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Internal representation of far-range space in insects is We established, as it is
necessary for navigation behavior. Although it is likely &l insects also have an internal
representation of near-range space, the behavioral evidee for the latter is much less
evident. Here, we estimate the size and shape of the spatialcgiivalent of a near-range
representation that is constituted by somatosensory samjahg events. To do so, we use
a large set of experimental whole-body motion capture data o unrestrained walking,
climbing and searching behavior in stick insects of the spdes Carausius morosus
to delineate “action volumes' and “contact volumes' for bdi antennae and all six
legs. As these volumes are derived from recorded sampling ewnts, they comprise a
volume equivalent to a representation of coinciding somatensory and motor activity.
Accordingly, we de ne this volume as the peripersonal space of an insect. It is of
immediate behavioral relevance, because it comprises all gpential external object
locations within the action range of the body. In a next stepye introduce the notion of an

affordance spaceas that part of peripersonal space within which contact-indced spatial

estimates lie within the action ranges of more than one limiBecause the action volumes
of limbs overlap in this affordance space, spatial informain from one limb can be used
to control the movement of another limb. Thus, it gives riseotan affordance as known

for contact-induced reaching movements and spatial coordiation of footfall patterns in
stick insects. Finally, we probe the computational properés of the experimentally derived
affordance space for pairs of neighboring legs. This is donéy use of arti cial neural

networks that map the posture of one leg into a target posturef another leg with identical
foot position.

Keywords: affordance, spatial coordination, limb movement, to uch, peripersonal space, stick insect, whole-body
kinematics, arti cial neural network

INTRODUCTION

Like humans, animals have internal representations of sp&cerf/, 2003 In humans, internal

representations of space have been categorized in conjaneiib distinct spatial volumes, which
correspond to di erent sensory cues about the ambient spatenafith correspondingly distinct
neuronal substrates (for review séecvic, 1998; Holmes and Spence, J08dch representations
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directly sub-serve behavior and play a functional role asrimal  are “beyond reach.” The present study combines behaviohl an
models in control of goal-directed movements in humanscomputational considerations about the spatial volume “with
(Kawato, 199pand in robot motor control Gchillaci et al., 20)6  reach” in walking and climbing insects. We will argue thastlts
In particular, peripersonal space is de ned as a near-range aré@ many ways equivalent to what is called peripersonal space in
on which humans can directly act, i.e., which is “within redc humans. The spatial volume “within reach” of the human body
While there is considerable debate about how sharp the bapnd is perceived in a way that relates our ability to act and intera
of human peripersonal space iBifacchi and lannetti, 20)8 within that spatial volume. In order to capture this, internal
there is agreement on that it di ers functionally from the spac models must be grounded in sensorimotor representations that
further away and is connected to speci ¢ neuronal substrates relate body posture and movement to the corresponding part of
parietal and premotor areas (e.g!¢ry and Hamed, 20)8 space. At their core, internal models re ect functional, nodat
Whereas, in non-primate mammals and, potentially, otherorganization of the bodyjavidson and Wolpert, 2004; Cothros
vertebrate groups such as birds, the existence of homologoasal., 200pwith redundancy. As an exampléatané et al. (2017)
neuronal substrates suggest the existence of similar,ipteult showed a dissociation between peripersonal and interpersonal
internal representations of space as in humans, the situatiospace which they found to be largely overlapping, though clearly
is much less clear in invertebrates. One reason for thigissociable: the peripersonal space being delimited as the spac
may be the conceptual problem that the distinction ofreachable with atool. Other hallmarks of human internal retsd
internal representations of space must be linked to behaliorare their exibility, e.g., in case of tool us€#rdinali et al., 2009
performance, for example as distinct skills or di erential e and their multimodal organization, e.g., when estimatirentd
spatial cues related to di erent spatial volumes. In insects, gosition from somatosensory, proprioceptive, visual and even
least two kinds of spatially coordinated behavior can beatised  auditory information (Makin et al., 2008 Despite its multimodal
that, most likely, are linked to distinct internal models: &h nature, most experimental work on human peripersonal space
rst of these concerns the spatially coordinated movement ohas focused on vision, often in relation to eye-hand cooation.
limbs and body parts, for example during locomotion on or However, since peripersonal space occurs in congenitallyg blin
manipulation of the near-range environment. A correspondinghumans Ricciardi et al., 201)7it must develop independently of
internal representation of near-range space is required wiien vision. Ricciardi et al. suggested that, therefore, intenmadels
spatial information has to be shared by multiple body partsin humans directly relate to the con gurations of limbs rélee
Potential neural substrates of internal near-range repreg®ns  to each other, thus forming an internal body model.
are topological aerent projections such as those described Whether or not insects may have an internal body model with
for the cricket cercal systemJgcobs et al., 20p&r for  similar properties to those in humans is unknown. It is clear,
mechanoreceptor aerents of locust legs (e.fliicke and however, that insects readily climb about in spatially cluidere
Lakes-Harlan, 1995; Newland et al., 2008 recent systematic environment, thus demonstrating their ability of exiblend
inventory of somatosensory projections in fruit ies sugges reliable spatial coordination of a multi-limbed body with mga
parallels to the somatosensory system of mamnigdsi{ouchi degrees of freedom. An important component of this ability is
et al., 201). The second type of spatially coordinated behaviothe transfer of spatial information from one limb to another.
concerns course control and navigation in far-range spacéssentially, this transfer turns the spatial knowledge aedlby
i.e., space beyond the immediate action range of the limbsne limb into an a ordance for another limb. For example, the
and body parts. In insects, the spatial representation of faphysical contact of one limb with an obstacle may be used to
range cues has been studied intensely in the context of lysuaguide the movement of another limb, in order to exploit prior
guided locomotion. An example is the self-motion dependenknowledge about foothold/grip locations and to achievetech
modulation of visual interneuronsChiappe et al., 20)Ghat  at a nearby location. Our use of the term a ordance follows the
gives rise to a representation of walking direction in the opti de nition by J. J. Gibson, as a behavioral option of an animal
lobes of walking fruit ies Fujiwara et al., 20)7Also, the central that is signaled by a combination of sensory featu@g¢on,
complex is well known to be involved in behaviors relying on1977 p. 79: ‘an aordance [...] is a combination of physical
estimates of distance and direction. Prominent exampldside  properties of the environment that is uniquely suited to angiv
the encoding of celestial direction cues in locust®ifize and animal — [... e.g. its] locomotor syst&mBehavioral evidence
Homberg, 200y and of heading direction in walking fruit ies suggests that spatial coordination of limbs in insects rarigam
(Greenetal., 2017; Turner-Evans et al., 3017 pre-programmed, open-loop behaviors, to closed-loop control
Thus, with regard to behavioral relevance of spatial sensoyf limb posture, and to complex coordinate transfer among
cues, an obvious boundary is de ned by the volume that isieighboring limbs. For example, grooming movements are often
“within reach” of any body part, the limbs in particular. This considered pre-programmed rhythmical limb movements, as in
is plausible because sensory modalities such as touch er tasye-cleaning behavior of the cricket¢negger et al., 19Y9or
depend on contact cues on the body surface and therefoie grooming of various body locations in locust8grkowitz
cannot be experienced beyond the spatial range spanned by aifid Laurent, 1996and fruit ies (Seeds et al., 20)L4At least
possible movements of the body trunk, and limbs. In contrastin the case of locusts, so-called grooming movements of the
vision, audition and smell transduce the energy from photonsforewing have been shown to form a continuum of movements
sound pressure waves or volatile chemicals, most of whicfDirr and Matheson, 2003 consistent with the idea of a
typically originate from locations beyond the own body. Theycontinuous encoding of the wing surface location by an array
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of mechanoreceptors?@ge and Matheson, 200Although the  control systems in limbed animals in general. Therefore, nafk
neuronal substrate underlying these aimed limb movemergs a objective is to (iv) understand the computational complexfty
largely unknown until today, within-trial adjustment ofrfib  such transformations in an insect. Using arti cial neuradtwork
posture suggests that they are subject to feedback contel (smodels of di erent complexities we assess the performance of
Figure 6 in Matheson, 1998and plasticity of proprioceptive the reciprocal spatial mappings among pairs of legs that share an
encoding of limb posture proves that the corresponding neurah ordance volume. By. doing so, we provide a basic notion of an
representation is adaptiv®fge and Matheson, 2009 internal model for near-range space in insects. This mayeserv
Regarding coordinate transformation among limbs, severas a computational ground plan for spatial coordination in athe
studies have demonstrated this to occur in stick insectduging  limbed animals.
standing Cruse, 197) walking Oean and Wendler, 19§and
climbing animals {heunissen et al., 20).4Targeting behavior of MATERIALS AND METHODS
legs has been transferred into models of motor control. Ehes
demonstrate qualitatively how such mappings can be realizédxperimental Data Set
using a local transformationCean et al., 199%ir, in the case All experimental data used in this study were acquired in
of more complex walking behavior, by applying an internal bodybehavioral experiments on unrestrained walking and climbing
model (Schilling and Cruse, 20).4n stick insects, the ipsilateral adult, female stick insects of the specigarausius morosus
transfer of postural cues not only works between pairs of walkin(de Sinéty, 1901). Animals were bred at the animal facility of
legs, but also between the antennae and front I€g${itz and the Biological Cybernetics Department of Bielefeld Uniugrsi
Durr, 201). Inthe latter case, antennal contact cues can elicit fasthere they were kept in a 12:12 h light:dark cycle and room
re-targeting of on-going swing movements, e ectively turgia  temperature around 24. All data used for the calculation
swing movement into an aimed reach-to-grasp movement of af spatial volumes were acquired with a marker-based motion
front leg (for review, se®urr et al., 201R Visual estimates of capture system (Vicon MX10 equipped with eight T10 cameras,
distance “within reach” have been shown to occur in gap ¢éngss Figure 1) as described byheunissen and Dirr (2013Jemporal
behavior in fruit ies (Pick and Strauss, 20))5suggesting that resolution was 200 frames per second and spatial precision of the
these insects also have a reliable estimate of their own bo@pP marker position measurements was approximately 0.1 mm.
size and/or action rangeSfrauss et al., 2011; Krause, 2015 Three di erent types of setups were used to record a variety of
Visually mediated coordinate transformations allow forgeted  walking, climbing and searching movements of the legs and the
front leg movements in locusts\{ven et al., 201)0and horse- antennae. In all cases, the animals walked along a at hot&on
head grasshoppersliven et al., 201 In this kind of behavior, walkway that was 40 mm wide.
locusts combine monocular visual inputs with mechanosepsor In the stair-climbing setupa set of two stairs was placed on
inputs from their antennae before the onset of a step, i.ethe distal third of the walkwayHigure 2, left). The stairs were of
during motion planning. Similar to spatially targeted groorgi  di erent height (8, 24, or 48 mm), so that animals had to adapt
movements as mentioned above, visually induced reaching iheir climbing behavior to di erent obstacles, resulting irilght-
locusts requires proprioceptive sensory information from thedependent changes in body inclinatiomt{eunissen et al., 2015
femoral chordotonal organ. Finally, a very fast, ballistisually or the relative frequency of short correction steffhéunissen
induced type of leg movement is the front leg strike of prayingand Durr, 2013. A at walkway was used as reference condition.
mantisesl{laldonado et al., 1967; Corrette, 19@nd mantispids A total of 365 stair-climbing trials from ten animals were
(Kral et al., 200pthat strike to catch prey. included in the present analysis. In each trial, motion captur
Given this body of evidence on spatially targeted limbanalysis yielded the joint position and joint angle time cogreé
movements, their plasticity and multimodal control, we ofai all six legs, along with the position time courses of all segmen
that the insect body is surrounded by an ambient volume thaboundaries of the thorax and the head. Thirty-four trials of
is functionally equivalent to peripersonal space in humanghWi one animal also comprised the joint angle and tip position
particular reference to the coordinate transfer among lintbs time courses of both antennae. This stair-climbing dataehav
stick insects, we suggest that the peripersonal space ingnsegt been used before in original research publications on distinc
be de ned by the shared use of spatial information among twastep types Theunissen and Durr, 20)3spatial coordination
or more body parts. Accordingly, the objectives of this stady  of foot contacts {heunissen et al., 20).&nd an inter-species
(i) to determine the size, shape and locations of action va@sm comparison of whole-body kinematics of walking and climbing
from whole-body motion capture data on unrestrained climipin insects {heunissen et al., 20).5
stick insects; (i) to investigate the relative size of eahtolumes, In the rod-climbing setupa horizontal rod was mounted
i.e., the regions where contacts are particularly likely ¢ouw  above and perpendicular to a at walkwafigure 2, middle).
during natural locomotion; and (iii) to determine the sizeadh  The height of the rod varied between 5 and 50 mm above the
shape of a ordance volumes, i.e., the overlap of contact velim walking surface, with heights of 18 mm or 36 mm used in the
of pairs of limbs. In our case, a contact event at one limbmotion-capture experiments using the Vicon system. Animals
together with the corresponding proprioceptive information were either video-recorded by a set of synchronized, orinadly
about the posture of this limb, generates the behavioral optioarranged, digital cameras (Basler 601af; this concEigsre 6
for another limb to reach for the contact location. The uny@ng  only), by a single, top view, analog video camera and a slanted
coordinate transformation is a basic functional property aftor ~ mirror next to the setup (Cohu; this concer$gure 7 only), or

Frontiers in Computational Neuroscience | www.frontiersiorg 3 December 2018 | Volume 12 | Article 101


https://www.frontiersin.org/journals/computational-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/computational-neuroscience#articles

Durr and Schilling Affordance Volumes and Peripersonal Space in Insects

reality recording

climbing animal

motion capture setup

FIGURE 1 | Motion capture setup and recording. Photographs left column ) and software screenshots fijght column ) of a recorded stick insect(top row) and the
motion capture system pottom row ). Animals (A) were labeled with small retro-re ective marke and their whole-body kinematics recorded by means of a
marker-based motion capture system with eight Vicon camers. (VC, numbered 1-8 in right bottom panel) and an additionalidital video camera (DV). The motion
capture data yielded sets of labeled marker trajectoriesdp right panel: markers) that allowed geometrical reconstiction and kinematic analysis of the animal posture|
(top right panel: video) in 200 frames per second. Note thatie setup (S) shown here was only one of three variants used ihis study.

stair climbing rod climbing searching

FIGURE 2 | Three types of setups were used to acquire experimental datan all paradigms, stick insects were motion-captured as the walked along a 40 mm wide
walkway. Two recorded postures are shown, one at the beginmig of the trial and another near the end of the trial. Gray sphies show marker locations. Only the
tracked body segments are shown. Colored lines show the traictories of the tibia-tarsus joint of the right front leg (&) and of the head (blue). Left: In the
stair-climbing paradigmthe animals encountered two stairs of different height (her24 mm) which they climbed readily. In trials of this paradigrall legs and thorax
segments were recorded. In some trials, also the head and antenae were recorded. Middle: in therod-climbing paradigm the animals encountered a horizontal rod
held across the walkway at different height. In trials of thiparadigm, only the antennae and front legs were recorded, ahg with the head and thorax segments. Right:
In the searching paradigm animals stepped across the far edge of the walkway and engaed in rhythmic searching movement of the antennae and fronegs. In trials
of this paradigm, only the antennae and front legs were recded, along with the head and prothorax.

motion-captured by the Vicon system mentioned earlier, as théhe position time courses of the prothorax and head were
animals touched the rod with their antennae and subsequentlsecorded.

climbed it. A total of 262 motion capture trials from eight amals In the searching setymnly the at walkway was used and
were included in the present analysis. As in searching trial&nimals were motion-captured as they approached the end of the
rod-climbing trials focused on the coordination of anterna walkway, stepped across the distal edge and engaged in bilateral
and front legs. Accordingly, only joint position and joint gl searching movements of both front legs and both antennae
time courses of both front legs and both antennae, along witliFigure 2 right), similar to the experiments described byirr
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(2001) Atotal of 69 trials from three animals were included in thean experimental trial. The reference structure also includes
present analysis. In each trial, the motion capture analysldgd  the six tarsi. Since the motion-capture data did not comprise
the joint position and joint angle time courses of both froegs  measurements of the tibia-tarsus angle, only the standedli
and both antennae, along with the position time courses of théarsus length is drawn for reference. For the calculation of
prothorax and head. The same computational procedures wef@action volumes” and “contact volumes” of the legs, theitarere
used as described Byeunissen and Durr (2013) assumed to be straight extensions of the tibia (see below).
In summary, the volume density estimates calculated for the
limbs in the present study are based on 365 trials from 10 alsima__, .
in case of hind and middle legs, 696 trials from 21 animalsaisec Tip, Contact, Action, and Affordance
of the front legs, and 385 trials from 12 animals in case of th&/0lumes
antennae. One goal is to de ne an “a ordance volume” that delimits a
volume in which multiple limbs can act. In this volume, posit®on
. . of one limb potentially provide an a ordance for other limbs
Body-Centered, Standardized Limb through an internal model. In order to nd such an interseatio
Coordinates volume, rst the working ranges of the individual legs hadite
Allvolume density estimates were calculated using a staiwk=d  charted. The physiological movement ranges of the eightdimb
body shape on a 3D grid. Ina rst step, limb position coordinateswere calculated as density distributions across an orthagon
were calculated separately for each limb and relative to th8D grid of 1 mm spacing. Depending on the part of the limb
thorax- or head- xed coordinate systems of the correspomgdin considered, three types of volumes were calculated per lifb: (
segment of the main body axis. From the original kinematiche “action volume” comprised the movement range covered by
analysis (as described in detail byheunissen and Durr, the entire limb, i.e., the entire agellum of an antenna, oeth
2019, each trial comprised absolute position coordinates oentire set of femur, tibia and tarsus of a leg. (2) The “contac
the limb segment boundaries (coxa, femur, and tibia of thesolume” comprised the distal fraction of the agellum in cade o
legs, scape and pedicel/ agellum of the antennae), along witthe antennae, or of the distal part of the tibia and entire @&
the six degrees of freedom of position and orientation ofcase of the legs. The default proximal limit of contact voluaaes
their carrying body segments, i.e., of the pro-, meso-, an@/3 of the agellum or tibia. The distal limits of contact vahes
metathorax for the front, middle, and hind legs, respectiyelywere determined separately for each leg, and ranged betw@gn 1
and of the head for the antennae. Whereas, the position aind 1.34 tibia lengths in front and hind legs, and betweer8 1.3
the body segment was used to calculate the relative positiand 1.39 tibia lengths in middle legs. These numbers correspo
of the limb coordinates, the segment orientation gave théo the factor by which the tibia needed to be scaled in order to
body- xed, segment-speci ¢ coordinate system into whicteth reach the tip of the tarsus. (3) Finally, the “tip volumes'reve
corresponding relative limb coordinates were projected. Thealculated from the movement ranges of the most distal poifits o
resulting, body-centered positions were scaled to the limbsf  the tracked limb segments, i.e., the antennal tips and tikiaus
a standardized body shape, rounded to the nearest full mellen)  joints of the legs.
and counted on a 3D grid with $0nodes, centered on the base  In all cases, the volumes were calculated for a discretef set o
of the limb (i.e., the thorax-coxa joints in case of the leggl the  points along the limbsFigure 3 shows the distribution of these
head-scape joints in case of the antennae). points for the three types of volumes calculated. In case of the
The standardized body shape was determined from the mearontact volume, ten equidistant points were calculated gidre
segment length and width measurements of the adult femalébia and tarsus as determined by a scaling factor. For argen
specimens that contributed to the motion-capture data set. Fothis scaling factor ranged between the proximal limit, i.&670
each pair of limbs, a scaling factogeBBcurr Was determined, and the distal limit of 1.0. For legs, the scaling factor hg
where Bes was the sum of standardized segment lengths of botbetween 0.67 and a distal limit between 1.33 and 1.39 (seepbo
femora, both tibiae and the carrying body segment in case diVhereas, the agellum can be considered reasonably straight
legs, and the sum of both standardized antenna lengths aad tifat least when it does not contact anything), the angle of the
head length in case of the antennagyBwas the corresponding tibia-tarsus joint varies throughout a step with an approxtma
sum of segment lengths of the specimen that contributed theange between 90(abducted) and 0O (aligned with the tibia).
current trial. Thus, the scaling factor was adjusted forhgpair  Since we had no information about the tibia-tarsus joint kng
of limbs, in order to account for variation of relative limbrigth  we always assumed an angle of thhus maximally extending
among animals. The body-centered, standardized voluma dathe radial working range of the tibia. Given the dierence in
grids of the eight limbs were then aligned in order to matchdistance of the 10 points that were considered for each frame,
the body segment lengths and location of the limb bases aficreasingly distant points traveled increasingly longesdor a
the standard body shape. For this, the main body was assumeid/en excursion of the limb. To compensate for this e ect, i.e.
to be sti and straight, neglecting movement of the thoracicto avoid an overestimation of volume densities in proximal part
joints and neck. The corresponding standardized body shapef the working ranges, each point was weighted with a factor.
was used in all volume plots presented in this study in order tdn case of n points (rD 10 for contact volumes), the weights
provide a 3D reference structure. Limb postures of this refeee were 2k/n/(rC1), with kD 1 ... n. As a consequence, the sum of
structure were set according to an arbitrary single instaht oweights per frame was always 1. These volume densities provide
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1cm

FIGURE 3 | Calculation of volume density. Schematic top views of a stic
insect show the points used for calculating volume densiti (top, red dots),
and the effect of mapping those points onto the 3D grid with 1 nm spacing
(bottom , green dots). Three different types of volumes were calculed per
limb. For the “action volume” of a leg, eight equidistant peits along the femur
and a further eight equidistant points along the tibia were etermined per
frame (red/green dots on the right hind leg). Additionallypfir points were
considered along the tarsus, which was assumed to be a straigt extension of
the tibia. In case of the antennae, the “action volume” was callated from 20
equidistant points along the agellum (dots on left antennap For the “contact
volumes,” 10 equidistant points were determined along the i$tal third of the
tibia and the entire tarsus (see dots on right front leg). In & of the antennae,
10 equidistant points were considered for the distal third bthe agellum (see
dots on right antenna). For the “tip volumes” only a single got per limb was
considered. In case of a leg, this was the location of tibia-taus joint (single
dot on right middle leg). In antennae, the distal end of agelim was used
(equivalent to the terminal dots on the depicted antennae).

nodes. This kernel had a Gaussian weight distribution with
standard deviation of 1 and a sum of weights equal to 1. To
obtain reasonably smooth volume boundaries, we chose anelu
density threshold that was equivalent to 1% of the maximum
density per limb and volume type. This threshold limited the
volume to a range of 95.3 to 98.6% of the summed density values,
depending on the type of volume and limb. The detailed values
are listed inSupplementary Table 1

Finally, a ordance volumes were calculated as the intensgct
volume of two neighboring limbs, e.g., the right middle aridd
legs, or the left antenna and front leg. All calculations sobllime
visualization were done in Matlab R2018a (The Mathworks,
Natick/MA), including the Geom3D toolbox of David Legland.
Transparent volume surfaces were calculated by use of thaMatl
function boundary() using a convexity scaling factor of 0.8, with
1.0 being no convexity between the supporting polygon nodes.

Arti cial Neural Network Simulations
Pairs of non-spiking Arti cial Neural Networks (ANN) were ude
to learn mappings between joint angle spaces of neighborirgg leg
A foot position in space that can be reached by two neighboring
legs corresponds to a set of joint angles for each one of these
legs. We used neural networks of passive summation elements
to transform the joint angles of one leg to the corresponding
set of joint angles of the neighboring leg for identical foot
positions in space. The training data were obtained from the
grid points contained by the a ordance volumes spanned by any
one of the four ipsilateral pairs of legs. For each point within a
a ordance volume, the corresponding sets of joint angles were
calculated for both legs, using the inverse kinematicsutation
as deduced byCruse and Bartling (1995)Accordingly, we
assumed xed and slanted rotation axes for the thorax-coxa
joints, such that protraction /retraction about the thoraoxa
joint correlated with pronation/supination of the leg planehi$
simpli cation is justi ed also in freely walking and climbing
stick insects, as protraction/retraction and pronation/sugion
angles are strongly correlated in these conditions (segy€ill
of Theunissen et al., 20).5'he corresponding Euler angles of the
ThCx joint axis are given as yaw and pitch angles of the resting
coxainTable 1

As a result, each point within an a ordance volume yielded

a likelihood estimate for a limb to pass through that speci ctpar 2x3 joint angles, i.e., protraction, levation and extensingles of

of body-centered space, i.e. the grid.

two neighboring legs (e.g., the right front leg and the rigtitidle

Action volumes were calculated di erently for antennae andleg). The ANNs were trained to map three of these angles, i.e.
legs. In antennae, the calculation followed the same priaciplthe posture of a “sender leg,” to the other three angles,the.,
as for the contact volume, except that the proximal limit wasposture of a neighboring “receiver leg.” The input of such afee
set to 0.1 andh D 20. In legs, eight equidistant points were forward ANN can be considered the posture of the sender leg, the

distributed along the femur (also starting at a proximal liraf
0.1), a further eight along the tibia, and another four aldhg

output can be considered the corresponding target posture of the
“receiver leg.” An a ordance is thus generated in the follogi

tarsus Figure 3). Thus, 20 points per frame were used for theway: if the receiver leg was moved so as to assume this target
calculation of an action volume. In case of the antennaesehe posture, the position of its tibia-tarsus joint would coincidéh

points were distributed equidistantly along the agellumhér
same weight distribution applied as explained abaved(20)

when updating the counts on the grid.

that of the “sender leg.” Two reciprocal mappings were learned
for each a ordance volume. Each one of the two legs was once
used as the sender leg (joint angles were used as an input to the

In order to estimate volume densities from absolute freqeyen ANN) and once as the receiver leg (joint angles were used as
distributions across the 3D grid, the count numbers per gridtraining values for supervised learning of the appropriate otitpu

node were smoothed with a cubic kernel of spannirggsid

of the ANN).
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TABLE 1 | Standardized body shape: segment lengths, insertion coorithates, roll and pitch angles of the coxae as used for inverskinematics.

Limb Carrying segment,  Insertion coordinates,  Yaw, pitch al Coxa, Femur, Tibia, Tarsus
length [mm] X, Yy, z [mm] [deg.] length [mm]  length [nm]  length [nm]  length [mm] h [mm]
Left antenna Head: 4.30 3.88,0.95,0.84 - 34.42 - - - -
Right antenna Head: 4.30 3.87, 0.95,0.84 - 34.44 — - - -
L1 Prothorax: 3.76 2.03,1.33, 0.73 84,34 38.67 1.32 16.57 15.13 5.24
R1 Prothorax: 3.76 2.03, 1.33, 0.73 84, 34 38.60 1.32 16.48 15.61 5.18
L2 Mesothorax: 17.45 1.03,1.70, 1.11 92,37 29.68 1.42 12.12 11.64 451
R2 Mesothorax: 17.45 1.03, 1.70, 1.11 92,37 29.76 1.42 12.16 11.75 4.44
L3 Metathorax: 11.87 1.34,1.67, 1.05 114, 29 35.64 1.54 14.55 14.65 4.77
R3 Metathorax: 11.87 1.34, 1.67, 1.05 114, 29 35.51 1.54 15.60 14.71 4.79

Based on the experimental data, the a ordance volumes ofolumes of all legs and antennae. The combination of thetierac
the left front and middle legs comprised 5,500 matching pairsolumes then delineated the boundary of what we propose to call
of leg postures (8,382 on the right side). In case of the lethe peripersonal space of an insect. In contrast, the inteieof
middle and hind legs, the a ordance volume comprised 2,91&ach pair of action volumes was equivalent to the joint wogkin
matching pairs of leg postures (3,741 on the right side). Forange of two neighboring limbs. This was termed the a ordance
training and evaluation of each ANN, the corresponding daga s volume of a pair of limbs.
was split into a training part (80%, 4,400 samples for the left side
and 6,705 for the right side) and a testing part (the remaininglhe Combined Action Volumes of all Limbs

20%). The testing part of the data set was used to evaluate t¥e|ineates Peripersonal Space
generalization capabilities of a trained ANN, assessingwielt  The action volume of a limb was de ned as that part of space,
could interpolate for data points it had never encounteredidgr  where this particular limb could contact an external object,
training. irrespective of which part of the limb was making contact.
Feed-forward ANNs were used with systematic changes 9fction volumes were calculated from a large motion capture
the network complexity. As a baseline, a feed-forward NNjata set, comprising a total of 6061.5s (1 h 41 min) of movement
without a hidden layer was used. Since this network StrEtursequences from 365 to 696 experimental trials (dependingen th
is equivalent to a regression problem, an optimal solutionng of limb, see Material and Methods) of the Indian stickees
was found analytically using the normal equation and throug carausius morosuhe experimental data had been acquired in
calculation of the pseudo-inverse. In all other cases, thé&N&N three di erent locomotion experiments, including climbing dn
contained a single hidden layer. The size of this single ddesearching episodeEigure 2). Two hundred single limb postures
layer was changed systematically in order to assess mappiggr second were sampled, so that even fast limb movements
performance for dierent network complexities. The Kerasyere broken down into a reasonable set of discrete postures. Fo
framework (https://keras.io/) was used for ANN training,thvi example, a typical swing movement of a leg was represented by
sigmoid activation functions in hidden layer neurons anuelar - some 40 limb postures. For simpli cation, the movements of the
activation functions in the output layer neurons. Networke8® neck and of the two thorax joints were neglected, so that the
trained in batches of ten, using the optimizer ADAMI(igma  jnsertion points of the limbs were xed before calculatingeth
and Ba, 201p ADAM implements an adaptive gradient descentpody-centered coordinates of each limb segment. Furtheemo
method that includes a momentum term and has the advantage volumes of the limbs themselves were neglected and each
that it does not require any additional hyperparameters. Wig |imp posture was treated as a set of 20 points on a 1 mm grid. As
matrices were initialized at random, using the Glorot umifo 5 consequence, the antennal posture was treated as a set af point
initialization (Glorot and Bengio, 20)0Training was repeated gjong a single line, and each leg posture was treated as a set of
in ve individual runs for the data of the left legs. ANNS points on a pair of lines: one line for the femur and another line
for the right leg pairs were trained only once for comparison fgr the tibia and tarsusKigure 3. To estimate the shape of an
Training runs lasted for 5000 epochs, which proved to bgction volume, we rst approximated the likelihood of the limb
su cient for convergence. Sample data and ANN training codetg pass through a particular point in body-centered space, and
are publicly available under (https:/pub.uni-bielefeldréebrd/  then set a density threshold to determine the volume bougdar
2932236) %chilling and Darr, 2018 (for details on the likelihood approximation, in particular g¢h
spatial smoothing procedure and the compensation of decrgasin
likelihood with increasing distance from the insertion paisee
section Tip, Contact, Action, and A ordance Volumes). As a
Based on our considerations about peripersonal space as tbensequence, the actual shape of the action volume strongly
volume within which the body and its limbs may physically depended on the particular choice of density threshold. In all
interact with the environment, we rst calculated the actio gures shown in this study, we applied limb-speci ¢ thresholds

RESULTS
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equivalent to 1% of the maximum density recorded for avolume ratio. We conclude that the front legs were the mog#ieag
particular limb. Supplementary Table 1lists the limb-specic limbs and covered much larger ranges than any other limbc&in
threshold values and the corresponding fraction of the totathe leg length ratios of middle and hind legs (83 and 84% fibr le
volume density comprised by the action volume (which wasnd right legs, respectively) were smaller than the corresipgnd

always> 95%). The combined action volumes of all eight limbsvolume ratios, middle legs proved to be more agile than higdle

are shown inFigure 4 The orthogonal projections of the grid

points reveal that the action volumes of the left and rightben

of the same segment have similar shapes, though not the same.

- . : TABLE 2 | Comparison of the derived limb volumes (using the 99% thresid for
ThrothOUt this StUdy’ we did not pool data for limbs of the sam the likelihood as explained in section Tip, Contact, Actigrand Affordance

segment. . Volumes) of the four limb pairs.
The action volumes of the front legs were the largest of all
limbs, amounting to more than 60 ccm. This was approximately Hind leg Middle leg Front leg Antenna

twice the action volume of the antennae and approximately
three times that of the middle and hind leg3aple 2. The _
action volumes of the middle legs were the smallest of atim ' 13023,60%  13.626;68%  46.330;76%  12.082; 38%
amounting to 88 and 93% of the hind leg action volumes in leffoMact ~ 19.882:92%  20.677;104%  65.630;108%  27.227; 86%
and right legs, respectively. The order of action volume wiag ~ ACion  21.542/100%  19.937,100%  60.786;100%  31.615; 100%
the same as the order of limb length, with the front legs behey lelair

longest and the middle legs being the short@ab(e 1). However, TP 14.884;64%  13.589,66%  39.436,64%  10.751;35%
the ratio of front leg length over antenna length was only%]2 Contact ~ 23.112;99%  21.757,106%  61.113;100%  24.766; 81%
which is substantially smaller than the corresponding votum Action  23.290;100%  20.484;100%  61.345,100%  30.531; 100%
ratio of about 200%. Similarly, the ratio of front leg Iengt\beo Rows indicate volumes in ccm and fraction of the action volume for tip volumedp),
middle leg length was 130%, compared to about 300% for th®@ntact volume (middie), and action volume (bottom).

y [mm]

30 20 10 0 10 20 30 40 50 60 70 30 20 10 0 10 20 30
X [mm] y [mm]

FIGURE 4 | Action volumes of the eight limbs. Orthogonal projections fothe action volumes of all six legs and two antennae, depictéas colored points on the 1 mm
grid that was used to calculate volume densities. Red and d&rblue dots show the volumes of left limbs, magenta and light lne dots those of right limbs.
Red/magenta show volumes of antennae and middle legs, darkght blue dots show volumes of front and hind legs. Top, side ad frontal views (as indicated by the
standardized insect in the background) are aligned and scatl to match. Top right: The combined action volume of all lim, delimited by a transparent envelope
surrounding the non-zero grid points shown in the orthogonbprojections. Note that volumes for left and right limbs wer calculated separately. As a result, they are
similar but not the same.

Frontiers in Computational Neuroscience | www.frontiersiorg 8 December 2018 | Volume 12 | Article 101


https://www.frontiersin.org/journals/computational-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/computational-neuroscience#articles

Durr and Schilling Affordance Volumes and Peripersonal Space in Insects

The shape of the combined action volumes of all limbs reveaksnd frontal views inFigure 5 reveal a zone of bilateral overlap
a nearly hemispheric region of about 35mm radius aroundbetween the left (red) and right (blue) a ordance volumes of
the head (spanned by antennae and front legs), and a dorsantennae and front legs. This narrow, elongate region imtfro
ventrally compressed volume ranging from mid-mesothoravof the insect head indicates that both antennae and bothtfron
rearward along the rst three quarters of the abdomen. Notdegs could transfer contact information among each othérisT
thatFigure 4conceals the overlap of neighboring action volumesregion comprises the volume that is covered by the outstretche
These overlap volumes proved to cover substantial fractiorfsont legs aligned with both antennae, as it occurs in the
of the action volumes Kigure 5. For example, the overlap posture thatCarausius moros@ssumes for its camou aging twig
between antennal and front leg action volumes amounted tonimesis.
14 and 10% of the action volumes of left and right front leg,
respectively (for volume sizes in ccm, Sedble 3. This means
that 10-14% of possible contact locations of a front leg may . -, | Affordance volumes for ipsilateral imb pai
be contacted also by the ipsilateral antenna. In other words, pe! o paits:
bidirectional transfer of spatial information from one limtm Leg3/Leg2 Leg2/Legl Leg1/Ant
another is possible in these overlap volumes, thus potentiall
giving rise to a ordances. Accordingly, we chose to call ¢hesEFT

overlap volumes ordance volumesThe a ordance volumes of TP 2.635; 62% 4.233; 66% 0; 0%
front and middle legs shown ifrigure 5 covered 32 and 45% Contact 4.864; 114% 7.825; 122% 6.702;77%
of the left and right middle leg action volumes, respectivelyAction 4.263; 100% 6.423; 100% 8.736; 100%
The a ordance volumes of middle and hind legs corresponde(RIGHT

to 20 and 24% of the left and right hind leg action volumesTip 3.279; 65% 5.530; 61% 0; 0%
The lower left side view ifrigure 5 reveals that the a ordance Contact 6.072; 120% 10.551; 116% 2.985; 50%
volumes of ipsilateral leg pairs are located mostly below theéction 5.080; 100% 9.135; 100% 5.963; 100%

body axis. This is not the case for the aordance volume§/ o .

. olumes were calculated as overlap of the corresponding tip (top row), contadmiddle
of antennae and front |eQS which appealr almost centered Ollgw), or action volumes (bottom row) in ccm. All volumes are indicated as a ftéion of the
the horizontal plane through the body axis. Note that the topcorresponding affordance volume based on action volumes.

FIGURE 5 | Affordance volumes for ipsilateral limb pairs. Orthogonafiews of the three left (ed) and right plue) affordance volumes, delimited by transparent
envelopes. Each affordance volume corresponds to the oveap of the action volumes of an ipsilateral limb paifront: antenna  front leg; middle: frontleg middle
leg; rear: middle leg  hind leg). Top, side and frontal views are indicated by the ahdardized insect in the background. All views are alignedral scaled to match.
Note that volumes for left and right limbs were calculated ggarately. As a result, they are similar but not the same.
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Behavioral Relevance of Contact Location were at least 20 mm away from the head, irrespective of whether
A ordance volumes, as de ned here, comprise positions suéablthe rod was located above or below the body axigifre 6, right).
for coordinate transfer among ipsilateral limbs. This letathe The situation was more variable in case of leg contacts Stic

guestion whether these volumes were not just computationallinsects are known to respond to antennal contact with altered
plausible but also behaviourally relevant. After all, therdance swing movements of the front legS¢htitz and Durr, 200)1Two
volumes shown inFigure 5 had been calculated based on thekinds of responses can be distinguished, depending on the state
action volumes of entire limbs, including parts of the limbiaih  of the front leg at the time of contact by the ipsilateral antann
would be at least awkward, if not unlikely contact locations If the front leg is in stance phase in the instant of antennal
natural behavior. For example, whereas it is trivial to olseehat  contact, the front leg completes the stance movement and then
an insect regularly contacts obstacles with one if its find,is  lifts 0 to execute a reaching movement that often is consatgy

not clear at all for more proximal parts of the limb, such as thehigher than normal. If the front leg is in swing phase in the
femur. To address this question, we observed stick insedtsey  instant of antennal contact, the front leg often executesa r
climbed a horizontal rod that was held across the walkway, antargeting movement with a distinct upward kink in the trajecto
recorded the contact locations along the antennae and fiegg.  In the latter cases, the leg can be very close to the objeckas th
In order to have independent position records from contact toantenna makes contact, leaving little reaction time befotting
contact, only the location of the initial limb contact wasceded the object with a part of the leg. Accordingly, our results\wikd

per trial. Figure 6 shows the result for the antennae, including that the distribution of initial contacts along a front legpended
500 single trials from 10 animals and 10 di erent rod heights.in large parts on whether antennal contact had been made durin
The results clearly show that initial antennal contactshwét swing or stanceKigure 7, compare black with blue lines). In
horizontal rod occur almost exclusively in the distal haliid comparison, the e ect of rod height was small.

approximately 90% occur in the distal third of the antennal As can be seen ifigure 7, the probability of initial contact
agellum (Figure 6, top left). This is largely independent of the on the femur was very low in case of stance-initiated movesien
height of the rod Figure 6, lower left), as the median relative and zero for swing-initiated movements. Contact probapiitas
contact location along the agellum ranged between 0.8 ai®d 0 highest in the distal third of the tibia and on the tarsus.tiai

in almost all cases, and shifted distally only for very higds contacts were recorded in this region in 58% of trials wittrgw

(43 mm and above). Accordingly, most initial contact locas initiated movements, and in 84% of trials with stance-iaid

FIGURE 6 | Initial antennal contacts occur in the distal third of the aennal action volume.Top left : Location of the rst antennal contact along the agellum, as a
stick insect walks toward a horizontal rod that is reaching eross the walkway at height h (see insert). Histogram of vei@ls per 10 rod heights per 10 animals. Blue
line shows the cumulative sum. Most initial contacts with ambstacle of this kind occur along the distal third of the agdum. Bottom left : Box-whisker plots show
medians, IQR and min/max ranges of distributions of contact leations, separately for each rod heightr{ D 50, each). Open circles show outliers. Except for the
highest obstacle heights, medians and IQR are very similaRight : Contact locations in head-centered coordinates (side vi®), with different colors corresponding to
different rod heights. Most initial contacts were locatedn the distal third of the action volume of the antenna, here gmoximately between 26 and 39 mm away from
the antennal base.
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FIGURE 7 | In reaching movements, the front leg contacts a horizontal 1
most often with the distal tibia or tarsus. Cumulative probhility plots of initial
leg contact location along the length of the leg (location sbwn on x-axis is
standardized to 50% femurC 50% tibia; contacts by the tarsus are counted
as 100% leg length). Trials were separated according to rodéight (squares:
12 mm, circles: 24 mm) and depending on whether the initial aennal contact
occurred during swing (black) or stance (blue) of the subsegently reaching
front leg. The targeting quality of reaching movements inétted during stance is
superior to those initiated during swing. 84% of initial cotacts occurred in the
distal third of the tibia or on the tarsus when reaching follwed a rst contact
during stance movement (blue). When reaching required rextgeting of an
ongoing swing movement (black), 58% of rst contacts occurre in the distal

from the volume densities of the most distal point of the motion
captured limb segment (the tip of an antenna or the tibia-ters
joint of a leg, se&igure 3). As expected, the tip volumes of the
antennae were very narrow curved, convex regionsKggpee 8
lower right). Despite their small width, antennal tip volume
still comprised 38 and 35% of the left and right antennal actio
volumes, respectively.

Compared to the relatively strong size reduction of antennal
contact volumes, the contact volumes of the legs were of
nearly the same size and shape as their corresponding action
volumes Figure 8and Table 2. In fact, three of the six contact
volumes turned out to be even slightly larger. We attributest
apparent increase in volume to slight weighting di erences of
the discretised limb postures for the calculation of the vodu
densities for action and contact volumes. These di erenees |
to di erent threshold values and, as a consequence, in vanati
of volume size and shape. Comparing the action and contact
volumes of the hind and middle legs Figure 8reveals that the
gap between the contact volumes and the body is relativedl sm
This can be explained by strongly exed leg postures that let the
distal tibia and tarsus come very close to the base of the leg.
As a consequence, much of the volume that is traversed by the
femur may also be traversed by the foot and distal tibia. Thetmo
pronounced di erence between action and contact volumes of
the legs appears to be the region traversed by the “knees” ffemu
tibia joint) and the nearby distal femur and proximal tibia. A
foot could only reach knee positions of postures with moderate
levation of the femur. This is because the foot can move to the

third of the tibia or at the tarsus.

previous knee position only by a combination of strong levatio
of the coxa-trochanter joint and strong exion of the femtibia
joint.
movements. Following leg contacts with the tarsus, the ahim  The strong e ect of exed leg postures becomes evident
typically grasped hold of the rod. When the rod was contactesvhen comparing the tip volumes of the legBidure 8 right
with the distal tibia, the leg was typically retracted urttiéttarsus  column) with their corresponding action volumes. Other than
achieved rm grip. For other contact locations, the leg witetl  the antennal tip, that cannot be moved close to the head, the
and retracted until another contact was achieved. tibia-tarsus joint can be moved very close to the base of the le
allowing this joint to traverse a substantial fraction oéthction
Limb Contacts and Affordance Space volume of the entire leg. Accordinglfable 2lists the ratios of
Given the results shown iRigures § 7, we wanted to know how tip volume over action volume of the legs as ranging betwékn 6
the shapes of the action volumes would change if only those parand 76%, which is approximately twice the ratio for an antenna
of a limb were considered that were likely to contact an ofdsta (35-38%).
To test this, we calculated thedntact volumésor all limbs. The Having established similar properties for action and contact
computational procedure was the same as for the calculation @blumes, we reasoned that the overlap of contact volumes for
action volumes, except that only 10 points per limb posture andpsilateral pairs of legs should not di er much from the overlafp
frame were considered for volume density estimates. These action volumes. In other words, the a ordance volume for aggiv
points were placed along the distal third of the antenna or glon pair of legs should remain the same even if the underlyingmalu
the distal third of the tibia and the entire tarsus. For imniet®  density estimates were calculated from a subset of pointémbr |
comparison of action and contact volumdsgure 8 shows the posture. Indeed, this was the caBgure 9juxtaposes a ordance
volume envelopes of the right antenna, right middle leg arfid le volumes based on action, contact and tip volumes, revealing
hind leg within the peripersonal space. In case of the antennatrong similarity between all leg a ordance volumes, partcly
the neglect of the proximal two thirds resulted in a fairly wid of those based on action and contact volumes. The absok#s si
gap between the head and the contact volume. As a consequenaka ordance volumes and their relative size compared to the
the antennal contact volumes comprised only 82 or 86 % of theorresponding action volumes are listed Tlable 3 The data
corresponding action volumes in leftand right limbs, respesly ~ show that the a ordance volumes of antennae and front legs
(Table 2. For comparison, we also calculated the volumes for thevere a ected much more strongly by the restriction to contact
most extreme reduction of contact sites on a limb, i.e. alsing regions than the a ordance volumes of leg pairs. This is begaus
point. Suchtip volumegFigure 8, right column) were calculated the antenna maintains a fairly straight posture during movetme
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FIGURE 8 | Comparison of action, contact and tip volumes.Left : Action volumes of the right antenna, right middle leg and fehind leg are shown as blue regions
within the envelope of the peripersonal space (redMiddle : Contact volumes. Right : Tip volumes. Each column shows two views of the same gure. T coordinate
system inserts show 10 mm scale bars along the longitudinak], transverse (y), and vertical (z) axes.

such that the distal part of the antenna can only be reached hyarts, the limbs in particular. In the present study we de ned it
relatively strong extension of the front leg. As a consegeen as the combination of all action volumes of the limbs, as sthow
that part of the front leg contact volume that required a exedin Figure 4, top right. The second region is what we propose to
leg posture was excluded from the a ordance volume, despitealleda ordance spacand de ned as the intersection of action
the fact that the contact volume of a front leg changed oritieli  volumes of all limb pairs. The functional signi cance of this
compared to its action volume. For the same reason there is ndistinction is that the a ordance space is “within reach” of at
overlap of antennal and front leg tip volumes at all. Thedibi least two limbs and therefore allows a coordinate trandfiat t
tarsus joint of a front leg cannot reach the tip of the ipsitate is suitable for the control of aimed limb movements based on a
antenna. physical contact of another limb. Based on our considerations
Much like it was observed for the comparison of contactabout behavioral relevance, we suggest that a ordance vedum
and action volumes inTable 2 a ordance volumes based on should be related to those regions, where spatial contaets ar
contact volumes proved to be even larger than those based dikely to occur in natural behavior.
action volumes (between 114 and 122%). However, as outlined . . o
in conjunction with Table 2 dierences in weighting entail Modeling Coordinate Transfer Within the
relatively small dierences of the volume density thresholdAffordance Space
used to delimit the boundary, causing a variation of volumeGiven the de nition of a ordance space above, we wanted to
size. Since aordance volumes are considerably smaller thamow how complex a computational mapping would have to
contact volumes, the relative variation in size was larger f be that mediates coordinate transfer within the experiméyta
the a ordance volumesTable 3 than for the contact volumes derived a ordance volumes as shown figure 5. To this end,
(Table 2. we studied the computational properties of the transformation
In summary of the experimental results, we propose tmf postures between neighboring legs (in both directions:
distinguish two kinds of spatial regions surrounding theens backwards, from an anterior leg to a posterior leg, and forsard
body that di er in their behavioral relevance. The rst of tee i.e., in the opposite direction). We used two di erent methods,
is what we called peripersonal space. In analogy of the use lobth related to feed-forward Arti cial Neural Network (ANN
that term in human psychology and neuroscience, it comprisesimulations, but of di erent complexity. For an immediate
that part of the ambient space that is “within reach” of any bodymapping of a set of three joint angles (the posture of the sender
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FIGURE 9 | Action and contact volumes give rise to similar affordanceolumes. Panel rows show the three volume types used for caldation of the corresponding
affordance volume. Panel columns compare the top, side andént views of different affordance volumes, respectively.eft leg ¢ed) and right plue) affordance
volumes are shown as transparent envelopes, equivalent tdvé overlap of the corresponding pairs of action, contact orip volumes ront: antenna  front leg; Middle:
frontleg middle leg;rear: middle leg hind leg). All views are aligned and scaled to match. Note thaif the tip volumes were considered, there were no affordare
volumes for antennae and front legs because the tibia-tarsujoint never reached as far as the tip of the ipsilateral ant@al tip.

leg) to another set of three joint angles (the target posture cand rose for the hind-to-middle leg pairing to 18.2 (averade o
the receiver leg), we calculated an optimal linear regras3ibis 4.3 per leg joint).
then served as a benchmark for comparison with more complex Overall, these results show that a regression yields a poor
ANN structures that included a hidden layer of variable sar  approximation of a joint angle mapping. The variability of the
goal was to determine how the accuracy of the posture mappindj erent mappings further stresses the high non-linearity bét
depends on the complexity of the underlying neuronal networkspace. Therefore, we employed more complex models, including
structure. a hidden layer of varying size.

For the two a ordance volumes of left leg pairs (front-to- . .
middle-leg, middle-to-hind-leg) a simple regression pradd Comparison of Different Model
only a coarse approximation of the target valugal{e 4: for ~Complexities
the front-to-middle-leg transformation the mean squaretioe  For a systematic investigation of the required model conipfex
(MSE) was 61.0, equivalent to a mean error of around 7.8we trained ANNs with two kinds of architecture&igure 10).
per leg joint. The middle-to-hind-leg transformation ackie®l The rst of these architectures was a three-layered feed-dcd
a smaller MSE of 10.0, equivalent to around 32r leg joint.  ANN with varying number of hidden neurong{gure 10A). The
This di erence in mapping accuracy can be explained by theecond architecture additionally included skip conneasidhat
larger size of the a ordance volume of front and middle legsshortcut the hidden layeiHigure 10B. As before, all simulations
making the approximation of joint angle transformations by awere done for the two left a ordance volumes of leg pairs.
simple hyperplane more error-prongable 4lists the joint angle When evaluated on a set of previously unseen test data, the
working ranges and the MSE for each degree of freedom. For thmean performance of the three-layered ANNs as a function
transformation in the opposite direction, i.e., from a posteri of hidden layer size is shown ifigure 11, along with the
sender leg to an anterior receiver leg, the MSE dropped for thieenchmark accuracy achieved by regression. The blue shaded
middle-to-front leg pairing to 34.3 (average of 5{%r leg joint) area shows the standard deviation over ve repetitions per
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TABLE 4 | Joint angle range inside the affordance volume.

Degree of freedom Protraction/retraction Levation/depression Extension/ exion

AFFORDANCE VOLUME: LEFT FRONT AND MIDDLE LEG

Front leg [min, max] 229 ,..,725 114.1 , ..., 1.3 42.9 , ...,158.9
Middle leg 766 ,.., 14 1146 , ...,26.4 03,..,136.3
REGRESSION:

Optimal front-to-back projection, MSE 345 45.3 103.1
Optimal back-to-front projection, MSE 48.3 32.3 22.4
AFFORDANCE VOLUME: LEFT MIDDLE AND HIND LEG

Middle leg [min, max] 46 ,..,624 956 ,...,225 20,..,1131
Hind leg 528 ,...,10.6 120.7 ,...,7.8 59.2 ,...,153.8
REGRESSION:

Optimal front-to-back projection, MSE 13.7 8.4 7.9
Optimal back-to-front projection, MSE 7.1 13.8 33.8

FIGURE 10 | Feed-forward neural network topologies used in this studyA) Three-layered network with hidden layer of variable siz€B) As in (A), but with additional
skip connections that shortcut the hidden layer. Both examfs map three joint angles4, b, g) of the left middle leg (L2) to a corresponding set of three jjiat angles of
the left hind leg (L3) via a hidden layer (neurons labeled byand subscript numbers from 1 to n1). Information ow is from lefto right:. Additional bias neurons are
shown in orange. The size of the hidden layer was altered sysnatically by increasing n1. Green connections ifB) show an example of skip connections that directly
connects an input neuron to all output neurons.

hidden layer size. Variation was quite small for repeatethieg  su ciently simple for continuous improvement with increasin
experiments, suggesting that training time was su cient @r model complexity
good comparison. Results on a test data-set for the middle-to-hind-leg mapping
In case of the front-to-middle-leg mappingrigure 114), were similar to those for the front-to-middle-leg mapping in
small hidden layers introduced a bottleneck into the netkyor that a minimum of four hidden neurons were necessary to
such that the performance of these networks was worse thachieve better performance than a linear regression. Alse, th
linear regression. Only when four or more hidden neuronsmapping accuracy improved continuously (the MSE decreased)
were used, the network performance improved continuouslyvith hidden layer size and the learning curve (top right irise
with increasing hidden layer size. Beyond a hidden layez siavas equally smooth and monotonously decreasing as before.
of 32 neurons, the MSE decreased only little, suggesting theitowever, two results diered for the two mappings. First,
additional complexity of larger ANNs would not pay o interms near-optimal accuracy for the ANN with 32 hidden neurons
of accuracy. Finally, the similar MSE curves for front-tcska was approximately tenfold higher for the middle-to-hind-leg
and back-to-front projections suggested that a pair of reaipio mapping Figure 118 than for the front-to-middle-leg mapping,
ANNSs would work equally well in both directions. The top righ reaching a root mean squared error below half a degree. The
sub gure adds the training time as the second independerg,axisecond di erence concerned the di erence in mapping accuracy
revealing that the networks converged nicely and that thiaing  for the two directions, the back-to-front mapping reachingeth
time of 5,000 epochs is su cient for convergence, even for thdevel of mapping accuracy of the front-to-middle leg mappings
more complex models. In general, the mapping problem appeanly. To analyse this further, we turned toward the data fag th
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FIGURE 11 | High-accuracy mappings were obtained for reasonably smatietworks. Average mean-squared error at the end of ve traimig runs as a function of
hidden layer size(A) co-ordinate transfer between left front and middle legs(B) As in (A) but for left middle and hind leg. Large left panels compare maping
accuracy for front-to-back (blue) and for the reciprocal bek-to-front projection (orange). Top right inserts show acuracy as a function of both hidden layer size and
training duration, illustrating how the test error improweé over time. Lower right inserts compare accuracy-complexy functions of the right pair of legs (green,
front-to-back projection) with that of the left pair of leggblue).

right a ordance volumes (lower right inserts iRigures 11A,B. Since already small to medium hidden layers proved to be
For those examples, the di erence between front-to-midalg-l su cient for a good approximation of the mapping, especially
and middle-to-hind-leg mappings were less pronounced than foin the case of the a ordance volumes of middle and hind legs,
the corresponding left leg pairs. we wondered whether another kind of ANN architecture could
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work equally well with even less neurons. This is because tler method critically depends on the suitability of avaikbl
number of 32 neurons in the hidden layer was still high compare motion capture data. In our case, the choice of climbing and
to possible candidate neural structures in an insect. Tloeeef searching paradigms would have been appropriate to estimate
we further extended the model by direct skip connectionsifro contralateral overlap for front legs and antennae, but mwessl|
joint angle inputs to target outputs. Our results showed thaps for middle and hind legs. Since all experimental setufigyre 2)
connections may introduce a signi cantimprovement in thesea were based on a horizontal walkway, the likelihood of middle
of very small hidden layers which had previously introduced and hind legs to cross the sagittal plane was limited to very
bottleneck e ect (se&upplementary Figure 1 where the MSE rare and brief episodes of cyclic searching movements if agswi
for an ANN with 2 hidden neurons was as lows as 7.4 comparethovement missed the obstacle. Future experimental studies
to 10.0 for the regression approach). However, the positiveill be needed to address contralateral coordinate transfer
e ect of skip connections vanished for more complex modelsLikely suitable behavioral paradigms would be gap-crossiity wi
Probably, this was because skip connections only introduceincreased likelihood of searching movements of middle aind h
a small number of additional connections compared to thdegs (e.g., seeurr, 2001), or climbing along narrow substrates
growing number of connections toward and from the hidden(e.g., se€ruse et al., 2009
layer. We conclude that for each a ordance volume of ipsilakter
leg pairs, very small feed-forward neural networks can aehéee The Role of Contact
better mapping performance than a linear regression, and thaontact events are of particular relevance to both periperisona
very high accuracy may be achieved with hidden layer sizepace and a ordance space. This is justi ed by the certainty of
around 32 neurons. the sensory event of physical contact, and by the immediate
behavioral relevance. An important factor contributing toet
certainty of contact cues is “resisted movement” that is kmow
DISCUSSION to cause shear forces that stimulate strain-sensing cangramif
sensilla in the cuticleill et al., 201). A second factor is the
Using the stick insect as an example, our study proposes a methedperience of coincident motor and sensory activity through
to delineate distinct, behaviourally relevant spatial wods inthe  proprioceptive postural feedback, strain-induced feedbac#, a
near-rage environment of the insect body, based on experiahen potentially, further sensory activity caused by exteroceptf
data. The rst of these volumes is equivalent to what is tylyca contact cues (touch). The immediate behavioral relevarice o
referred to as peripersonal space in humans and comprises tleentact cues is related to the presence of an external objgghw
action volumes of all eight limbs of the insect (six legs and t the action range of the body.
antennaejfigure 4). Essentially, our method assumes that this So far, our considerations on likely contact locations @gitin
volume is de ned by motor activity, as it is the volume trased 2 for a ordance space) are restricted to antennkig(re 6) and
by any kind of limb movement that is likely to be observedfront legs Figure 7). Future studies will need to record contact
during the behavioral paradigms considered. Nevertheless, locations at the other limb pairs, in order to test whether the
important to note that this volume is also a volume of distinctresults on contact locations on front legs can be transterre
sensory activity in that any contact-induced sensory #gtean to middle and hind legs. Moreover, it could be intriguing to
only occur within reach of a limb. Therefore, the boundarydistinguish distinct movement types subsequent to limb ecid,
of peripersonal space can be viewed as the boundary beyofat example re-positioning in case of inappropriate foothold, or
which motor activity cannot coincide with mechanosensangg retraction in case of proximal contact sites. Although thése
of physical contact. As a corollary, peripersonal space must lsme evidence that physically interrupted swing movements of
represented by distinct patterns of neural activity withineth walking stick insects always follow a default retractioraten-
somatosensory and motor system of an insect. The behavioraxion response Ebeling and Durr, 200§ existing studies did
relevance of the second volume—the a ordance space—is givent control for the contact site along the limb. To date, cact:
by the spatial correspondence of contact points that may biduced limb-movements have been described qualitatiirely
reached by two or more limb postures, either sequentially ostick insects (e.gglasing and Cruse, 2004; Theunissen and Drr,
simultaneously. The a ordance space was therefore de ned a&13 and cockroaches (e.@ritzmann et al., 20Q00but were not
that part of peripersonal space that ful lls the following two related to preceding contact locations.
criteria: (i) it must be traversable by at least two di ereimhbs Another limitation of the existing experimental data concern
(as judged by overlap of two action volumedHigure 5 and (i)  the restriction to initial contacts. Potentially, this bBsa to
the part of the limb that traverses must be likely to experienceinderestimating the likelihood of proximal contacts. In easf
physical contact in natural behavior (e.g., the distal trofdhe  the antennae, this can be expected from result&@fuse and
limb, as justi ed byFigures § 7). Durr (2012) who studied antennal tactile sampling behavior of
In our study, the rst of these criteria (overlap) was appliedstick insects that climbed a stair of varying height. Thaidgt
only for ipsilateral pairs of limbs. Contralateral overlap weé  categorized antennal contact locations on the obstaclelasdga
considered because there are no dedicated experimentaéstudthe frontal wall” and “on the upper edge” of the stair and found
on bilateral spatial coordination of limbs in insects thatut that the prior category occurred predominantly near the tip
possibly contribute su cient experimental data. Owing to the (a region corresponding very well to that shown kigure 6),
data-driven calculation of a ordance space, the applicabitity whereas the latter category occurred predominantly alongemo
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proximal parts of the agellum. In case of the legs, the rekdiv network realized in the insect. For exampleyn Uckermann
small di erence of the a ordance volume sizes for action voksn and Bischges (200%escribed twelve non-spiking premotor
vs. contact volumesF{gure 9) suggests that the inclusion of interneurons for the mesothoracic ganglion of the stickeios
more proximal contact locations would have little e ect on theall of which are candidates for being involved in the local
a ordance volumes of leg pairs. In case of the antenna, howeverontrol of leg movements. As mentionefean et al. (1999)
the e ect would be much stronger, as the gap between the heagmployed skip connections for their target network approach

and the antenna-front-leg a ordance volume would shrink. to improve accuracy. Our results con rm that skip connectson
_ can lead to an improvement of targeting accuracy for small
Modeling Affordance Space networks (less than 4 hidden neuroi®jpplementary Figure J,

Since our de nition of a ordance space is based on the transfer but not for larger networks (which would be required for high
spatial information among limbs, we probed the computationalaccuracy). A next step could be to extend the ANN toward more
properties of the mappings within pair-wise a ordance volumeshidden layers and deeper architectures. However, this shoul
with Arti cial Neural Networks (ANN) of di ering complexity be related to known properties of the neural organization of
(Figure 10. ANNs were trained to map the posture of a senderthe insect sensorimotor system. In insects, both the teahin
leg to the corresponding posture of a neighboring receivearborisations of leg proprioceptor a erents, and the dendrites
leg with equal foot position. The output of the ANN can be of motoneurons of a leg are always con ned to the ganglion
viewed as a target posture that can be used to control thef the same thorax segment. As a consequence, the transfer
movement of the receiver leg. A rst model for such leg tainggt of limb posture information from one leg to another requires
behavior was introduced byean (1990%o simulate the spatial at least one layer of intersegmental neurons that medidies t
coordination of lift-o and touch-down locations of ipsilaral a erentinput from one segment to the e erent output neuronsin
leg pairs in stick insects. This model was later included &s ththe next segment. Intersegmental neurons that mediate palstur
so-calledtarget netin Walknet Walknet is a behavior-based, information have been described for stick insedisunn and
distributed ANN control model of multi-legged locomotiomi Dean, 199}t However, whether these intersegmental neurons
animals and walking robotsCfuse et al., 1995; Schmitz et al.,connect to motor neurons directly (corresponding to one head
200§ for the most recent version, seechilling et al., 2003 layer), or to local premotor interneurons (corresponding to
In Walknet spatial control of foot position, i.e., targeting, wastwo hidden layers) or both (two hidden layers with skip
originally realized by a simple feed-forward neural netwtitht  connections that shortcut hidden layer 2) is unknown. In&as
only consisted of one hidden layer with three hidden neuronsof the antenna-to-front-leg mapping, skip connections wouél b
In later versions ofWalknet the target netalso included skip plausible because proprioceptive a erents from antennal joints
connections Cruse et al.,, 1998; Dean et al., 19%s tested have collateral projections to the brain and to the suboesgphh
by the present studySupplementary Figure L Already this (gnathal) ganglion (e.gGoldammer and Durr, 2008 However,
small network could simulate spatial targeting behavior of a these skip connections would not connect to the output layer
insect walking on a plane. The original target net was analyze@notoneurons of the front leg), but to at least one furthedtien
only qualitatively and postures were restricted to much d$enal layer.

working ranges (i.e., action volumes). Moreover, the résglt With regard to the asymmetry of backward and forward
walking behavior olWalknet was quite regular. In contrast to projections described ifrigure 11, it appears that the sampled
the mentioned studies oWalknet we provide a quantitative data for the left middle-to-hind-leg mapping (and to limited
analysis of the complexity of that part of this control network extent for the right middle-to-hind-leg mapping as well) comzs
that deals with spatial inter-limb coordination (tharget net. =~ some underlying regularity which makes it easier to learn
Major di erences of our present model artdrget netare (i) the  the mapping in one direction than in the other, opposite
considerably larger action volumes of the limbs, owing te th direction. A possible explanation for this could be related to
much larger behavioral variability, (ii) the consideratiof all nested trigpnometric functions involved in the mapping of bm
three spatial dimensions, and (iii) the systematic and gitative ~ postures, where small changes in the input or output ranges could
evaluation of mapping accuracy as a function of networkboth favor or prevent successful inversion. For example, censid
complexity. Our results show that the ANN structure used byapproximating a sine function: when considering the range
Dean (1990)was insu cient to achieve an accurate mapping around zero only, this function can be linearly approximated a
for our experimentally derived a ordance volumes (being ininverted. As yet, the function values aroupd? are all close to
the bottleneck range dFigure 11, with inferior accuracy than one and inversion is impossible.

a linear regression). However, highly accurate mappings can We conclude that ANNs provide a good model for the
be learnt with more hidden neurons. For the middle-to- a ordance space de ned here. The model could account for
hind-leg mappings, appropriate network structures were stilinformation transfer about footholds among limbs. In hungn
small. As for the front-to-middle-leg mappings, the a ordance Magosso et al. (201@¢alized a model for—what they call more
volume was much larger than for middle-to-hind-leg mappings.generally—peripersonal space through arti cial neural netgor
equal accuracy required more neurons. However, in bothsas@heir work is comparable, as it is based on trained mappings
accuracy was very high for moderately sized network topekgi between di erent spatial representations that relate locaio
(between 8 and 32 hidden neurons). These numbers are in thef limbs among each other. As a key di erence, their work
range of what would be plausible for a physiological neuralocuses on visuo-tactile representations and takes inspirat
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from human cortical representations, whereas our work aiins eof one limb to that of another and, thus, serve as models
simpler models. But while the function of the sub-componests i for spatial inter-limb coordination in general. Since eacheon
comparable, they further show how these can be intercondecteof these elements is experimentally grounded in a database of
thus giving rise to a body model. In another exampieaud  natural movement sequences, they model behaviourallyaate
et al. (2018jntroduced an anticipatory model for grasping that coordinate transformations within the natural action ran@f
aims to learn the combination of actions and their assodatean insect. Owing to the directedness of the transformatiaes,
perceptual e ects. This is then exploited for motor planning bythe property that one (sender) leg informs another (receileg)
a form of mental simulation. Like our study, Braud et al. fecu how to reach the same foot position, they implement a ordances
on behavioral relevance by directly relating sensory imi@tion  for spatially coordinated limb movements. We argue that éhes
to the action capabilities of the system. In general, body rhode ordances for spatial inter-limb coordination de ne a subgea
representations are used widely in robotics (elgillee and of peripersonal space that is essential for any behavior that
Dominey, 2013for review seeschillaci et al., 20)6They are requires spatial control of footfall patterns (in climbing shinay
assumed to be quite exible in both humans and animals ande vital) or bimanual coordination, Given the ubiquity of $ig&
allow for cognitive abilities such as movement planning. Sdnter-limb coordination behavior in animals, this a ordance
far, most existing models in robotics deal with visuo-tkcti space must be a fundamental property of motor systems with
coordination and the control of reaching or grasping movernsen multiple limbs.
(Ho mann et al., 2010. These approaches could bene t from
including further modalities. AUTHOR CONTRIBUTIONS
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