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Abstract.

A bio-inspired autopilot is presented, in which Baghccadic and intersaccadic systems are combirtad.
autopilot enables a simulated hovercraft to traalehg corridors comprising L-junctions, U-shaped! &8
shaped turns, relying on minimalistic motion visiomes alone without measuring its speed or disténce
walls, in much the same way as flies and bees neattagr flight in similar situations. The saccadigstem
responsible for avoiding frontal collisions trigggraw body saccades with appropriagyantified angledased
simply on a few local optic flow measurements, igivthe angle of incidence with respect to a fromtall. The
simulated robot negotiates stiff bends by trigggfdody saccades to realign its trajectory, thugetiag parallel
with the wall along a corridor comprising sharpnrDirect comparison shows that the performandhisfnew
body saccade-based autopilot closely resemblebehavior of a fly using similar body saccade staterhen

flying along a corridor with an S-shaped turn, diesghe huge differences in terms of the inertia.

1. Introduction
Searching for inspiration from flying insects is @tractive approach because these creaturesyfbkills have

been perfected during several hundred million ye&msvolution. Flying insects have been found ty mainly
on theoptic flow (OF) [1,2], which can be defined as the ratio leetwtheir relative speed and their distance
from obstacles in the surrounding environment [Specialized neurons callddbula plate tangential cells
(LPTCs) seem to serve as wide-field OF sensorgaul tstabilization and visual guidance procedskss( [4,5];
Honeybees|6]; see review [7]). In addition, the trajectarief flies [8-11] and bees [12] have been found to
usually consist of straight flight sequences imgersed with rapid turns termeshccades Intersaccadic
sequences, in which flying insects move in the putranslation mode, enable the LPTCs to assespuhely
translational OF, which depends on several paraméateluding their distance from objects. Some binatic
experiments were performed to better understand ti@antersaccadic interval(ISI) contributes to flying
insects’ behavior, assuming that intersaccadiesysesults in a constant forward speed [13,14].

Few studies have been performed using evolutioappyoaches (se review [15]) in which it has be&mnatted
to use only a few pixels to generate obstacle ammd behavior based on visual motion cues, howbecOF
was not eventually used after (evolving for) 20 grations [16]. Simulations have been performed gusin
minimalistic OF approach to 3-D obstacle avoidapreblems, taking very little into account the dynamand
closed-loop aspects [17].

It was recently suggested using a biorobotic apgrdhat honeybees’ wall-following behavior may itwethe
use of a dual OF regulator combined with a heatting system [18], which makes a robot follow latesalls
and keep its speed proportional to the width ofdbeidor (Eq. 15 in [19]). This lateral OF regudat principle
may explain how flying insects are able to conthair speed depending on the narrowness of theament
[20-23] while avoiding walls [1,24] when travellinglong straight and tapered corridors, keepingraigstt
course.

However, flying insects are perfectly able to fliprag a straight corridor without their body beingriectly
aligned with the corridor axis [24,25]: honeybeas @ollect a reward at the end of straight and agba.-
shaped corridors by adjusting their course appatgli [26], and flies can avoid frontal obstaclesaintered in
a circular arena [8,9] and travel along a corridigh an S-shaped turn [27]. These ethological figdicannot be
explained solely in terms of a dual OF regulatarpgted to a heading lock system maintaining a dttacgurse
[18].
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The so-called ‘OF balance’ hypothesis initially gatward to explain bees’ centering behavior [1k Heeen
implemented in a large number of visually guidedealed robots [28-31] travelling along various adors,
including even some with bends [29,30] and L-jumcsi [30,31], but none of these robots were abtmpe with
U-turns or S-shaped turns, as far as we know. Qibiision-avoidance algorithms based on the OFehasen
implemented onboard microflyers [32-34] using aeseof open-loop commands to trigger saccades oidav
frontal obstacles. Most of these previous robotilutsons required thousands of pixels. In othedigs, the
robots had only one or two degrees of freedom (DQE8,28-34] or they were endowed with OF-based
guidance systems based on very slow OFs of legsAbds [31,33,34].
In our quest to explain how free-flying insects d&eébr in complex corridors, we equipped our SimedaEully
Actuated Hovercraft (SFAH) with a bio-inspired apitot controlling each of its DOFs on the basigted OF at
levels of 90°/s and even more. The novel collisienidance algorithm developed for this purposavests the
angle of incidencé between the robot and a frontal obstacle usingtyus local OF measurements, which are
made in the frontal part of the field of view (FO\An additional parameter, the @vergencd35], is used to
trigger yaw saccades of appropriate amplitudé¢o prevent any crash. The strategy presenteddiffees from
those developed elsewhere in several respects:
therobot’s speeds variable our SFAH moves at variable forward and side spehding the ISI, as
found to occur in free-flying insects [10,20-23hdaconcomitantly decelerates and drifts sideway
during the body saccades [10,27].
the amplitude of the body saccadés variable it can be estimatedjuantitatively and adjusted
continuously (from -90° to +90°), as occurs in méme-flying insects [8,9,11,12,27]: this is dorexédn
by computing just a few local OF values in ordemtake the robot'’s trajectory run parallel to thdlwa
thus enabling it to negotiate a corridor comprisghgrp turns. The present strategy therefore differ
radically from those presented in previous studisturing constant pre-specified saccades [33],
saccade durations based on a Gaussian distriaddor saccades which were modulatgdhlitatively

using the OF to avoid obstacles efficiently [133:12,

Our present simulation makes a robot capable dftreg sharp turns by endowing it successivelthwi
anintersaccadicsystem based on a dual OF regulator controlliegrdibot’s speed while keeping
a constant course between two successive saccadesans of a heading-lock system [18],
a saccadicsystem responding to any frontal obstacles deteuoyettiggering body saccades and
updating the heading set-point by visually estingtihe angle of incidendebetween the robot

and the frontal obstacle.

In section 2, the simulation set-up and the SFALimued to perform 8 local OF measurements are itbestim
detail. In section 3, our bio-inspired autopilopigsented in detail. In section 4, we describdrdgectories of a
SFAH equipped with our bio-inspired autopilot, winiwere simulated in challenging corridors compgsin
junctions, U-turns, and S-shaped turns. In seddiothe potential advantages of our bio-inspiredpildt as a

means of achieving autonomous robotic navigatiendé&cussed, along with new biological hypotheses.
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2. Simulation methods

All the computer-simulated experiments were carriedt on a standard computer running the
MATLAB/Simulink© software program at a sampling dngency of 2kHz. This robotic simulation was basad o
a realistic dynamic model of the hovercraft (abthe surge, sway, and yaw axes) (Fig. 1a) includirg
Coriolis effects.
Neither the texture on the walls nor the phototiation processes involved were taken into accounhe
simulations in order to save computational resautmcause bees’ behaviors (centering responsadilpaes’
speed control [20]) were not texture- or contrasgtehdent. In addition, the authors of electrophggioal
studies on honeybees’ motion sensitive neuronsgtwhave been callegelocity-tunedneurons (VT neurons),
have established that their responses were clasghglated with the motion of the patterns [6]. Mtsdfor
visual motion detection showing texture- and cattrandependence can be found in [36-38] whichediffom
the Hassenstein-Reichardt model (HR correlatogimaily developed in 1956 [39].

Optoelectronic Local Motion Sensors (LMSs) meaguthe OF were simulated here using a black-box
model including their optical and temporal chargsties [37,38]: the inter-photoreceptor andlg, [t range &

quantificationand the effects of noise on the OF measurements .

2.1. Simulated 2-D environment

The 2-D environment was simulated by taking a 6@00% binary matrix coding with a spatial resolutioin
1mm. The SFAH can therefore navigate in a simulaedironment 6x6m in size. The binary value ‘1’
simulates the walls of the environment. This enwnent matrix was used to find the distaigefrom the local

OF measurement pointing at the azimuthal apgte the nearest obstacle (Fig. 1b).

2.2. Physical model of the hovercraft mimickingnflyinsects’ locomotor mode

Throughout this study, the wind will be not consete Our hovercraft (Fig. 1a) wlly actuatedby four
thrusters driving it the 3 DOFs on the horizontine: (i) the two rear thrusters drive the hovéitabong the
surge axis, (ii) a pair of lateral thrusters dritles robot along the sway axis, and (iii) the twarrthrusters that
are also controlled differentially, drive the rotambund the -axis (see [18] for details). A SFAH (Fig. 1b) is a
attractive vehicle because the forward spéeaind the side spedd are uncoupled in the 2-D horizontal plane,
in line with what occurs in bees along the surgis 0] and the sway axis [41]. The equations oftiorg

including the Coriolis effects, can be written adws in the local frame of the hovercraft:

MR { - 2MA, 9 + 2 X, = 2Ky U Uy (1a)
mNS+2mx\/f >5./+st\/s:KT Wpate Us (1b)
J %Jr my = 2Ks Uy U, (1c)

These equations include 8 parameters: the ma@57g), the moment of inertik(0.0125kg-1f), the moment
armr (0.095m), the linear surgeand swayz, and rotationalmviscous friction coefficients, whose values

depend on the lift fan control signal (tables | &éssuming that; = z, and notedzin table |, the input voltage
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Upar (8.2V), andKy (0.094N/V), the static gain relating the thrusieforce to the voltage applied. All the
transfer functions used in the simulations are resd in table I, which corresponds to figure 4he study by
[18].

2.3. Optic flow generated by the hovercraft's owstion

The hovercraft travels over a flat-floored corriddth bends. The local OF generated throughoutttimuthal
angle/ (denotedw;) was computed as follows, based on the geometityeotorridor, the position of the SFAH
and its motion [42]:

1 o .
w=-y +D_(Vf sin/ - Vg oy ) 2)

7

whereD; is the distance from the wall at the azimuthallagg V; and Vs are the forward and side speeds,

respectively, an& is the robot’s yaw velocity (Fig. 1b).

The hovercraft perceives both the translational eotdtional OFs (Eq. 2). However, any yaw distud®n

will introduce a rotational OF componen{f in Eq. 2), which will be quickly compensated for & custom-
made heading-lock system controlling the rear tenssdifferentially in the closed-loop mode (Fid\ i [18]).
The yaw rate feedback loop adjusts the robot’s yat® so as to keep the yaw rotational velocityoas &s

possible via a micro-gyrometer, which makes thet@xperience purely translational OF [18].

2.4. Local motion sensors on the simulated hovércra

The Local Motion Sensors (LMSs) were simulatechm present study using theoretical local OF measemés,
to which we added a Gaussian noise and a tempesalution observed in the robotic model. The Gaussi
noise is defined by a normal distributidlf = 0s = 0.55ms). A temporal resolution of 0.5ms is aggblon the
theoretical time lagXt in order to generate jitter in the OF measuremantBigh OF, as found to occur in
physical robots’ OF sensors [38]. The simulated LM8eshes the OF measurements at a sampling fate o
12Hz: this average refresh rate was assessed duvi§gcharacterization under good indoor lightingnditions
[43]. A sine-law gradient (Eq. 3, already used #4][was introduced into the inter-receptor angfe of each of
the 8 LMSs (hence, 8 local OF measurements) inntnimalistic visual system (Fig. 1¢) to mimic ins&c
compound eye [45].

Df; =Df g >sin/ (3)
The inter-receptor angle®f were therefore smaller in the frontal part of th&ual system than in the lateral

part (Table Ill) as observed in the honeybee’s coumng eye [45].
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3. Bio-inspired autopilot

3.1. The intersaccadic system: forward and sid&rob systems while keeping a constant heading

A dual OF regulator controls the surge and sway afeour SFAH [18]. It requires only two feedbadgrals
(denoted rmeas@anNd Lmead Originating from the two sides of the FOV, andle®F regulator has its own OF
set-point:
(i) the first lateral OF regulator is a unilate@F regulator that adjusts the hovercraft's lat¢nalist so as to
keep the higher of the two lateral OFs perceivadhetp the sideways OF set-point (noted;siqd.- The outcome
is that the distance to the nearest wall becomgsagptional to the hovercraft's forward speéd as determined
in (ii).
(i) the second lateral OF regulator is a bilat€&& regulator, which adjusts the hovercraft’s famvthrust so as
to keep the sum of the two OF measurements (rigthleft) equal to a forward OF set-point (denotgglr.g-
As the result of these two intertwined feedbackpkdhe forward speed:
- tends to be proportional to the local corridodthiin straight or diverging corridors because @fe
measurements originate mainly from facets orieatearimuthal angles of +90°,
- or tends to be adjusted in converging corridoith wespect to frontolateral obstacles because the

highest OF measurements originate mainly from facdented at azimuthal angles of +30°.

The present SFAH was equipped with a set of 8 $acgented at azimuthal angles of £90°, +45°, +201
+15° (Fig. 1c). Facets at angles of +90°, +45°, AB0° were used to generate the two feedback sidaating
the dual OF regulator. The lateral FOV was restddb azimuthal angles of £30° because it was ksitalol that
the OF measured in regions facing towards the dtatdral part of the FOV have a strong impact anftight
speed [21,23,27]. The visual feedback sighalsasOr rmeadvere computed using an frontolateral OF criterion
originating from eyes facing at angles of +30°5%4nd +£90° in line with Eq. 5, i.e., by taking thaximum

value of the OF measurements weighted with a sstatit gaind computed as follows:

1
e @
7 sin()
WRmeas™ MaxXKa¢ *Wager;Kias X Waas; Kiger Wager) 5)

= Max@ W,z ;25W, 45, Waor )
The forward ( serwg= 130°/s) and sideways {sige= 90°/S) OF set-points were chosen with a viewetching

a safe forward speed = 0.48m/s (Eq. 6) and a safe distance from theesetateral walD.o- = 0.31m (Eq.

7) in the steady state, with a given corridor widtfd = 1m.

W ; W - W ;
Vf¥ — SetSlde>( SetFwd SetSldé D (6)
Wsetrwd
We - W ;
D, oy = SetFwd SetSidey (7
Wsetrwd
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3.2. Saccadic system: yaw control system

3.2.1. Detection of frontal obstacles triggeringdlgssaccades

To make the robot capable of avoiding a forthconfingtal collision, the FOV was divided into itofitolateral
and frontal parts. The two facets oriented at attiaiuangles of:15° were allocated to the frontal part of the
FOV. The OF measured with tR45° facets increases monotonically with the distainom a frontal obstacle,
thus making it possible to detect imminent fromtallisions (see the ‘saccade initiation’ block iilg.F2a) and to

trigger a body saccade with a higher level of piyahan the intersaccadic system.

If the robot’s side speeds and yaw velocity)./ are both null, the robot’s speed will be aligneidhvits own
body axis. It can therefore be proved that the sefithe two symmetrical OFs with respect to the baxis (EqQ.
8) can be defined as an index to the OF divergemzk is therefore inversely proportional to fhiene-To-
Contact(TTC) (see Eq. 9).

f
W, +w ;=

Vi oo
j T =g sin2/ ) (8)

0

where w; is the OF generated throughout the azimuthal anglg is the robot's forward speed abg- is the
distance to the obstaclejat= 0°. TheTTC can therefore be calculated as follows:

\% w +w,;
TC D, ~ ) ©
The sum of the OF generated throughout #th8° azimuthal angles can therefore be used todriggbody
saccade at an angle determined by the OF outputs Whe sumuss+u/se is greater than a given threshold

value. Withy =15°:

Wis + W, 15 = oqTC (10)

In all our simulations, the threshold value waséixat 35°/s, corresponding toTdC = 0.82s (e.g., a robot
moving at aV; = 0.61m/s towards an obstacle 1m ahead). Th€ threshold value depends directly on the
robot’s yaw time constart,. Assumingf, » 72ms (undetiisran = 36%, see table Il), since this time constant is
more than 11 times smaller thdre TTC value, the robot will be able to reach its newadie state heading
without colliding with the frontal obstacles enctered. The main advantage of using the OF divemgdac
detect imminent collision is that this criteriong(ELO) does not depend on the geometry of thedmrior the

robot’s orientation with respect to the corridor.
3.2.2. Estimation of the angle of incidence usecbiopute the new heading angle

An OF-based algorithm was developed for estimativeg angle of incidence (Fig. 1d) between the robot's
longitudinal axis and a frontal obstacle (see thegle of incidence estimation’ block in Fig. 2a).chn be

proved from Fig. 1d that the distanide from an obstacle at an azimuthal angleis:

1+tan?/ .
D,; =Dp X——x0 11
Y 7 70 1+ tanj xani Y (1)
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Assuming that both the robot’s side sp&gdnd its yaw veIocityY are null, the robot’s speed is aligned with

its own body axis. It can therefore be proved that:

Ve Vg o o Vg _
W - w; = ——- —— sin/ = -2>8in°/ x—xani (12)
D/ _/' Doo

and then from equations (8) and (12), we obtain:

wo- W N
—L /= . tanj xani (13)
W +w,

We can now calculate the angle of incidenas follows:

. _1 1 M; - M/_/ . LA .
i= -tan —x———~ with / | ]0,90°[ (24)
tany w +w;

An angle of+90° is then added to the angle of incidence angleorder to determine the next heading set-point
set-point (S€€ the ‘updating the heading set-point’ blockig. 2a) depending on the obstacle avoidance(tdte
or right), which depends directly on the signigfy, - W= (see the ‘side of the saccade’ block in Fig. 2d&e T

updated heading set-poise.point CAUSES the robot to travel forward in parallelhwat surface after its body

saccade (Fig. 2a).

The method used here to estimate the angle ofénciel (Eq. 14) requires only two symmetrical loc&d O
measurements around the focus of expansion. Insthidy, the angle of incidenéas estimated only with the
robot’s facets oriented at an anglet80° (see Eq. 15 and the ‘angle of incidence estimablock in Fig. 2a).
This gives a better estimate of the incidence alﬁgthan that obtained when the facets are orienteah @ngle
of £15°, which is very sensitive to noise and to smmadlasurement errors. Facets oriented-48° are too

laterally positioned to be able to look simultanglgat a single frontal obstacle. Our choice:80° between the

facets therefore constitutes the best trade-offiben+15° andt45° as values of the angle of inciderice

N i Why - W
i= - tam ! /3 X280 " LS50 (15)
Wi + W5

Lastly, a minimumISI = 2.25s prevents any new body saccades from keiggered immediately after the
previous one (Fig. 2a). The dynamic constraint abloe& minimumlSI value depends on both tR@C and the
response time of the heading-lock system in thsezldoop modeT() as follows:
ISI TTC TTCvalue is set at 0.82s as explained in §3.2.1 ptegpthe detection of frontal obstacles,
ISI Tr: the minimumISI value required to be higher than the response timthe heading-lock
system in the closed loop modE € 2.2s as in Fig. 3g).
However, as the body saccade is defined in ternangles, the inhibition time of the intersaccadistem (Fig.
2b) was not constant in our simulations becausegiends on the yaw dynamics (Table I). The bodgades
were therefore generated in the closed loop modeovkerview of the full control scheme can be seefigure

2b showing the inputs and the outputs of each stésycontrolling each of three DOFs of the robot.
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4. Results of the simulations

The corridor width used here was similar to thagdus ethological experiments on bees. The SFAH tested
in corridors ranging from 0.8m to 1.2m in width dascribed in 84.1 and 84.2, and then in a tapeveddor
ranging from 0.8m to 2.6m in width as describe@4n3, and lastly in a challenging corridor incluglia 0.8m-
wide S-shaped turn, as described in §84.4.

4.1. Corridor-following in the presence of a 45hde

The full control scheme (Fig. 2b) was first testedboard our SFAH travelling along a 1-meter wideridor in
which a 45° bend was located 2.5m from the stapioigt (Fig. 3a). Starting at various initial pasits, our
SFAH was found to be able to follow an angular ictorr (Fig. 3a). Some of the parameters of our SKEH.
3b) travelling along this corridor are presentefignres 3c-g. During the first 2.2 seconds of $haulation, the
robot aligns its headingwith the corridor axis breféollowing the right wall between t = 2.2s and 6.6s, as
dictated by the intersaccadic system. The SFAH tkaches the final operating poivg{ = 0.48m/SD.ggey =
0.31m) as predicted by equations 6 and 7 (Fig9. 3cd

At t = 6.6s, the sum of the OF measurements paddrwhile facing at an angle 815° reaches the OF
threshold value (Fig. 3f): the saccade generatmistoff the intersaccadic system (Fig. 2b) andtfpittiggers a
body saccade turn by updating the heading set-paiftqinrcomputed by the saccade generator (Fig. 2a), and
therefore, by adding an angle of 29° to the previbaading set-poin¥sewpoint = 90° (Fig. 3e). The angle of
incidencei (Eqg. 15) is not correctly estimated here by threual system because the two local OF measurements
oriented at an angle af30° are not obtained while facing the same fromtll (the front one is at an angle of
+30°, and the right one, at an angle of -30°) at thoment when the angleis estimated (Eq. 15), which
generates a small bias of 16° (Fig. 3e). At t =s9tBe robot reaches its new heading set-pbigt,oin.= 119°
(Fig. 3e) and the intersaccadic system is agaimetlion, but at t = 10s, since the robot is too ttearight wall,
a second saccade with an amplitude of 30° (Figis3fjggered (Fig. 3e). At t = 12.6s, the robatakes its final
heading set-poin¥se.point= 149° (Fig. 3€), the intersaccadic system isrgained on and the robot adopts wall-
following behavior (Fig. 3b). It can again be obsal that the robot is able to follow the left wallien if it was

not travelling perfectly in parallel with the wdkig. 3b).

4.2. Wall-following behavior in a maze containirgysral L-junctions

The full control scheme (Fig. 2b) was also testadoard our SFAH in a corridor with a mean lengthl@m
and a variable widthl = 0.8m in Fig. 4aD = 1.2m in Fig. 4bD = 1m in Fig. 4¢) containing four L-junctions.
Starting at various initial positions, our SFAH vaide to travel along a maze (Fig. 4a-c). Bothrdimt’'s speed
and the lateral position are controlled by the dD&l regulator, which ensures that the robot’'s speedl the
distance from the nearest obstacle are constantiyoptional to the local corridor widttas predicted by the
simulated dual OF regulator (see §3.1). The meaady= 0.29 + 0.02 m/s in the case of a local corridiith
of D =0.8m, as shown in Fig. 4a, whie= 0.34 + 0.02 m/s in the case bf= 1m, as shown in Fig. 4b, akd
=0.39 + 0.03 m/s in the case®f= 1.2m; as shown in Fig. 4c: our SFAH is therefalée to adjust its speed in
proportion to the width of the corridor, as foundoccur in flying insects [20-23,27].
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The blue trajectory shown in figure 4d was seledtedh the set of 7 trajectories presented in figlce
The hovercraft images superimposed on this trajeagove the SFAH's position and its orientationeatery
2.8s. It can be seen from figure 4d that our SFAECeeded in swiftly negotiating a challenging 1-enetide
corridor including no less than four L-junctionsaveither theirsalient angle(90°) or theirreturning angle
(270°). It can be seen from this trajectory (Fid) 4hat the SFAH’s speed was relatively constaah@lthe
straight sections of the corridor, while its heagdimas updated at each L-junction.

Performances of our intersaccadic system in terfriespeed control

The mean speed 6= 0.35 + 0.21m/s along the trajectory shown infeg4d. However, if we consider
the first straight section of the corridor in figufid, we obtailV = 0.47 + 0.07m/s at 2.2st  10s, which is
similar to the values predicted by equation 6. @Quersaccadic system therefore ensures that a sigeed
maintained constant in the straight section, whetka speed and side control signals are clampeertoin the
angular section, forcing the speed to decrease Wienbsolute value of the orientation error isargban 2°
(Fig. 2b).

Performances of our intersaccadic system in terfrieedistance control

The mean distance Bgp-= 1.01 £ 1.15m an®_go- = 0.76 + 1.02m along the trajectory shown in fegur
4d, whereas the minimum distance is niigd(t); D.go- (1)} = 0.32 £ 0.09m along this same trajectorye fact
that this minimum distance is close to those ptediby equation 7 shows that our intersaccadiesys$s able

to maintain a constant distance from the nearestdbwall at a given corridor width.

4.3. Following a corridor with a tapering angle #7° and a 63° bend

In the third simulated experiment, the bio-inspiragtopilot was tested (Fig. 2b) onboard our SFAHain
converging/diverging corridor (corresponding tapdring angle of 27°) with a 0.80-meter wide stiaigection
(oriented at an angle of 63°) located midway. 8tgrat various initial positions, our SFAH provexdte able to
navigate successfully along a challenging corrigidg. 5a). Figure 5b shows a SFAH’s trajectory sigld from
the set of 8 trajectories shown in figure 5a. Tdwevard speed profile in figure 5¢ shows that theotts speed is
either adjusted to ensure environmental clearandell constant at a straight junction, or evemwshkb down
drastically during saccades. Since the frontol&teB9° facets detect the lateral OF before therdhte90°
facets, the robot can be said to be endowed wkimé of prediction horizon [18] that helps it tojeet lateral
disturbances in a highly converging section, agnlei to occur in insects flying along corridorshaa variable
width [1,21,23,27].

4.4. Travelling through an S-shaped turn

In the fourth simulated experiment, the full cohtoheme (Fig. 2b) was tested onboard our SFAHdarador
comprising a 0.8m-wide S-shaped turn. Startingaaibus initial positions and orientations, our SFatdved to
be able to travel successfully along an S-shapeddoo (Fig. 6a). Body saccades occurred alongwhele S-
shaped turn (Fig. 6b), as also reported by [2%h&case of blowflies. A typical robot trajectofid. 6¢) was
compared with a typical blowfly trajectory (Fig.)6oh a similar corridor configuration; similar bahar was
observed in both cases, despite the huge differanterm of the inertia. Most of the simulated é@pries
involved four saccades (Fig. 6e) of various amgh ranging between 30° and 90° (Fig. 6f), which is

reminiscent of the findings obtained on blowfli@s]. Lastly, we compared the changes with timehim bhody
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yaw angle (in the case of the SFAH in Fig. 6g dmat bf the blowfly in Fig. 6h) in an S-shaped odor, in
which 5 yaw body-saccades were required to overdhmmes-shaped turn. In figures 6g-h, the body daigin
profile was similar in both cases: our biorobotpeoach therefore yielded a better understandintisfaspect
of insects’ flight.
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5. Discussion
5.1. Whais notinsect-like and whas insect-like in our model
The present modéd notinsect-like in the following respects:

- The model is limited to the horizontal plane. Irtsdty in 3 dimensions.

- The model only includes 16 photoreceptors, 8 Id@&l measurements and 2 fused wide-field OF
measurements. Insects may be endowed with more dhanthousand pixels performing local OF
measurements, as well as dozens of wide-field msusensitive to the OF.

- The model does not include any artificial spikirgurons. Insects are equipped with both depolarizing
(analog processing) neurons and spiking neurons.

- The SFAH's inertia is 10,000 times greater than difidlies.

The present modéd insect-like in the following respects:

- Like insects, the model obeys a holonomic locomabode in the horizontal plane, where the three
DOFs (forward, sideward and yaw) are uncoupled4,

- The model has an insect-like minimalistic compoeygd which is sensitive to the OF [44].

- The gradient of the eye’s inter-ommatidial anglan@uded in the model of the OF measurement [45].

- The minimalistic compound eye can be subdivided irdntolateral and frontal regions [21].

- All the sensors used in the model have biologi@linterparts in insects: the OF is sensed by the
compound eye [4-6,37,46], the mechanical rotatiepaled is sensed by the halteres, the heading angle
with respect to a global frame is sensed by thealaim or the ocelli [1,7].

- Like insects, the model requires no groundspeeatistance measurements.

- The model accounts for insects’ ability to copehwitarious tunnel widths and configurations [20-
24,26,27].

5.2. Robotic contribution

The novel OF-based autopilot presented here emabl&FAH to accomplish collision-avoidance
manoeuvers in complex corridors comprising U-tland S-shaped turn. The present bio-inspired awtopdes
the OF and a heading-lock system to perform corfdibowing tasks without having to use any convenal
metric sensors such as active distance sensopeed sensors. Frontolateral obstacles are detegtawans of
a minimalistic visual system involved in an intersadic system based on a dual OF regulator redgerfeir
the robot's translations (83.1), and frontal obsteicare detected by means of two local OF measuntsme
oriented at an azimuthal angle of +15° involvedairsaccadic system (83.2). Simulation results pitinee
efficiency of this saccadic system, in which thbats angle of incidence (Eg. 15) with respecttie frontal
obstacle is used to turn of the correct angle tkenthe robot follow the next wall.
This bio-inspired autopilot including both intersadic and saccadic systems is the first step todesiyning a
deft, lightweight, power-lean visuomotor controb®m that could be implemented on novel free-flyimggect-
like tiny robots [47] by extending the FOV to thentral and dorsal parts [23,34]. In addition, thespnt
simulated visual processing system meet the lowirements of the recent curved artificial compowayes
called CurvACE [48]. For this purpose, CurvACE wibukquire an inter-receptor sinus gradient (Eq. 3).

5.3. Biological contribution
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This is the first visuomotor control scheme inchgliboth intersaccadic and saccadic systems (Fig. 2)
which possibly accounts for insects’ flight behaviio complex corridors comprising apparent L-juoos [26],
or S-shaped turn [27]. The robot’s maximum rotadlorelocity (in this case, 50°/s) is therefore mimlver than
that of flying insects (up to 3000°/s in [11,27Dat is why our SFAH requires a lari§@ lasting several seconds
(as compared with about 100ms in the blowfly [2@]force the robot to reduce its speed down to atrmero in
order to avoid a frontal obstacle. However, our SFd#oes not decelerate before performing a bodyaskcbut
only during the saccade, as blowflies have beemdaw do [10,27], and a sideways drift can occue ¢
Coriolis effects, as occurs in blowflies [10], whiis not compensated for in our model (Fig. 2b)rdurotations
but only during translations, as suggested by previauthors in their model for a blowfly (calledeth
“CyberFly” [13]). Our biological hypothesis was tested onboard a SKAirticking the locomotion mode of
honeybees, whose surge and sway dynamics are uadowp both the surge axis [40] and the sway ai§. [
Besides, our simulated visual system was equipptu &local OF measurements set at similar inteepéor
angles to those detected in the honeybee’s compeyad45], and the OF measurement range was algeein
range of that observed in the VT neurons studieddns [6]. Our biorobotic approach therefore hetps
understand the flight strategy at work in blowflies well as how HSE-cells might be involved in colfing
horizontal turns. The HSE-cells [4] are sensitiwdbrizontal movements and show maximum sensitaity =
+15° [46], corresponding to the orientations in eththe present autopilot measures the OF in omeompute
the incidence anglie(Eq. 15).

The present SFAH is equipped with a heading-locgtesy which keeps its heading constant between

two saccades; in flying insects, a similar systexselol on polarized light cues may exist [1,7].

7. Conclusion

The novel bio-inspired autopilot for performing ddor-following tasks developed in this study ereebod SFAH
to travel along complex corridors on the basis & €ies without ever having to measure the speeitieor
distance from the walls. In many respects, our SHAhhics insects’ locomotor abilities and the visual
processes at work when they are flying on the bot& plane. By subdividing the FOV into frontolateand
frontal zones, our bio-inspired autopilot equippéth both intersaccadic and saccadic systems makeSFAH
travel forward, sideways, and turn using only acfe8 local OF measurements. Our present saccgdtera
differs considerably from the strategies proposegrevious studies in that it triggers body sacsathkfined in
terms of aquantified saccade anglehich is estimated on the basis of just a few Id@&l measurements. The
biorobotic approach enables us to “kill two birdghwone stone”, because it yields robotic solutievisich
require much fewer pixels than conventional appnoachile providing a possible explanation for fifggng

insects’ ability to travel safely along complex aokvn corridors.
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Tables

Table |. Transfer functions in figure 4 in the stury Roubiewet al2014 [18]

H.(s) = K, whereK. = 9.10° V/°
Hq(s) =Kq4 whereK,= 540° V/(°/s)
. 2Kg % par ¥
=Ye - m__ -t See Table I for values
G, (9) 0,0 1+dxg 1%,%
m
C, (s) =K, whereK, = 4
_ £5
Cy- (9 =K, xlTl whereK; = 30 andr; = 0.33s
2KT*JbalI
_ Vi(s) _ z — K bi |
G)\/f (S) - W - m ~T¥s See Roubieet al2014 [18]
z
— 58 — —
Cus (8) = Ky whereK, = 0.14 andf, = 7s
Gyo(s) =20 = 2 See Roubieet al 2014 [18]
S Us(s) 1+
— w1 a%s whereK; = 0.15,a = 6,
Cus(8) =Ky 1+Ds andT=0.2s

Table |l. Estimated yaw dynamics depending onifhé&h’s control signals

Forward control Lift fan Yaw Yaw

signal value control signal time constant static gain
Ut ULiitFan t, (ms) H, (rad/s)

- 6% 36% 71.72 0.906

- 5% 37% 94.37 1.193

- 4% 38% 108.7 1.351

- 3% 39% 142.4 1.530

- 2% 40% 185.2 1.898

- 1% 41% 185.9 2.059

30 42% 188.2 2.205

Table Ill. Inter-receptor anglé®f of each facet
in the robot’s visual system

Azimuthal DF Optic flow
anglej range
+90° Lfg-=3.50° From 25°/s to 350°/s
+ 45° Lfss-=2.50° From 18°/s to 250°/s
+ 30° Lfs-=1.75° From 13°/sto 175°/s
+ 15° Lfis-=0.91°  From 7°/s to 91°/s
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Figures

72mm

Fig. 1. (a) CAD of the simulated robot (inset: tiodot [18]: 0.360.21 0.14m). (b) Robot's parameters in a
corridor. (c) CAD of the robot's primitive compoumye composed of 8 facets placed on each sidesoéyh
and oriented in four different directions rangimgm 15° to 90°. (d) Robot frontally approaching allvwvith an

angle of incidence

Page 17



Side of the saccade o
m (=}
W50 q
m_.m
n sgn(eyss @5 "
s
m T
@_3p° Angle of incid imati -I1] Update heading set-point
n Tt g
m ; -1 {5 Pige- @302
@3 I=-tan T 7 set-point
; Wit zp )+ B
wl”{q Saccade initiation . L_fj
5
+ T3 35 1| LEEeT o
o™ =+ Suppression
# 0 node during IS7
2.17C Minimum
intersaccade interval 1S/
Prneas inodock
(b) Rate gyro I system
Micro meas = See Fig. 4A in Rear thrusters
/ m\ compass Roubieu ef al 2014 Differential thrust
5o
m
Obtic fl f Id [ONTY = if |€w|> 2°then
i
_Optic flow field Local Ty il S inhibition
& DAY Motion Rear thrusters
el == Wiy | . : Jaa) Common thrust
glon s Sensors O meas See Fig. 48 in
20 He-EEE EE — s @— max f— ieuetal2014 | N0/ L
BAS - . (LMS) ot Lift fan
©30f - 207 I">_’
s S B AT A T T N g)llﬂn T
L . T " . A O e, ide control
90 .75 60 -45 -30 15 0 15 30 45 60 75 90 @y >_. A | Sids LY
s m See Fig. 4C in 5N ateral thrusters
W50 [b—- Roubieu ef a 2014 0%

__/

Fig. 2. (a) Functional description of tkeccade generat¢see 83.2). (b) Overview of the full control scheem
described in terms of a Brooks’ subsumption architee . LMS stands for Local Motion Sensors, which
spatially sample 8 local optic flow (OF) measuretae®n the left: the inertial, magnetic and visagluts (from

8 LMSs, 1 rate gyro and 1 micro compass) to themlat, and on the right: the robot’s control outgignals (to
the rear and lateral thrusters and the lift famjdél normal operating conditions, the robot’s hegdi is set at a
constant value by the heading-lock system (Fig, &a)l both the forward and side speeds are cosdrbly the
OF (see 83.1). If an imminent collision with an tatade is detected, the robot’s incidence amgléth respect to

a frontal obstacle is then estimated from the ORsueements ai/)}, to compute and update the new robot’s

heading set-point(Fig. 2a).
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Fig. 3. (a) 7 simulated robot trajectories in a éten wide corridor comprising a 45°-bend, startihg, =
(4.20m; 4.30m; 4.40m; 4.50m; 4.60m; 4.70m; 4.80/m¥% 0.35m, andY, = 75°. (b) An individual robot

trajectory. Marks on the trajectory indicate thbatis position and its orientation at every 2.8se Tobot started

at a point located at, = 4.60m.y, = 0.35m in the corridor, oriented &} = 75° as in the blue trajectory
presented in (a). (c) Lateral distance from thevadll D_go- corresponding to the robot’s trajectory shownhij (
(d) The forward speeX; profile (in blue) and the side speéd profile (in red) corresponding to the robot's
trajectory shown in (b). (e) The robot’s orientati (thick line) and the orientation set-poite.point(thin
line). (f) Sum of the optic flow measurements ofegi at-15° azimuthal angles corresponding to the robot’s
trajectory shown in (b). (g) The three control silgs (the lateral control signah red), u; (the forward control

signalin blue), anduy (the yaw control signah greer) corresponding to the robot’s trajectory showiion
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Fig. 4. Trajectories of the simulated robot in @ors of various widths comprising four L-junctions

(a) 7 simulated robot's trajectories in a 0.80meaviwbrridor, starting atx, = (4.25m; 4.35m; 4.40m; 4.50m;
4.60m; 4.70m; 4.75my,, = 0.35m, andy, = 75°.

(b) 9 simulated robot trajectories in a 1.20m-witeridor, starting ak, = (4m; 4.10m; 4.20m; 4.30m; 4.40m;
4.50m; 4.60m; 4.70m; 4.80m), = 0.35m, andy;, = 75°.

(c) 7 simulated robot trajectories in a 1m-widerihor, starting at, = (4.20m; 4.30m; 4.40m; 4.50m; 4.60m;
4.70m; 4.80m),yo = 0.35m, andY, = 75°.

(d) Individual robot trajectory (the blue trajectgresented in (c)). Marks on the trajectory intkcténe robot's
position and orientation at every 2.8s. The roliatted at a point located a= 4.80m,y, = 0.35m in the

corridor and oriented at, = 75°.
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Fig. 5. (a) 8 simulated robot's trajectories irapdred corridor including a straight junction lezhimidway. The
robot started at various initial ordinates corregfing toy, = (0.50m; 0.75m; 1m; 1.25m; 1.50m; 1.75m; 2m;
2.25m), an initial abscissg = 0.35m, and an initial orientatiory = 15°. (b) Individual robot’s trajectory (the
blue trajectory presented in (a)). Marks on thgttary indicate the robot’s position and its ot&ion at every
2.8s. The robot started at a point locatedyat 0.35m,y, = 1.75m in the corridor, oriented af = 15°. (¢)

Flight speed profile along the tapered corridoresponding to the robot’s trajectory shown in (b).
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Fig. 6. Direct comparison between the behaviorhef $imulated robot and that of the blowfly in ast&ped
turn.

(a) 8 simulated robot's trajectories in an S-shaped, starting at an initial positiong(= 0.5m;y, = 0.35m) with
various initial orientations’, = (35°; 40°; 45°; 50°), or an initial positioRy(= 1.5m;y, = 0.35m) and various
initial orientationsY; = (70°; 80°; 90°; 95°).

(b) Points in the corridor at which the saccadesioed.

(c) Typical trajectory of the robot among the s&tBdtrajectories presented in (a). The positiortte robot
(black circles) and its body orientation (blue &hare plotted every 400ms.

(d) Typical trajectory of a blowfly in an S-shaptnin, adapted from data published by [27]. Positbthe fly
(black circles) and its long body axis (red linasg plotted every 10ms. Inset: head d@alliphora vomitoria
(Picture: J. J. Harrison, Wikimedia commons).

(e) Relative frequency of saccades per trajectdrgnicrossing the S-shaped tunr=(30).

(f) Body saccades were classified depending om #maplitude: -90°, between -89° and -60°, betwé&f? and -
30°, then between 30° and 59°, between 60° anda8@,90°.

(g) Corresponding time courses of the body yawedgking the trajectory shown in (c). The horizbaashed
line gives the corridor’'s Y-axisy( = 90°).

(h) Corresponding time courses of body orientationing the trajectory shown in (d). Horizontal dagHine
indicates the tunnel Y-axir{= 90°). Data adapted from [27].
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