK TO THE ROUTE AREA INREEDKEISMERIBE MOVING
AT A 0BEARING BUT 6( PREVENTS ASCENSION OF THE VISUAL NOVELTY GRADIENTCRY/SE TMIBHVOUL
THE COMPROMISE BEING A BEARING CLOSEE TGDWARD THE ROUTE 'S THE ROUTE IS APPROACH
THE VISUAL NOVELTY DECREASES AGAIN SEE 45. ACTIVITY UNTIL AT STBELGY FMRESHOLD
AND DEACTIVATES THROUTE STRATEGIES WHILE CONVERSELY 3. ACTIVATES AND ENGAGES /N :
STRATEGIES !'FTER SOME BNPT2RAPPING WHILE THE AGENTS CONVERGES ON THE ROUTE STEPS
BECOMES DOMINANT AND DRIVES THE AGENT BACK TO THE NEST VIA THERAMEZBRAPXEGTOR
TRIARIGURE" LOWER &IGURE" DASHED LINE /S ROUTE STRATEGIES HERE ONLY 6( LARGELY DOMIN
SOME FALSE POSITIVE ROUTE RECOGNITION E G STEP  UNTIL THE ROUTE IS REGQOMEREIH STEP
POINT THE SAME 2IP 20PPING DURING ROUTE CONVERGENCE OCCURSOSIE&R&D B¥ ALONE
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&IGURE OHASE BASED ROUTE FOLLOWINBURAL MODEL 4HE VISUAL PATHWAY FROM THE OPTIC LOBE VIA /45 ANDOBOBE@84S MODELLED
BY A FULLY CONNECTED ARTI1CIAL NEURAL NETWORK !.. WITH ONE HHEIDENUAYEYER RECEIVESVIMETUDE®F THE FREQUENCY ENCODED VIEWS
AS FOR THE -" NETWORK AND THE OUTPUT LAYER IS AN NEURON RING WHOBEGQPMG\REFRESENTS THE DESIRED HEADING AGAINST TO WHIC
AGENT SHOULD ALIGREHAVIOURS "LUE AND RED ARROWS IN THE INSERTED POLAR PLOT TORE MNEFANMSFEAVIONS AND  CON1DENTIAL
INTERVALS OF THE INITIAL HEADINGS\OF'REAH ET AL AND SIMULATED ANTS RELEASED AT THE START OF THE RESPECTIVELY $ARK BLUE
CURVES SHOW THE ROUTES FOLLOWED BY THE MODEL WHEN RELEASED AT LOCATIOSE THESEARNEHEFSTAR BHE OVERLAID FAN PLOTS INDIC,
THE CIRCULAR STATISTICS THE MEAN DIRECTION AND  CON1DENTIAL IMERWE DIFEGTEONS RECOMMENDED BY THE MODEL WHEN SAMPLED
ACROSS HEADING DIRECTIONS ~SAMPLES AT oINTERVALS $ATA FOR ENAREESMIDWANIONSTHE RIGHT FOR SPECI1C LOCATIONS WITH THE UPPE
SAMPLED AT:5;*3/  DEMONSTRATING ACCURATE PHASE BASED TRACKING OF ORIENTATION WHBRESXS/FHEDGWER-BL5/ SHOWS POOR
TRACKING PERFORMANCE AND HENCE PRODUCES A WIDE FAN PLOT

&IGURE ySOURCE DATMHE FREQUENCY TRACKING PERFORMANCE ACROSS THE WORLD

&IGURE §SOURCE DATAYHE 28 MODEL RESULTS OF THE AGENTS RELEASED ON ROUTE

&IGURE ySOURCE DATAHE 2& MODEL RESULTS OF THE AGENTS RELEASED ASIDE FROM THE ROUTE

OF
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&IGURE 5NI1ED MODEL REALISING THE FULL ARRAY OF COORDINAAEDNAY BEHAVIOURS

#ONTEXT DEPENDENT SWITCHING IS REALISED USING TWO SWITCHING NEURBNSAVEBMUTUALLY EXCLUSIVE
1RING STATES ONE ACTIVE WHILE THE OTHER IS IN ACTIVE ALLOWING CEERINMAIDOS! BEUNE STRATEGIES
DRIVEN BY THE INSTANTANEOUS VISUAL NOVELTY OUTPUT BY THE -" #ONNEWAWIDON RNRGTONS OF THE 3-0
NEURONS ARE SHOWN IN THE LEFT SIDE OF IRPANEATION HISTORY OF THE 3. 3. AND 45. TO DEMONSTRATE THE
INSTANTANEOUS VISUAL NOVELTY READOUT OF THE -* NEURONS DURING THEATEMEATELRDAEBATHS
GENERATED BY THEBEDNIMODEL UNDER CONTROL OF THE CONTEXT DEPENDENT SWITCH CIRCUIT DURINSIMULA"
LINE AND :6 DASHED LINE DISPLACEMENT TRIALS

&IGURE ySOURCE DATAHE NAVIGATION RESULTS OF THE WHOLE MODEL

WHICH RETURNS THE AGENT TO THE NEST VIA THE FAMBHERIPBBE NOTED THAT THE DATA PRESENTI
UTILISEDSERENT ACTIVATION FUNCTIONS OF THE 45. NEURON THARMIEBSHSEEGABLE FOR
PARAMETER SETTINGS ACROSS TRIACS ASIDROR INSIGHTS INTO MODEL LIMITATIONS AND POTEN
EXTENSIONS YET THE RESULTS PRESENTED NEVERTHELESS PROVIDE A PEMONSFRIRTNINAIHAT
THE PROPOSED 18D NAVIGATION MODEL CAN RUL OF THE CRITERNEDEOR REPLICATION OF KEY
ADAPTIVE BEHAVIOUR OBSERVED IN IRISECHES

OF
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$ISCUSSION
4HIS WORK ADDRESSES TWO GAPS IN THE CURRENT UNDERSTANDING OF INGEOTAREVTEETOORE
VISUAL GUIDANCE SYSTEMS REQUIRED BY THE INSECT NAVIGATIONAL TORE.KHE INDOHIRVINATED
BY THE INSECT BRAIN

7E PROPOSE THAT THE INSECT NAVIGATIONHIQTEKIT 7TEBB SHOULD BE EXTENDED TO
INCLUDE INDEPENDENT VISUAL HOMING 6( AND ROUTE 3L B¥@TRGIS SEEGURE" FOR UPDATED
“NSECT .AVIGATION 400LKIT 7E SHOW HOW 6( AND 2& CAN BE REALISED USINGRRBEQUEB! OF
PANORAMIC SKYLINES TO SEPARATE INFORMATION INTO ROTATIOMARILIY UNNESRDANG( AND
ROTATIONALLY VARMINEESOR 2& 4HE CURRENT MODEL UTILISES FREQUENCY ENCODING SCHEMA F
COMPUTER GRAPHICS BUT BEHAVIOURAL STUDIES SUPPORT THE USE OF SPABEESFRERUENCY

,EHRER WITH NEURONS IN THE LOBULA ORZIEAGBIRROLL AND LOCUSTSVIES

AND /SORIO FOUND TO HAVE RECEREIMES AKIN TO BASIS FUNCTIONS PROVIDING A MECHANISM
WHICH TO EXTRACT THE FREQUENCY INFORMATION NECESSARY FOR THE LOCAUR®MPAERS SYS
ALLOWS FOR THIS INFORMATION EXTRACTION PROCESS TO HAPPEN AT MWD TOPIIESSTASES INHEA
THE CENTRAL LEARNING SITES SUCH AS THE -"S OPENING THE POSSIBILITNGO RIESTAER_TE#:
OPTIC LOBES OR SUBSEQUENT PATHWAYS THROUGH REGIONS SUCH AS THE /45P&YSTBIERGNEAIR
DATA IS REQUIRED TO PINPOINT BOTH THE MECHANISMS AND SITES OF THIS DATRIERIJCESSIN
3IMILARLY FOLLOWINGE ET AL THE GLOBAL COMPASS SIGNAL DIRECTLY MIRINGG FATETERN
OF COMPASS NEURONS IN THE #8 WITHOUT REFERENCE TO SENSORYASRUT/BUT  RECENTLY
PRESENTED A PLAUSIBLE NEURAL MODEL OF THE CELESTIAL COMPASS PROCESSINMMBEELINE
EASILY INTEGRATED INTO THE CURRENTLMODMEE BGAP &OLLOW ON NEUROANATOMICALLY CONSTF
MODELLING OF THE OPTIC LOBES PRESENTS THE MOST OBVIOUS EXTENSION OF THISIRUHR ALLOV
PATHWAY FROM SENSORY INPUT TO MOTOR OUTPUT SIGNAL TO BE MAPPED IN DEMAMDEXONGERSEL
THE CONVERSION OF DIRECTION SIGNALS INTO BEHAVIOUR VIA MOTOR GENERBUIIGATETEMNREMS
PATTERN GENERATORSTSHEEBECK ET AL WILL THEN ALLOW CLOSURE OF THE SENSORY MOTOR

6ISUAL HOMING IS MODELLED ON NEURAL CIRCUITS FOUND ALONG THE / WAYORATHER AND
'RONENBERG 'RONENBERG AND 2PEZ 2IQUELME ~ BEFORE TERMINATING IN THE #8 STEERINC
CIRCUIITONE ET AL AND SHOWN CAPABLE OF PRODUCING REALISTIC HONNNGIBAATHEMA
THE -"S DO NOT MEASURE ROTATIONALLY VARYING SENSORY VALENCE AS REQESATE PESEDNTO REP

ET AL -»LLER ET AL BUT RATHER THE SPATIALLY VARYING BUT ROTATIONALLY INVARIANT
VALENCE MORE SUITED TO GRADIENT DESCENT STRATEGIES SUCH AENVISUAIL HOMINGONE
ET AL AND OTHER TAXIS BEHAVIQURSRACH ET AL 4HIS IS INLINE WITH THE HYPOTHESIS

FORWARDEDAXY_LETT AND #OLLETT THAT SUGGEST THAT THE -"S OUTPUT WHETHER THE CURF
SENSORY STIMULUS IS POSITIVE OR NEGATIVE AND THE #8 THEN ADAPTS THE ANBVAIHHEAERNG
ACCORDINGLY
20UTE FOLLOWING IS SHOWN POSSIBLE BY LEARNED ASSOCIATIOMMBEMWBES EHEHE
PLACE AND TRHASETHE ORIENTATION EXPERIENCED ALONG A ROUTE ALLOWING REALIGNMENT WH|
A PROXIMAL LOCATION 4HIS KIND OF NEURAL PLASTICITY BASED CORRELATEDMBSDRREVNBENGS
AND THE ORIENTATIONSWITH DATA RECENTLY OBSERVERIES FRWHT AL &ISHER ET AL
4AHESE STUDIES PROVIDE THE NEURAL EXPLANATION FOR ABIEIANTMAMAMEXIBLE USE OF
VISUAL INFORMATION TO NAVIGATE WHILE THE PROPOSED MODEL GIVES A DEPAILED OWFRRECHEN
ABILITY IN THE CONTEXT OFSNREROTE FOLLOWING SCHEMA .EUROPHYSIOLOGICAL EVIDENCE SUGGE
THE LAYERED VISUAL PATHWAY FROM /, VIA /45 AND "5 TO THE %" OF ARE#8ND (EISENBERG
(OMBERG ET AL /MOTO ET AL WITH ITS SUGGESTED NEURAL PLASTICITY PRORERTIES
AND (EISENBERG 9ILMAZ ET AL PROVIDES A POSSIBLE NEURAL PATHWAY BUT FURTHER AN;
IS NEEDED TO IDENTIFY THE CIRCUIT STRUCTURES THAT MIGHT UNDERPIN 4&BEEHRERATHANING
“N ADDITION TO THE DESIRED HEADING THE CURRENT HEADING OF 2& IS DEBCADFRIRATHE L
SYSTEM ANCHORED TO ASIMMEDIATE VISUAL SURROUNDINGS 4HIS INDEPENDENT COMPASS SY
MAY BE REALISED PARALLEL TO THE GLOBAL COMPASS SYSTEM IN AN SIMILARTBLRMNEEREND
AND (OMBERG "EETZ ET AL 8U ET AL /UR MODEL THEREFORE HYPOTHESISES THA

OF
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INSECTS POSSESS DISERENT COMPASS SYSTEMS BASED ON VARIED SENSORY INFORMATION AND
INSECTS POSSESS THE CAPABILITY VIA #88ASEOOORDINATE THERIBENCE OPTIMALLY ACCORDING
TO THE CURRENT CONTEXT 3INCE THE GLOBAL COMPASS THE LOCAL COMPABSADINGHHE-RE&SIREL
SHARE THE SAME VISUAL PATHWAY /, /45 "5 #8 DISTINCT INPUT ANDRWI PATTERNS ALONG THIS
PATHWAY MAY BE FOUND BY FUTURE NEUROANATOMICALADIDIER IN THE PROPOSED MODEL THE
ACTIVATION OF CURRENT HEADING AND DESIRED HEADING OF 2& OVERDAHERBFORE S3BRPARATION
OF ACTIVATIONIRES REPRESENTING EACH OUTPUT EG FOLLOWINGMETBOD®INYARAMAN
PRESENTS ANOTHER MEANINGFUL TOPIC FOR FUTURE NEUROPHYSIOLOGICAL RESEARCH
#LOSED LOOP BEHAVIOURAL STUDIES DURING WHICH THE SPATIAL FREQUWEGEY IRNWWSRMATI
ALTERED SIMILARAIO.K ET AL COINCIDENT WITH IMAGING OF KEY BRAINEAREBAS\ND *AYARA
MAN OSERS A MEANS TO INVESTIGATE WHICH NEURAL STRUCTURES MAKE USE OF Wi
INFORMATION #OMPLIMENTARY BEHAVIOURAL EXPERIMENTS COULD VEREPANBERISYBTEMS
BY SELECTIVELY BLOCKING THE PROPOSED NEURAL PATHWAYS WITH IMPACREDI BHMHABYIOUR
&IGURE# AND&IGURE" RESPECTIVEINSTAD ET AL REPORT THAT VISUAL HOMING ABILITIES ARE L(
FOR FRRIES WITH A BLOCKED %" OF THE #8 BUT NOT -" WHICH IS PREDICTED BY OURMO®HEAVEANI
LEARNED TARGET FACING VIEWS TO WHICH THEY CAN LATER ALIGNIDANNCETHESREN GUALYSIS OF
ANIMAIS ORIENTATION DURING LEARNING IS THUS VITAL TO UNPACKING PRBTSEIRESOW SHRISE
7ITH THE ELEMENTAL GUIDANCE STRATHEBESWE PROPOSE THAT THEIR OUTPUTS ARE COORDIN;
THROUGH THE COMBINED ACTION OF THE -"S AND #BCAPECIWE DEMONSTRATE THAT A PAIR C
RING ATTRACTOR NETWORKS THAT HAVE SIMILAR CONNECTIVITY PATTERNS OBRECFEBASED
SYSTEM+IM ET AL 4URNER %VANS ET AL OISOKAS ET AL ARE SUZCIENT FOR OPTIMALLY
WEIGHTING MULTIPLE DIRECTIONAL CUES FROM THE SAME FRAME OF RENEREN@HERUSEBOF A
PAIR OF INTEGRATING 2!S IS INSPIRED BY THE COLUMN STRUCTURE OF SHEEURMICGOHAMNS
DIVIDED INTO TWO GROUPS OF NEURAL COLUMNS THAT EACH REPRESENSPACEERHEIREPTIMAL
INTEGRATION OAND 6( USING A RING ATTRACTOR CLOSELY MATCHES THE NETWORKS THEORISEIL
OPTIMAL DIRECTIONAL INTEGRATION IN MAMMRAKSET AL AND SUPPORTS HYPOTHESIS OF THEIF
CONSERVED USE ACROSS ANIMAIES” AL /PTIMALITY IS SECURED EITHER THROUGH ADAPTING T
SHAPE OF THE ACTIVITY PRO1LE OF THE INPUT AS IS TH&EIESENFORIBALLY SCALES WITH DISTANC(
OR BY USING A STANDARDISED INPUT ACTIVITY PRO1LE WITH CROSS INHIBNGBGDUEBE BONSTHE
CASE FOR 6( IN THE MODEL 4HE LATER SCHEMA AVOIDS THE NEED FOR EVER INGRHAAMNGINEUR;
MAINTAIN RELEVANCE
40 REPLICATE THE SUITE OF NAVIGATIONAL BEHAVIOURS&SESERIBER NETWORK INCLUDES
THREE INDEPENDENT RING ATTRACTOR NETWORKS THE GLOBAL COMPASS HEADIBIRECTION S
ET AL THE LOCAL COMPASS HEAD DIRECTIONGHESTEMND *AYARAMAN  +IM ET AL
AURNER %VANS ET AL AND AN /S ROUTE INTEGRATION SYSTEM MODELLED HERE 7E WOLU
SPECULATE THAT IT IS LIKELY THAT CENTRAL PLACE FORAGING INSECT$ ARINTEGFIHISM MEVIWORK
FOR /N 20UTE CUES NOT MODELLED HERE BRINGING THE TOTAL NUMBER OHE!§ TIRIFOOR 4
2!S FOR HEAD DIRECTION TRACKING ARISES FROM THEIR PROPERTIES INICONOERSIGRAEUMP
THAT CAN EASILY BE SHIFTED BY SENSORY INPUT AND IS MAINTAINED IN THE ABSEXIDNOF STIV
ADDITION 2!S ALSO POSSESS THE BENE1CIAL PROPERTY THAT THEY SPONTANEOBILYGNEIGH
SENSORY INFORMATION STORED AS BUMPS OF ACTIVITY IN AN OPTIMAL MANNEREXGEELENERE A
COMPUTATIONAL REASONS FOR INSECTS TO INVEST IN SUCH NEURAL STRUCTURESARHHATSHEULD
MODEL PROPOSED HERE REPRESENTS A PROOF OF CONCEPT DEMONSTRATING THAT ODRK UNDEF
ARCHITECTURES ALREADY MAPPED TO THE #8 DIRECTIONAL CUES ENCODEDW3BEMBRS ORIAC
*AYARAMAN (EINZE AND (OMBERG VARIOUS LATERAL SHIFTING MECHANISME&T AL
'REEN ET AL 4URNER %VANS ET AL 2!S +IMETAL 4URNER %VANS ET AL
OISOKAS ET AL ARE SUZCIENT TO GENERATE ADAPTIVE NAVIGATION BUT FURTHER SRREDIES ARE
TO CRITIQUE AND RE1INE THE BIOLOGICAL REALISM OF THIS HYPOTHESIS
THILE THIS ASSEMBLAGE RECREATES OPTIMAL INTEGRATION OF STRATEGIES THAYSHERE A COI
IT DOES NOT EASILY EXTEND TO INTEGRATION OF DIRECTIONAL CUES FROM OTHER ERAMIES OF RE
AND 0 REFERENCE THE GLOBAL COMPASS VERSUS 2& THAT REFERENCES ANDERD EOVIRAESS

OF
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#8 STEERING NETWORK SEEKS TO MINIMISE THE DISERENCE BETWEEN A CURRENT ANEGA DESIR
CALIBRATING INPUT SIGNALS FROM DISERENT FRAMES OF REFEREEGESNMOLAR GEQBRATION OF
THEIR RESPECTIVE COMPASS SYBVHMER THE PROPOSED MODEL INCORPORATES A CONTEXT DEPE
NON LINEAR SWITCHING MECHANISM DRIVEN BY THE OUTPUT OF THE -" THAT AEERRAAIEBE SV
GLOBAL COMPASS BASEDID 6( ARE TRIGGERED WHEN THE SURROUNDINGS ARE UNFAMILIAR BU
IN FAMILIAR SURROUNDINGS ENGAGE LOCAL COMPASS BASBMPEY THE ADAPTIVE BEHAVIOUR
DEMONSTRATED IS THE RESULT OF DISTINCT GUIDANCE SYSTEMS THAT CONVEREIRNREHEHGBNITE
WEIGHTING D¥ED BY THE OUTPUT OF THE -" 4HIS DISTRIBUTED ARCHITECTURE IS REMINISCENT O
NISMS FOUND IN THE VISUAL LEARNING OF HONEYBHEESAL AND SUPPORTS THE HYPOTHESIS
THAT THE #8 IS THE NAVIGATION COORDINATOR @GMRISECTS (ONKANEN ET AL BUT SHOWS
HOW THE -" ACTS AS A MEDIATOR ALLOWING THE #8 TO GENERATE OPTIMAL GBEEINGOWURTAEC
CONTEXT

4HE RESULTANTIEBRIMODEL OF INSECT NAVIGATONE" AND # REPRESENTS A PROOF OF PRINCIPLE
FRAMEWORK AS TO HOW INSECTS MIGHT CO ORDINATE CORE NAVIGABHJNAL AEBRg QURER
STANDARIELD MANIPULATIGNSURE! .EUROANATOMICAL DATA HAS BEEN DRAWN FROM ACROSS INS
CLASSES SEEBLE TO ENSURE NEURAL REALISM WHERE POSSIBLE WITH PERFORMANCE COMPAR
NAVIGATION BEHAVIOUR IN A SINGLE SIMULATED DESERT ANT HABITATK GARNMBEARMENOREXTENDED
TO NEW NAVIGATION BEHAVIOURS OBSERVED IN OTHER INSECTS FROMIBNITHEHOGON
TO STRAIGHT LINE FOLL®DMWINED! ET AL TO MIGRATIONSPPERT ET AL AS WELL AS MORE
NUANCED STRATEGIESEMMBLY USE DIRECTIONAL CUESFERBNDISENSORY MODAIATHESRACH
ET AL 3CHWARZ ET AL $ACKE ET AL ! PRIORITY OF FUTURE WORKS SHOULD BE Tt
INVESTIGATION OF TSIERENCES AND COMMONALITIES IN SENSORY SYSTEMS NEURAL STRUCTL
ECOLOGY OFHERENT INSECT NAVIGATORS AND HOW THEY IMPACT BEHAVIOUR ALLODHMGBIBOR EXT
RENEMENT OF THE FRAMEWORKSEBRENT ANIMALS #OMPLEMENTARY STRESS TESTING OF MODELS A
DISERENT ENVIRONMENTS IN BOTH SIMULATION AND ROBOTIC STUDIES ARE ALSO REQUIRED TC
MODEL PERFORMANCE GENERALISES ACROSS SPECIES AND HABITATS ANEBNTEPRDRNEIEGRIHERS
SEEKING THE SENSORY PROCESSING AND LEARNING CIRCUITS UNDERPINBNENG THESE ABILI

-ETHODS AND -ATERIALS

ILL SOURCE CODE RELATED TO THIS PUBLICATION IS AVAILABLE FOREOVENLOAD ADM SUELONG3UN

‘NSECT.AVIGATION4OOLKIT-ODE!LUISIMULATIONS AND NETWORK MODELS ARE IMPLEMENTED BY OYT
AND MAKE USE OF EXTERNAL LIBRARVEYMATPLOTLSEIPY0", ANDCV

3IMULATED $ WORLD

4HE ENVIRONMENT USED IN THIS STUDY IS THAT PROVIDEB BXL WHICH IS ITSELF ADAPTED
FROMADDELEY ET AL SEE&IGURE# “T IS A VIRTUAL ANT LIKE WORLD CONSISTING OF RANL
GENERATED BUSHES TREES AND TUSSOCKS BASED ON TRIANGULAR PATCHES FORDMORE/DETAIL
ET AL 4HEREFORE THE DATA OF THIS SIMULATED WORLD IS STORED IN A AEROFWITH T
Ny *3+3 DEINING THE THREE DIMENSIONAL COORDINATES XY Z OF THE THREE NERBEESPF
PATCHES TRIANGLE PATCHES !GENT MOVEMENT WAS CONSAURARED TRAMNING AND TEST AREA
ALLOWING FREE MOVEMENT WITHOUT THE REQUIREMENT OF AN ADDITIONDNNCESTECHE MG

“MAGE RECONSTRUCTION

4HE AGENT S VISUAL INPUT AT LOGWTWINIH THE HEADING DIRECTISISIMULATED FROM A POINT
CM ABOVE FROM THE GROUND PLANE WITH 1ELBEDFWIB®BY( HIGH CENTRED ON THE HORIZON
4HIS PANORAMIC IMAGHO « 104 IS THEN WRAPPED ONTO A SKY CENTRED DISK AS REQUIRED B’
:ERNIKE -OMENTS TRANSFORMATION ALGORITHM USED WITHUBE®IZR/GR208 READY FOR IMAGE
PROCESSING S$SEEURES$ UPPER

OF



-ANUSCRIPT SUBMITTED TO E,IFE

A Frequency decomposition

/ coefficient (A) N\

f A

Panoramic skyline (real signal) Signal Reconstruction (low frequencies)

B Facing North Freq Data Facing West Freq Data
Coeff  Amp  phase Coeff  Amp  phase
1 0.4 20 1 0.4 20+90
M 2 | Bl @ bu 2 | O | Gy
’1800 -90° 00 90° 1800 3 0.1 110 ’1800 -90° 0° 900 1800 3 0.1 110 +90
behind left head right behind behind left ahead right behind
C D

Zernike Moment Encoding of Views

P1 P2
‘ :i Y i 'if* I : ‘

ZM Amplitude ZM Phase

Simulated 3D Environment

&IGURE “NFORMATION PROVIDED BY FREQUENCY ENCODING N AMRBOMILATED ANT ENVIRONMENTS !

I CARTOON DEPICTION OF A PANORAMIC SKYLINE IT S DECOMPOSITION INTO NRIGONSMEIRREEMNSTRUCTION
THROUGH THE SUMMATION OF LOW FREQUENENMTIORE2ECTING STANDARD IMAGE COMPRESSION TECHNIQUES
&OLLOWING A 0 ROTATION THERE IS NO CHANGAPINTHEE®F THE FREQUENCY CENTS BUT THEASESF

THE FREQUENCYZJTIENTS TRACK THE CHANGE IN ORIENTATION PROVIDING A ROTATIOMALUSKFARIANRSUESUAL
HOMING AND ROTATIONALLY VARYING SIGNAL USEFUL FOR ROUTE FELYGWINGEFRHBRESTED $ WORLD USED
FOR ALL EXPERIMENTS 4HE PINK AREASIZEm IS USED FOR MODEL TRAINING AND TESTING ZONE FOR MODELS
ALLOWING OBSTACLE FREE MOVEMEBNE FREQUENCY ENCODING :ERNIKE -CBABNILI TUDE&ND PHASEOF

THE VIEWS SAMPLED FROM THE SAME LOCATION BUT WITH DISERENT HEADINGS GVANE0) HEADING

DISERENCE IN THE SIMULATED WORLBSAHEAMPLITUDE®RE IDENTICAL WHILPRASEBAVE THE DISERENCE OF
ABOUDBY

&IGURE YySOURCE DATAHE MATRIX OF SIMULATED $ WORLD

“MAGE PROCESSING

&REQUENCY ENCODING CONCEPTUAL OVERVIEW

“MAGE COMPRESSION ALGORITHMS SUCH AS *0%' ENCGDINIGT AL HAVE LONG UTILISED THE
FACT THAT A COMPLEX SIGNAL CAN BE DECOMPOSED INTO A SERIES OF TRIGOSIDNEIT RIECHUNTHON
AT DISERENT FREQUENCIES 4HE ORIGINAL SIGNAL CAN THEN BE RECONSTRUGTEFGR 8BERECT
RECONSTRUCTION OR SOME FOR APPROXIMATE RECONSTRUCTION OF THE BASETIGNEBONOME
4HUS COMPRESSION ALGORITHMS SEEK A BALANCE BETWEEN USING THE FEWEST CRIGIBIDMETRI(
ENCODE THE SCENE FOR EXAMPLE BY OMITTING HIGH FREQUENCIES THATHUMARERSEREGBND
THE ACCURACY OF THE RECONSTRUCTED SIGNAL OFTEN GIVEN AS AN OPTION \WHEROBOMVERTING

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

7HEN SUCH TRANSFORMS ARE APPLIED TO FULLY PANORAMIC IMAGES ORBKBHEKEBSDBENE
COMPRESSION ARISE 3PECI1ICALLY DISCRETE TRANSFORMATION ALGORITANSESEBQUERCIRAC
INFORMATION GENERATE A SERIES OF INFORMATION TRIPLETS TO DESCRIBEONMERREINACTFUNC
COE CIENTS DESCRIBE THE FREQUENCY OF THE TRIGONOMETRIC FUNCTIOMMATHWSS®CIATE
ANDPHASE/ALUES DEING THE VERTICAL HEIGHT VERSUS THE MEAN AND THE LATERAL POSITIC
WAVEFORM RESPECTI/EIDRE! &OR PANORAMIC VIEWS REGARDLESS OF THE ROTATIONAL ANGLI
IMAGE CAPTURING DEVICE EYE OR CAMERA THE ENTIRE SIGNABB/MWILEIBIEVANB HENCE THE
AMPLITUDE®F THE FREQUENCY CERTS DO NOT ALTER WITH RATATHEN 4HIS INFORMATION
HAS BEEN USED FOR SUCCESSFUL PLACE RECOGNITION IN A SERIES OFROBGNSTURIES
-ENEGATTI ET AL 3TONE ET AL -OST RECENTI3YONE ET AL DEMONSTRATED THAT
THE DISERENCE BETWEEMWIREITUDE®F THE FREQUENCY CERTS RECORDED AT TWO LOCATION
INCREASES MONOTONICALLY WITH DISTANCE PRODUCING AN ERROR SURARE SOIVIABE EAHDR
FEATURE OF THE FREQUENCY ENCODING UNDERLIES THE VISUAL HOMING RESIAASMEBESCRIBEL
BODIES AS DRIVERS OF ROTATIONAL INVARIANT VISUAL HOMING

“N ADDITION AS THEASEOF EACH CDEIENT DESCRIBES HOW TO ALIGN THE SIGNAL THIS WILL NA’
TRACK ANY ROTATION IN THE PANORAMIC WHEW PROVIDING A MEANS TO REALIGN WITH PREVIOU
HEADINGS 4HEHASEEOMPONENTS OF PANORAMIC IMAGES HAVE BEEN UTILISED PREVIOUSLY TC
THE HOME DIRECTION IN A VISUAL HOMINSGTFABKAND -ALLOT 4HIS FEATURE OF THE FREQUENCY
ENCODING UNDERLIES THE ROUTE FOLLOWING RESULTEDESCRIBEDVINNG IN THE INSECT BRAIN

4HE IMAGE PROCESSING 1ELD HAS CREATED AN ARRAY OF ALGORITHMS FBE@HERNING TFH
CONTENT OF CONTINUOUS SIGNALST AL 'ONZALEZ ET AL 40 ALLOW EXPLORATION OF THE
USEFULNESS OF FREQUENCY INFORMATION AND HOW IT COULD BE USED BWIISE RNOWREEUR
WE ADOPT THE SAME :ERNIKE -OMENT ALGORITHM G$SERBYT AL BUT THE READER SHOULD
BE CLEAR THAT THERE ARE MANY ALTERNATE AND MORE BIOLOGICACESBESUBYBIYHIER INSECTS
COULD DERIVE SIMILAR INFORMATS®BEYOND THE SCOPE OF THIS PROOF OF CONCEPT STUDY TC
PRECISELY HOW THIS PROCESS MIGHT HAPPEN IN INSECTS BUT FUTURE RESEAREHORODEBIBIRLIN
THEFISCUSSION

:ERNIKE -OMENTS ENCODING

‘ERNIKE -OMENTS :- ARE DEINED AS THE PROJECTION OF A FUNCTION ONTO ORSHOGONANMBAS
CALLED :ERNIKE POLYNOMBPASUE +HOTANZAD AND (ONG 4HIS SET OF FUNCTIONS ARE
DEINED ON THE UNIT CIRCLE WITH POLAR CQORDSYHOWS AS

Vi i 1= Ry /€™

7HEREN E N* IS THE ORDER ANIS THE REPETITION MEETING THE CONRCEMONMSf n AND
n* andlS EVEN TO ENSURE THE ROTATIONAL INVARIANT PRORERTMS$STMETRADIAL POLYNOMIAL
DEINED AS
™ 2
T n" 5@ m2s
=0 s@ 7 J@7 9@

&OR A CONTINUOUS IMAGE FUNGTMONTHE :- COEZCIENT CAN BE CALCULATED BY

R

nm®

n+1

Z. . /l=—=4 4 f.x;y/Ve. o [dxd
"m B By Y IO
&OR A DIGITAL IMAGE SUMMATIONS CAN REPLACE THE INTEGRALS TO GIVE THE :-
E E
Zom = n+1 foqyIve . x2+y2f 1

x oy

- ARE EXTRACTED FROM THE SIMULATED INSECT VIEWS IN WRAPRED RERMATOSE CENTRE
IS TAKEN TO BE THE ORIGIN OF THE POLAR COORDINATES SUCH THAT RITNALTHEINEIBCIECLE

OF
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&OR A GIVEN IMAGE IN &IGURE$ AND THE ROTATED VERSION OF THIB IMAGE &IGURE$ THE

AMPLITUDEA = & 8ANDPHASE=U Z OF :- COEZ CIENTS OF THESE TWO IMAGES WILL SATISFY

T
¥ o=&, . mé=&,0 ie; A=A

r — *
nm — nm rnr

&ROM WHICH WE CAN SEE THANMRHETUDEOF THE :- COE CIENT REMAINS THE SAME WHILEHRSE

OF :- CARRIES THE INFORMATION REGARDING THE ROISTUGN! AEE $ 4HIS PROPERTY IS THE
CORNERSTONE OF THE VISUAL NAVIGATION MODEAMMEREDESENCODE THE FEATURES OF THE VIEW
WHILE THEHASBPELNES THE ORIENTATION

IMPLITUDESFOR :- ORDERS RANGING FROMTOn = 16 WERE SELECTED AS THEY APPEARED TO COV

THE MAJORITY OF INFORMATION WITHIN THE IMAGEU&ROMWE KNOW THXT, = V..., SO WE
LIMITEEnE N * TO REDUCE THE COMPUTATIONAL COST WHICH SETS THE TOTAL NIMBERTS :- CO
N,, TO.16Y 2+ 1P =81WHICH WAS INPUT TO THE VISUAL NAVIGATION NETWORKS &OR TRAINING
NETWORK FIBRIN%QUATION IF WE SEWi = 1 SUCH THAT), =, * | WHICH MEANS THAT ALL :-
COEZCIENTS WILL PROVIDE THE SAME INFORMATION WHEN THE IMAGE IS ROTAE EBERBRTHER
BETWEEN THHEHASIOF :- COEZCIENTS OF THE CURRENT VIEW WITH THOSE OF THE MEMORISED VIE
INHERENTLY PROVIDE THE ANGLE WITH WHICH TO TURN TO REALIGN ONESELF | E

current % memory _ *
71 71 h m

7HERE THE ORD&ERF THIS :- IS SELECTED T@ 82 MANUALLY BY COMPARING THE PERFORMANC
WITH MERENT ORDERS IN THIS SPECI1C VIRTUAL ENVJRONMENTURRENT HEADING OF THE AGENT WHI
m IS THE MEMORISED HEADING DIRECTION DESIRED HEADING DIRECTION

.EURAL NETWORKS

7E USE THE SIMPLE 1RING RATE TO MODEL THE NEURONS IN THE PROPOSED NETWORKS3TWHERE
1RING RATEIS A SIGMOID FUNCTION OF THEIINPUHERE IS NO SPECIAL NOTHEHE FOLLOWING
DESCRIPTIONS AND FORMULAS A SUBSCRIPT IS USED TO REPRESENT THE LAY EES REBNNWWHEDF TH
THE SUPERSCRIPT IS USED TO REPRESENT THE VALUE AT A SPECI1C TIME OREXTH A SPECI1C IND

#URRENT HEADINGS

“N THE PROPOSED MODEL THERE ARE TWO INDEPENDENT COMPASS SYSTEMS BASED ON THE GLC
LOCAL CUES RESPECTIVELY SO NAMED GLOBAL AND LOCAL COMPASS CORRESRDNDOMIFASSAHES
SYSTEMS HAVE SIMILAR NEURAL PATHWAYS FROM /, VIA /45 AND "5 TO THE £8BUOIENNCT
GROUPINGS OF 4" NEUROMSAND “‘4" IN THE 0"

'LOBAL COMPASS

4HE GLOBAL COMPASS NEURAL NETWORK APPLIED IN THIS STUDY IS THE SAMEAS THAT OF
WHICH HAS THREE LAYERS OF NEURONS 4, NEURONS #, NEURONEYJRODS 4HE 4, NEURONS
RESPOND TO SIMULATED POLARISED LIGHT INPUT AND ARE DIRECTLY MODELLED AS

o =cos. o * yf

7HERE ; E"0; _4 _23 _4 ;5 _43 _2,7 _4 ISTHE ANGULAR PREFERENCE OF THE 4, NEURON
4HE #, NEURONS ARE INHIBITED BY 4, NEURON ACTIVITY WHICH INVEARISAHBGRIRESPONSE

lera =1:0% Gy

4HE “4" NEURONS ACT AS A RING ATTRACTOR CREATING A SINUSOIDAL ENCEGNNBENDTHE CURF
%ACH4" NEURON RECEIVES EXCITATION FROM THE #, NEURON SHARING THE SAMERHRERHNONAL P
AND INHIBITION FROM OTHEREURONS VIA MUTUAL CONNECTIONS
Wi - COS':*TBl* {*TBll*l
1*TB1 2

OF
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. . B .
t; — t; 1
I I’J*TBl =.1* C/CCJLl +tcC WIIJ*TBlCI*TJBl
i=1
7HERECc IS A BALANCE FACTOR TO MODIFY THE STRENGTH OF THE INHIBITION ANON HAMAIEXCITATI
THE POPULATION COD)E\[@l;j =0;1;::7 REPRESENTS THE HEADING OF GLOBAL COMPASS OF THE AG
TIMEt

,OCAL COMPASS

4HE LOCAL COMPASS IS DERIVED FROM THE TERRESTRIAL CUES THROUGATABINYLAR THEBLEFBAL
COMPASS AND ALSO ENDS IN A RING ATTRACTOR NETWORK !S FOR THE GLOBAL COMWHHSS THE |
HEADING IS DIRECTLY MODELLED BY THE POPULATION ENCODING OF “ 4" NEURONS

Clirpr =COS. 71% g 150,117

7HERE || .1p; IS THE ANGULAR PREFERENCE OF THE ““4" NEUR@NS ANPHASHF :- 4HEREFORE
THE 1RING RATEQF 5; ENCODES THE HEADING OF THE LOCAL COMPASS

6ISUAL HOMING
4HE NEURAL NETWORK OF VISUAL HOMING IS AN ASSOCIATIVE NETWORK CONSYRMNERLBY TH
STRUCTURE OF THE MUSHROOM BODY -" OF THE INSECTS “N CONTRAST.TO WHERE A
SPIKING NEURAL NETWORK IS IMPLEMENTED TO MODEL THE -" WE APPLY A SIMPLEWAEHREON OF
THE AVERAGE 1RING RATES OF NEURONS ARE USED

4HE VISUAL PROJECTION NEURONS VO0.S DIRECTLY RMPEIVBDH®F THE :- COE CIENTS AS
THEIRRING RATES

i
CvP N

= Al i =0;1;2:Nypy

7HEREN 5 IS THE NUMBER OF THE V0. NEURONS WHICH IS THE SAME AS THE TOTAL NUMBER
AMPLITUDE@PPLIED AND IN THIS STURY = N, =81 4HEA' DENOTES THEAMPLITUDE®F :-
COE CIENTS

4HE V0.S PROJECT INTO +ENYON CELLS +# THROUGH RANDOMLY GENERANEELT BEDNSR Y, &ON

WHICH RESULT IN THE SCENARIO WHEREIN ONE +# RECEIVES RANDOMLY SEIROYHDNO.S

Nepn

i o= ji i
IKC - WVPNZKC CVPN
i=0

7HEREI }j(c DENOTES THE TOTAL INPUT CURREKMTFRGBM THE VO. AND THE +#S ARE MODELLED AS
BINARY NEURONS WITH THE SAME THRE§HOLD

0 if | of Three
1 0f 1 e >Thryee

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

ke

— i
CMBON - WKCZMBON
i=0

IN ANTI (EBBIAN LEARNING RULE IS APPLIED FOR THE PLMAGTAGHIY DFA SIMPLE WAY

Cic

t — t*1 * H i i
Wicamson = Wicamson * kcavson it Cyc 9 Wecomson

7HERE covson |S THE LEARNING RATE 4HE LEARNING PROCESS WILL HAPPEN ONLYDAB#ENAIHE REV
IS TURNED ON 4HE ACTIVATIONGE %. REPRESENTS THE FAMILIARITY OF THE CURRENT VIEW Al
CHANGE OF TB|E,o IS DENED AS

— ot * t*1
CMBON - c:MBON CMBON

OF
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Cuson 1S USED TO TRACK THE GRADIENT OF THE FAMILIARITY TO GUIDE THE AGENILIA® THE M

LOCATIONS BY SHIFTING THE “4" NEURONS AC[LIMATION

T
i + offset if i +offset f 7

Cun = Clagpyii =
vH RREE i + offset *7 otherwise

i=0;1;::7

4HE RELATIONSHIP BETWEENG/dEy AND THEffset IS SHOWN AS FOLLOWING
T

offset = i Cugon < 0

min.aky y  Cugon &4/ otherwise

OATH INTEGRATION
4HE 0“ MODEL IMPLEMENTED IS THAT PUBLISBIEDNBYET AL 4HE CORE FUNCTIONALITY ARISES
FROM THE #05 NEURONS THAT INTEGRATE THE ACTIVATION OF 4. NEURONS THAT ENCODE THE
THE AGENT AND THE INVERTED ACTIVATION OF DIRECTION SENSITIVE “4" NEURCNBSHARHE RESU
POPULATION OF #05 NEURONS ITERATIVELY TRACK THE DISTANCE AND ORIENTATI@WIEO THE N
VECTOR IN A FORMAT AKIN TO A SERIES OF DIRECTIONALLY LOCKED ODOMETERS

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

It - |Vl

t * t *
cPuU4 cpuat r.C C K/

TN2 1*TB1

7HERE THE RATE OF THE MEMORY ACCUMUEATIO2S5 THE MEMORY LASS0:1 THE INITIAL MEMORY
CHARGE OF #05 NEUR@&Q}l4 =0:1
4HE INPUT OF THE 4. NEURONS ENCODING THE SPEED IS CALCULATED BY
T
ltng =[SiN. p+ gya/COS. h+ o]V
ltnzg =[SIN. % gn2fCOS. % o]V

WHERE IS THE VELOCITY BEEATION OF THE AGENT ANP, IS THE PREFERENCE ANGLE OF THE 4.
NEURONS “N THIS STYRY= _4 4HE ACTIVATION FUNCTION APPLIED TO 4. NEURONS IS THE RECT
LINEAR FUNCTION GIVEN BY

Crnz = max.0; 2l .,/

IS #05 NEURONS INTEGRATE THE SPEED AND DIRECTION OF THE AGENT THE DESIREBMBEDING Ol
REPRESENTED BY THE POPULATION ENCODING OF THESE NEURONS THUS

Co = Cepua

20UTE &OLLOWING
4HE ROUTE FOLLOWING MODEL IS BASED ON A SSMRLENERRAL NETWORK .. WITH JUST ONE HIDDEN
LAYER 4HE INPUT LAYER DIRECTLY PAKESTIHEE®F THE ;- COEZCIENTS AS THE ACTIVATION IN THE
SAME WAY AS THAT OF VISUAL PROJECTION NEURONS IN -" NETWORK 4HISIECAHBJNEYRAIN
NETWORK WITH THE SIGMOID ACTIVATION FUNCTION SO THE FORWARD PR@®YAGATION IS RULED
3 .
2 Z)= iN=oW“Y|J*1
I i=0;1;:7 and 1=0;1;2

Jﬂ Y! = sigmoidz//= —

1+e*2|I
7HEREZ li ANDYli DENOTE THE INPUT AND OUTPUT i ANBHIRON IN' LAYER THUS THE INPUT IS THE
SAME AS THE -" NETWOR% = Ai=0;1; 2Nz AND THE OUTPUT OF THE .. IS CONSEQUENTLY THE
POPULATION CODING OF THE 2& DESIRED HEADING | E
Ch = Y? i=0;1:7

&OR A FAST AND EZCIENT IMPLEMENTATION THE LEARNING METHOD APPLIEBRERGISTBATCK
WITH GRADIENT DESCEND 4RAINING DATA IS DERIVESMRON/DERND THE POPULATION ENCODED
PHASESF THE :- COEZCIENTS OF THE IMAGES RECONSTRUCTED ALONG A HABITUAL ROUTE IS

OF
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%QUATION THE “ 4" NEURONS ENCODE THE HEADING OF LOCAL COMPASS THEREFOREIRHE TRA
FOR THE NETWORK CAN BENHED ASA;C,, .1g; FTER TRAINING THIS NETWORK WILL CORRELATI
DESIRED :- PHASEVITH THE SPECI:- AMPLITUDESAND WHEN 2& IS RUNNING THE OUTPUT OF THI
NEURAL NETWORKWILL REPRESENT THE DESIRED HEADING WITH RESPECT TO THE CURRENT HEA
LOCAL COMPASS REPRESENTED BY THE POPULATION EAICRBINR®NE

#OORDINATION OF ELEMENTAL GUIDANCE STRATEGIES

4HE COORDINATION OF THE THREE MAIN NAVIGATION SToRANEGESARE REALISED IN DISTINCT
STAGES &IRSTEYROUTE STRATEGIZEND 6( ARE OPTIMALLY INTEGRATED BY WEIGHING ACCORDIN
THE CERTAINLY OF EACH BEFORE A CONTEXT DEPENDENT SWITCH ACTIVATES EDRHERRQRTEUTE 28
STRATEGIES DEPENDING ON THE CURRENT VISUAL NOVELTY

/PTIMAL CUE INTEGRATION
I RING ATTRACTOR NEURAL NETWORK IS USED TO INTEGRATE THE CUES FRONDANEBSMSDEMS
IS REPORTED (NINVILLE AND 7EHNER SUMMATION OF DIRECTIONAL CUES REPRESENTED IN VE
FORMAT LEADS TO OPTIMAL ANGULAR CUE INTEGRATION WHICH IS THE EMBECASEASTREA

GAVE A BIOLOGY PLAUSIBLE WAY TO DO THIS KIND OF COMPUTATION BASHN®NTA BAMIER
NEURAL NETWORK 4HERE ARE TWO POPULATIONS OF NEURONS IN THFRSYHSWORKNTEEGRATION
NEURONS WHICH IS THE OUTPUT POPULATION OF THE NETWORK #ONSTRAINED BY THE NNSIBER OF
IN EACH HEMISPHERE OF THE INSECTS #8 WE SET THE NUMBER BE THARD ITSLRING RATE IS
UPDATED BY

H. |

e . .
——=*Cy *+d¢ WL Cly + X+ X5+ W, Cy, i=0;L:7:
j=1
7HEREW|£2E IS THE RECURRENT CONNECTIGNS\ERMIRON TONEURON.x/ IS THE ACTIVATION FUNCTION
THAT PROVIDES THE NON LINEAR PROPERTY OF THE NEURON

g.c/ = max0; +c/

7HERE DENOTES THESET OF THE FUNCTION

“N%QUATION X,; ANDX, GENERALLY DENOTE THE CUES THAT SHOULD BE‘INTEHER3TEDY
X; ANDX, REPRESENT THE DESIRED HEADING OF PATH INCEGRNDIQMUAL HOMING,, 4HE
DESIRED HEADING OB @&LSO TUNED BY THE TUNING NEURON 45. IN 3-0 WHICH IS STIMULATED BY *
-"l. OF -" SEE &IGURE! AND ITS ACTIVATION FUNCTIOMNNEIMBY A RECED LINEAR FUNCTION | E

Crun = min.kyyy Cey ;i U/

7HEREK;,y IS THE SCALING FACTOR
4HUS THE, ANDX, FOR THIS RING ATTRACTOR NETWORK CAN BE CALCULATED BY

-
X;: C.TUNC'i" i=0;1;:7
X,=c,,
4HE SECOND POPULATION OF THE RING ATTRACTOR IS CALLED THE UNIFORVRRNBM@INEBLED
BY H o
acy, _, E K P
=*u+g W, ,Cy +Wey Cin i=0;1, 7

dt

k=1
IFTER ARRIVING AT A STABLE STARENGHRATE OF THE INTEGRATION NEURONS IN THIS RING AT
NETWORK PROVIDES THE POPULATION ENCODING OF THE OPTIMAL INTES(RATED OUTPUT

Cor = Cen

OF
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#ONTEXT DEPENDENT SWITCH

4HE MODEL GENERATES TWO CURRENT DESIRED HEADINGS PAIRS THE CURREBALHEAWMNGSOF G
DECODED BY|. 5, WITH THE DESIRED HEADING OPTIMALLY INTEGRATED BY THE INTEGRATION NEUR
RING ATTRACTOR NETYWORIO THE CURRENT HEADING OF LOCAL COMPASS DECODED BY “ 4" NEL
C, « 182 WITH THE DESIRED HEADING DECODED BY THE OUTRJNERVGEY,. 4HESE TWO PAIRS OF
SIGNAL BOTH ARE CONNECTED TO THE STEERINGCIRGEITASEBTEERING CIRUT ARE TURNED

ON G5 BY TWO SWITCHING NEURONS 3. AND 3. IN THE 34GURE! 3. NEURON RECEIVES THE
ACTIVATION FROM -"/. NEURON %ND IS MODELLED AS

0 if Cyson <Thrgy,
1 otherwise

SN2 =

7HILE 3. WILL ALWAYIRE UNLESS 3.1RES
T

0 if Cgyo=1
1 otherwise

SN1=

4HEREFORE THE CONTEXT DEPEND SWITCH IS ACHIEVED ACCORDING TOTNEVEIRREREPRESSENTED
BY THE ACTIVATION OF -"/.

3TEERING CIRCUIT
4HE STEERING NEURONS | E #05 NEU@m;i =0;1;2:::15 RECEIVE EXCITATORY INPUT FROM THE DI
SIRED HEADII\[C‘bH ;1=0;1;2::15 AND INHIBITORY INPUT FROM THE CURRENTG{RADINGY; 2:::15
TO GENERATE THE TURNING SIGNAL
Csr = CLy * CLy i =0;1;::115
4HE TURNING ANGLE IS DETERMINED BYERERDE OF THE ACTIVATION SUMMATIONS BETWEEN |
i =0;1;2:::7 AND RIGHIT= 8;9;10:::15 SET OF #05 NEURONS
=4 Bs
M = Kmoor ~ Ccpur® Ceput/
i=0 i=8
WHICH CORRESPONDS TOSHRENCE OF THE LENGTH OF THE SUBTRACTED LEFT AND RIGHT V
&IGURE! “N ADDITION AS IT IS ILLUSTRATEDRN! ANOTHER KEY PART OF STEERING CIRCUIT IS T
LEFT RIGHT SHIFTED DESIRED HEADING IN THIS PAPER THIS IS ACESEEO@WNEME (YITY PATTERN
Wop scpus. ANDWg, scpur FROM THE DESIRED HEADING TO THE STEERINGENEDIRANS (OMBERG
3TONE ET AL

0*7 —

CDH - CSN lCRF WDH 2CPUIL + CSN 2COI WDH 2CPUIL
8*15 —

CDH - CSN 1CRF WDH 2CPUIR + CSN ZCOI WDH 2CPUIR

THERE THEVp,, 5cpuys ANDWpy ocpuir ARE

][301000009 ?oooooooy
f001oooo§ f01ooooog
§0001ooog ][00100003
W :;00001oogw :;0001000@
DH 2CPUIL fOOOOOlO@ DH 2CPUIR f0000100§
;00000019 ;00000100
fooooooog f0000001§
fi ooo0000 @ foooooo0o0 g

WHICH DBENES THE CONNECTION PATTERN REALISING THE LEFT RIGHT SHIFTING OF THE DESII
USED THROUGHOUT OUR M@DEIRE! &IGURE! &IGURE! &IGURE! AND &IGURE!

4HE CURRENT HEADING INPUT TO THE STEERING CIRCUIT IS ALSO SWITCHERBETWERN GLC
COMPASS INPUT VIA THE S.TAND 3. NEURON

0*7 —

CCH - CSNlCII *TB1 + CSN2CI*TBl
8*15 —

CCH - CSNlCII *TB1 + CSNZCI"TBl

OF
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$ETAILED NEURAL CONNECTIVITY OF UNI1ED MODEL
&IGURE! SHOWS A COMPLETE PICTURE OF THE PROPOSED MODEL 3PECI1CALLY ETINKGHLIGHT
COORDINATION SYSTEM SHOWING THAT #8 COMPUTING THE OPTIMAL NAVIGATIGNV@MDALATI@INH TH
FROM THE -" AND 3-0 “N ADDITION OSSET CONNECTIVITY PATTERN FROM THE DESRETHEADI
STEERING CIRCUIT THAT UNDERPIN THE LEFT RIGHT SHIFTING 18| GLEARE BISEIME/NHE NETWORK
GENERATING THE DESIRED HEARBNGNDF6( RESPECTIVELY

“N ADDITIOMABLE PROVIDES DETAILS OF ALL MODELLED NEURAL CIRCUITS WITH THEIRINGNCTION
CONVENTIONS WITH LINKS TO BIOLOGICAL EVIDENCE FOR THESE NEURREXIRCUANDAHERENIMAL
THAT THEY WERE OBSERVED IN

3IMULATIONS
%QUATION GIVES THE TURNING ANGLE OF THE AGENT THUS THE INSTANTANEOUJSEVERY@TEP
CAN BE COMPUTED BY

vt =S [cos },;sin |1

7HERES, IS THE STEP LENGTH WITH THE UNIT OF CENTIMETRES .OTE THABNEMAMEN IME
ACCURACY FOR EVERY STEP OF THE SIMULATIONS THUS THE UNIT OF THE VEMBAMATINHES IMP
cm stepRATHER TH&i s 4HEN THE POSITION OF ABENIN THE #ARTESIAN COORDINATES FOR THE
UPDATED BY

Pt+1 = Pt + Vt

4HE MAIN PARAMETER SETTINGS FOR ALL THE SIMULATIONS IN THIS PAPER4A&NBE FOUND |

2EPRODUCE VISUAL NAVIGATION BEHAVIOUR

“NSPIRED BY THE BENCHMARK STUDY OF REAXANT/SAN ET AL WE TEST OUR MODEL OF 6( AND
2& BY REPRODUCING THE HOMING BEHAVIOURS IN THAT STUDY 4HISYIEANBTERUEEDIENG A HABITUAL
ROUTE WITH A SIMILAR SHAPE ARC OR BANANA SHAPE IN OUR SIMULATHD PDSORIY,. 4H

AND HEADING o ALONG THAT ROUTE IS MANUALLY GENERATED BY
T

i ki

R* Arc 2 2Ny i :01NM
i — I* im Cx i T

F)R*Arc - [ Rsin R* Arc’ 7+ Rcos Fl"Arc:I

7HERE THR = 7mIS THE RADIUS OF THE ARE,ANR0 IN THIS CASE IS THE NUMBER OF THE SAMPLINC
POINTS WHERE VIEW IMAGES ARE RECONSTRUCTED ALONG THE ROUTE 4HE RETORSBRUCTED
WRAPPED AND DECOMPOSED BY :- INMIPLITUDE&NDPHASESRE USED TO TRAIN THE .. NETWORK
OF 2& AND -" NETWORK OF 6(

6ISUAL HOMING

IFTER TRAINING AGENTS WHERENT INITIAL HEADINGS THAT WERE EVENLY DISURE0 WAERIE!
RELEASED AT THE SIDEWAYS RELEASE PQINT] FOR THE SIMULATION ORIGURES$ 4HE
HEADINGS OF THE AGENTS AT RADIUS M FROM THE RELEASE POINT MANUABLENSHRECHAD THE
ALL THE AGENTS HAVE COMPLETED ANY LARGE INITIAL LOOP ARE TAKENRSIGSE INITIAL

20UTE FOLLOWING

IFTER TRAINING AGENTSGVAND180' ARE RELEASED AT TSEREINT RELEASE PORNF$9 ;*7] ;

[*8 ;*7] ;[*7 ;*7] ;[*6 ;*7] ;[*5 ;*7] FOR THE SIMULATION OF 2&|SERE" TO GENERATE THE HOMING

PATH IND THEN WE RELEASE AGENTS ON THEPROPTE*7] WITH BERENT INITIAL HEADINGS

THAT IS EVENLY DISTRIBUDEBBIMTO COMPARE THE RESULTS WITH THE REAL ANT DRTAHNT AL
4HE HEADING OF EACH AGENT AT THE POSITION THAT IS M FROM THE RETBKEN ROINHES

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 3PECIESE G 2EFERENCE
'LOBAL COMPA 2IN
“gr CSRREI\CI:'I(')HEASI?\IG ATTRiCTOR 4" IN 3CHISTOCERCA GREGARIAIZE AND (OMBERG
OCAL COMPASS SING AND-EGALOPTA GENALIS 3TONE ET AL
g ’ 7 INSROSOPHILA &RANCONVILLE ET AL
CURRENT HEADING ATTRACTOR
g g #OPY OF SHIFTED SING O DATA
GLOBAL HEADING
#8
6(, 6(DESIRED 2ING .O DATA
HEADING LEFT
6(2 6( DESIRED 2ING .O DATA
HEADING RIGHT
0 DESIRED
0, HEADING LEET 2ING #05 IN 3CHISTOCERCA GREGARIAZE AND (OMBERG
0" DESIRED AND-EGALOPTA GENALIS 3TONE ET AL
02 2ING 0&.VIN $ROSOPHILA &RANCONVILLE ET AL
HEADING RIGHT
2& 2& DESIRED 2ING .O DATA
HEADING LEFT
282 2& DESIRED 2ING .O DATA
HEADING RIGHT
- #UE INTEGRATION 2ING O DATA
LEFT ATTRACTOR
ol #UE INTEGRATION 2ING ODATA
RIGHT ATTRACTOR
#OMPARING THE STEERING #05 IN 3CHISTOCERCA GREGARIAZE AND (OMBERG
#05 CURRENT AND CIRCUIT AND-EGALOPTA GENALIS 3TONE ET AL
DESIRED HEADING 0& #RE INSROSOPHILA &RANCONVILLE ET AL
VO. VISUAL PROJECTION SSOCIATIVE - NEURONS INSROSOPHILA ISOET AL
+#S +ENYON CELLS T EARNING #AMPONOTUS %HMER AND 'RONENBERG
. VISUAL NOVELTY IPIS MELLIFERA 2YBAK AND -ENZEL
45, 4UNING WEIGHTS ODATA
FROM 0TO 2! 2.0
N 4URN ON © THE 3WITCH ODATA
2& OUTPUT TO #05 CIRCUIT
3 4URN ON © THE 3WITCH O DATA
21 OUTPUT TO #05 CIRCUIT

OF
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&IGURE 4HE DETAILED NEURAL CONNECTIONS OF THE PROPOSED MEIBIETAILED NEURAL CONNECTIONS OF THE NAVIGATION COORDINATION
" 4HE NEURAL CONNECTION OF THE ROUTE FOLLOWING NETWORK 4HE INPXDENIYARERIS HEIHY CONNECTED SO DOES THE HIDDEN LAYER T

OUTPUT LAYER 4HE NETWORK GENERATING THE VISUAL HOMING $/EAHBERYETAILED NEURAL CONNECTION OF THE RING ATTRACTOR NETWORK FC
CUE INTEGRATION

2EPRODUCE THE OPTIMAL CUE INTEGRATION BEHAVIOUR
7E EVALUATED THE CUE INTEGRATION MODEL BY REPRODUCING THETRESBLES @QF  AND
,EGGE ET AL 4HE ANT®OUTBOUND ROUTEBYIBITRACH ET AL IS BOUNDED BY THE CORRIDOR

OF
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4ABLE 4HE DETAILED PARAMETERS SETTINGS FOR THE SIMULATIONS

6ISUAL /PTIMAL “NTEGRATIONPTIMAL “NTEGRATION 20UTE  7HOLE MODEL 7HOLE MODEL
(OMING TUNING 0* TUNING 6( &OLLOWING 6 &6

0ARA

Thrye

KC2MBON

kVH

I(TUN

Thrgy,

kmotor

S, CMSTEP
INITIAL HEADING DEG i i i

SO HERE WE SIMULATE THE VELOCITY OF THE AGENT BY

v = [rand.0; 2V/* Vg Vpl; 1= 0; 1T,

out

7THERE THE FUNCTI@M.0; x/ GENERATES A RANDOM VALUE FROM THE UNIFORM DISTRBUHOIS OF
THE SPEED OF X AXIS WILL[BEN,] AND WILL CANCEL EACH OTHER DURING THE FORGING 4HE SP
Y AXIS IS CONSTANT SO IT WILL ACCUMULATED AND BE RECORTHIEBY!NENG & 1cm steplS THE

BASIC SPEED OF THE AGENT,ANDTHE TOTAL TIME FOR OUTBOUND PHASE DETERMINING THE LEN
THE OUTBOUND ROUTE !S FOR THE SIMULATED HOMING ROUTE WE DUPLICATE THE GENBOUND
Tou =300 BUT WITH A INVERTED HEADING DIRECTION IND THEN THE VISUAL NAVIGATSORRRENEZORK W
WITH IMAGES SAMPLED ALONG A SIMULATED ROUTE GRE%CRIRVE IN

4UNING OUNCERTAINTY
4HE AGENT IN THIS SIMULATION WAS ALLOWED TO KBER&GHE DISDANCESOF M M MOR M
FROM THE NEST TO ACCRERENT“GTATES AND DIRECTIONAL CERTAINTIES BEFORE BEING TRANSL/
NEVER BEFORE EXPERIENCED TEST SITE M FROM THE NESTGUREIN&OR EACH TRIAL WE RELEASE
AGENTS WITH SERENT INITIAL HEADINGS THAT IS EVENLY DISTRB0TBBIENHEADINGS OF EVERY
AGENT AT THE POSITION THAT IS M FROM THE START POINT IS TAKEN AS INGESINMNBOIHEMEAN
DIRECTION AND THE CODENTIAL INTERVALS ARE CALCULATED IS IN THE BIOLOGICAL EXPERIM
ANGLE BETWEEN THE DIRECTIONS RECOMMENDETARD WHEUAL NAVIGATION SYSTERREDIBY
APPROXIMATEL3(0/

IS THE LENGTH OF THE HOME VECTOR INCREASE M M THE ACTIVAMTEMDRF BECOMES
HIGHERXIGURE SUPPLEMENTAND INCREASINGLY DETERMINES THE OUTPUT OF THE RING ATTRAC
GRATION 3INCE THE LENGTH OF THE HOME VECTOR IS ALSO ENCODED IN THE AMEMARYN OF T
NEURONS THE RING ATTRACTOR CAN EXTRACT THIS INFORMATION AS THE STRENGEMISODRIHE C
FAMILIARITY IS NEARLY THE SAME IN THE VICINITY OF THE RELEASE POINVISHAISHRENNGHCEHREUIT
REMAINS CONSTANT AND HAS MORE QBENOR AS THELENGTH DROPS

4UNING VISUAL UNCERTAINTY

4HE AGENT IN THIS SIMULATION WAS ALLOWED TO FORAGE UP TO M FROM UEETNEEITADRALSKR
DIRECTIONAL CERTAINTY BEFORE BEING TRANSLATEHRENTREEEASE POINTS 20 20 AND 20 IN
&IGURE" IS THE DISTANCE FROM NEST INCREASES 20 20 20 SO DOES THE VISUALINRC KRR
EACH TRIAL WE RELEASE AGENTS3ERENTI INITIAL HEADINGS THAT IS EVENLY DISTRESOTED IN
AHE HEADINGS OF EACH AGENT AT THE POSITION THAT IS M FROM THE STERTABOINE ISITAY
HEADINGS AND THE MEAN DIRECTION AND THE1DERNNAL INTERVALS ARE CALCULATED

7HOLE MODEL
4HE SIMULATED HABITUAL ROUTE REMAINS THE SAME AS IN THE SIMULATIQIs AHUISEARINAUCE
VISUAL NAVIGATION BEHAVASISRTHE LEARNING PROCEDUREREHEAND FULL VECTOR AGENTS ARE BO

OF
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RELEASED[AX;*7] WITH THE HEADI®NGAND9(Y RESPECTIVELY 4HE FULL VECTOR AGENT S 0* MEMOF
GENERATED BY LETTING THE AGENT FORAGE ALONG THE ROUTE FROM NEST TO FEEDER
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