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Abstract

Navigation in cluttered environments is an important challenge for animals and robots alike
and has been the subject of many studies trying to explain and mimic animal navigational
abilities. However, the question of selecting an appropriate home location has, so far,
received only little attention. This is surprising, since the choice of a home location might
greatly influence an animal’s navigation performance. To address the question of home
choice in cluttered environments, a systematic analysis of homing trajectories was per-
formed by computer simulations using a skyline-based local homing method. Our analysis
reveals that homing performance strongly depends on the location of the home in the envi-
ronment. Furthermore, it appears that by assessing homing success in the immediate vicin-
ity of the home, an animal might be able to predict its overall success in returning to it from
within a much larger area.

Introduction
Home choice, an understudied problem?

The ability to return to a known location, in the following called homing, is a vital problem to
many animals and has been extensively studied, especially in insects (e.g.: [1-9]). However,
while much work has been put into the analysis of visual homing behaviours in insects and
other animals, most studies focus on the conditions under which different strategies allow for
successful homing to an already established home location and the comparison of different
homing algorithms. In contrast to this, much less is known about whether the choice of a
home location itself might enable a navigator to return to its home more successfully.

From a biological perspective, the potential importance of home choice can be illustrated
by the example of a bumblebee queen in spring, trying to find a suitable place to start a new
colony and build her nest. Once she has chosen a location and laid the first eggs, she will have
to feed the newly hatched larvae of the first workers. To accomplish this, repeated foraging
trips are necessary [10, 11]. If the queen ever fails to return to the newly founded nest, her
brood will be lost. Thus, the ease of homing to a potential nest location is of utmost importance
to the queen. The same applies to the foragers who will later take over the task of supplying the
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colony. This argument can be extended to any central place foragers, like ants, bees, wasps, or
birds looking to find a suitable place for a new nest, or more generally any animal which
repeatedly needs to visit a specific location.

Surprisingly however, very little is known about the processes underlying the initial selec-
tion of a proper home location from a navigational perspective. Although Richards [12] per-
formed an investigation into nest site selection of bumblebees, this analysis has focused mostly
on ecological parameters and does not address navigational issues. Janson et al. [13] looked
into nest choice in honey bees, but focused on the decentralised decision making process and
not the choice itself. This is remarkable, since the choice of the location of one’s home might
play a crucial role for successful navigation.

Therefore, this study will address the question whether the choice of the home location
matters, and if so, whether homing performance can be improved by selecting a suitable home
location.

Visually guided navigation

One of the first formalised models, used to explain the astonishing navigational feats of honey-
bees, is the snapshot model proposed by Cartwright and Collett [14]. In their original model,
the current panorama seen by an animal is compared with a “snapshot” taken at the goal loca-
tion (e.g. a flower or the bee’s nest). This “snapshot” consists of the pattern of light and dark
areas on the retina seen at a given location, as was most congruent with experimental results
obtained for honey-bees by Cartwright and Collett. Using these patterns to segment the image,
the relative displacement between corresponding image segments can be used to generate a
new heading direction leading back to the target (“homing direction”).

Since then, many different methods have been proposed to explain and mimic the visually
guided navigation abilities of insects (amongst the most notable being gradient descent on
image differences [6, 15], recognition-triggered response strategies [16, 17], or scene familiar-
ity methods [18], which recently have also been implemented in a mushroom-body inspired
network architecture [19]).

In this study we focus on a variant of the Average Landmark Vector (ALV) model, a long
established model of snapshot-based local homing [20]. Here, a panorama is reduced to a vec-
tor representing the average bearing of all detected features (called “landmarks”), like edges or
dark patches in the image. The homing direction is then derived by simply subtracting the
ALV determined at the home location, from the one computed at the current location of the
agent. The ALV model is very interesting from the perspective of insect navigation, due to its
simplicity regarding computational and memory requirements and its compatibility with the
retinotopic architecture of the insect visual system [21].

However, since extracting features is a computationally demanding task, especially in clut-
tered, naturalistic environments, the model has been adapted to use low-level characteristics,
like pixel intensity values, without further processing [21-23]. In one such variant, termed the
Centre of Mass Average Landmark Vector model, the ALV of a scene corresponds to the cen-
tre of mass of its pixel intensity values [22-25]. To this end, intensity values in each image col-
umn are first averaged along the elevation of the image. If the measured intensity values of the
ground are consistently lower than those of the sky, this corresponds to extracting the skyline
of a given black and white panorama. We will thus call this variant of the ALV the Average
Skyline Vector (ASV) model (see Fig 1 for an overview of the ASV algorithm and Methods for
a formal description). Such a skyline-based mechanism is very appealing from an insect per-
spective, because the skyline is invariant under illumination changes as caused by changing
lighting and weather conditions [26, 27]. Several experimental studies suggest that insects
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Fig 1. Overview of the ASV homing method. Top row: The central panel shows a top view of the simulated cluttered environment. Black boxes represent objects, the
blue and green markers indicate the current and home location of the agent. To perform a homing run between these two locations, panoramic views are rendered (1) at
each location (left and right panel) using the CyberInsect toolbox [36]. Bottom row: Vector profiles of each scene are created (2) taking the given viewing direction as each
vector’s argument and the relative pixel intensity of the corresponding image column as its norm. This represents the skyline of each scene (left and right panel). Summing
(3) these vector profiles yields the Average Skyline Vector (ASV) of each scene (central panel, blue and green arrows). (4) Subtracting the ASVs yields the homing vector
(HV, central panel, red arrow). The agent will follow this HV for a given distance until another HV is generated at its new location.

https://doi.org/10.1371/journal.pone.0194070.9001

might base their navigational endeavours on skyline cues [28-30], while multiple technical
studies could establish the feasibility of this approach both experimentally [29, 31, 32] and the-

oretically [33-35]. We will thus use the ASV model to systematically investigate the question
of home choice.

Linking catchment area size and environmental characteristics

While all of the proposed models face and address different challenges, they have a common
metric to assess their relative success in different environments. This metric is that of the
catchment area [14] and describes that part of an environment, from within which homing
will be successful. This means that if an animal tries to navigate to its nest from a given location
in the environment and is able to reach it following a specific homing strategy, its starting loca-
tion will be within the catchment area of its nest. Such catchment areas are often observed to
differ in size for different home locations in an environment [6, 15, 23, 37], so that some loca-
tions can be reached much easier than others using a given strategy. For this reason, we will
use the size of a home location’s catchment area as our metric of homing success (see Fig 2C).

We do have to note, however, that depending on the strategy used, larger catchment areas
are often more shallow and thus more susceptible to noise-induced homing errors. Hence,
there are potential trade-offs between catchment area size and the robustness of homing
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Fig 2. Methods overview. A: Top view of a simulated environment. Squares represent objects, the yellow area shows
the isovist of the location marked by a red dot. The isovist contains the part of the environment from which a location
is visible and thus quantifies the “visibility” of the homing target. Additionally, objects directly adjacent to the home
location are highlighted in orange. The number and distance to adjacent objects (called “neighbours”) can be used to
quantify the spatial clutter of a home location. B: Brightness skyline of the location highlighted in (A). Computing the
median and interquartile range of the brightness of the skyline (box plot left of the skyline) can be used to quantify
visual clutteredness of the home location. C: Same environment as A. When analysing the performance of a homing
strategy, the area covered by all trajectories converging on a given home location is defined as its catchment area (blue
arrows). The size of the catchment area can be used to quantify the reachability of a location. Here we take the
catchment area and compute the radius of a circle with the same area. This results in the catchment radius of a given
homing target, which gives an intuitive measure of reachability that is expressed by the same distance unit used for the
world (see Inset to the right).

https://doi.org/10.1371/journal.pone.0194070.g002

success [38, 39]. Nevertheless, for the homing strategy employed in this study, this issue can be
neglected, as the way we compute homing directions excludes this type of noise-induced hom-
ing error (see Methods for a detailed description of the homing procedure).

Since homing success is expected to be related to different environmental characteristics
[38, 40], we additionally quantify several different spatial and visual parameters of all home
locations, to be able to assess whether different environmental parameters could be used to
predict homing performance. Firstly, we quantify from which parts of the environment the
home location will be visible for a navigating agent. The area covering all locations from which
the home location is visible is called the isovist of that location [41] and has previously been
linked to navigational behaviour in humans [42]. This allows us to determine systematically
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whether there is a link between the area from within which the goal is visible (isovist) and the
area from which it can be reached (catchment area) (see Fig 2A vs 2C). In addition, we deter-
mine the number and distance to all objects directly adjacent to the home location (i.e. all
objects which can be seen from the home location and which are not obstructed by other
objects), which allows us to determine the degree of “clutteredness” of the home location (see
Fig 2A, highlighted objects). Finally, we determine the variance and average brightness of the
panorama as seen at the home location. This enables us to also quantify clutteredness visually
in terms of image parameters. Using these characteristics, we will try to link the visual and spa-
tial surroundings of the home location to its catchment area.

Research questions

In summing up, we will address the following research questions:

1. How does homing performance (measured by the size of a home location’s catchment area)
depend on the position of the home in the environment?

2. Can homing success be predicted by computationally inexpensive procedures that could
plausibly be employed by a navigating animal?

Results
Simulation overview

To investigate the convergence properties of the ASV model and to address the question of
home choice, we systematically analysed homing trajectories computed in a series of simulated
cluttered environments. The environments consisted of 40 (for additional environments con-
taining 80 and 120 objects see S3 Appendix) black cuboid objects ranging between 30 and 100
units in width and 100 to 800 units in height randomly placed on a black plane of 2500 by
2500 units width without overlapping (see Figs 1 and 2). The density of objects is comparable
with the reconstructed ant habitat used by [23], so that the lateral length of 2500 units set for
our environments could be interpreted as 2.5 meters in real world distance. Note, however,
that this is an arbitrary interpretation and any other scaling would be equally valid.

This type of environment filled with numerous similarly looking objects, like the grass tus-
socks encountered by navigating ants, provides a challenging landscape for the homing algo-
rithm. It should thus be well suited for our analysis of home choice.

Panoramic snapshots were taken along a 220 x 220 grid covering the entirety of the envi-
ronment at a distance of 10 units between each snapshot (see Methods for a more detailed
explanation of the image rendering process). These snapshots were processed according to the
ASV model: every scene was encoded by a two-dimensional vector representing the spatial dis-
tribution of pixel intensity values across the panorama. By taking the difference between these
vectors determined at both the home and the current location, a homing vector (HV) can be
computed, which can be used to navigate through the environment (see Methods for a formal
introduction to the ASV model). Iterating on this procedure, homing trajectories were deter-
mined from any grid position, traversing the grid to reach a given home location. All trajecto-
ries terminating at a given home location are considered to be in its catchment area. We then
compute the radius of a circle with the same area (catchment radius) and use this as the mea-
sure of how well a given location can be reached (in the following called reachability). Note
that this measure disregards the actual shape of the catchment area in favour of an “average”
reachability from all directions.
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To be able to link reachability to the structure of a home location’s surroundings, we deter-
mined its clutteredness both visually and spatially by quantifying different environmental
parameters for each home location: The first of these is the area covering all parts of the envi-
ronment from which the goal could be seen, also called the location’s isovist (see [41] for an
introduction to the concept). Here a larger area means that the home location can be seen
from a larger part of the environment. Furthermore, we determined the number of all objects
that were direct neighbours of a given home location (i.e. directly visible from that location)
and the distances to them. In addition to these spatial characteristics we also assessed the
resulting visual clutter by analysing the average altitude of the brightness-skyline of the pano-
rama as well as its variance taken at a given home location.

Overall reachability

To assess the overall performance of the ASV algorithm in our cluttered virtual environments,
a systematic analysis of catchment area sizes was performed for all home locations on the grid
spanning the entirety of each simulated environment.

Average reachability is consistently low. As can be seen in Fig 3, the median catchment
radius is low at around 17-20 units in all tested environments. Furthermore, the distribution
of catchment radii is heavily skewed towards small radii. However, a sizeable number of home
locations exists which has a catchment radius of up to about 400 units (see Fig 3). The small
median catchment radius indicates that, on average, successful homing is possible, but only in
the vicinity of the home.

These results appear to be stable not only across all tested environments (see Fig 3), but also
across different grid resolutions and for different tolerance levels that allow trajectories passing
closely by the goal to be counted as converging (see S3 Appendix).

Visuospatial analysis

In order to link the observed catchment radii to the visuospatial structure of a home location’s
surroundings, different environmental parameters were quantified and related to the homing
performance (see Methods for a more detailed description of the environmental parameters
quantified and S2 Appendix for an overview of their relation to each other).

No clear link between visuospatial parameters and catchment area size. Fig 4 shows the
distribution of Spearman rank correlation coefficients between the respective environmental
parameters and the catchment radii for each of the 11 environments tested.

The isovist area, that is the area from within which the home is visible, shows no clear rela-
tion with the catchment radius with a median rank correlation coefficient of 0.12 and a large
divergence in correlation that may extend even into the negative range. The median correla-
tion coefficient for the number of neighbours is similarly low at 0.17; however, here the range
of observed correlation coefficients does not extend to negative values. This similarity also
reflects the moderate positive correlation between the two parameters (median correlation
coefficient 0.57, see S2 Appendix).

Furthermore, there appears to be a weak negative correlation between the median distance
to a home location’s neighbours and the catchment radius (median correlation coefficient
-0.33), but no clear relation between the catchment radius and the variance in neighbour dis-
tances (median correlation coefficient -0.22). The overall brightness of the scene—expressed as
median skyline brightness—seems to be weakly negatively related to the catchment radius
(median correlation coefficient -0.39), which matches the moderate correlation strength
between skyline brightness and neighbour distance (median correlation coefficient of 0.58, see
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S2 Appendix). The variance of the skyline brightness profile does not seem to be clearly related
to performance (median correlation coefficient -0.20).

Overall, none of the parameters quantified to describe the visual clutter of the environment
show a strong relationship to the observed catchment radius. As such, none of them could
readily be used to predict homing success.

Local convergence pattern

As described above, the quantified visuospatial characteristics of a home location could not
easily be related to homing success. One reason for this might be that to home successfully, the
agent needs to iteratively approach its goal. Whether or not the agent will get lost on its way
will be determined by the visuospatial characteristics all along its homing trajectory and not
only by those at the goal. For this reason, we determined the local convergence pattern at the
home location, to quantify how likely the agent would get lost on its way.

Due to the grid-based nature of our simulations, the directions of homing vectors close to
the home location fall into one of three categories: A home location reachable from all direc-
tions is considered a sink, a location not reachable from any direction a source and a location
reachable from some, but not all directions is classified as a saddle point (see Fig 5). We call
this pattern of local convergence a home location’s target type. Based on theoretical consider-
ations, we expect at least part of the home locations to be saddle points (see S1 Appendix).
Thus, we determined the target type of all analysed home locations.

Local convergence is directionally limited for most home locations. The analysis of tar-
get types revealed that most home locations are saddle points (~ 65-70%) and a smaller pro-
portion are sources (~ 25-30%), leaving less than 5% of locations as sinks (see Fig 6, Inset).
We thus find no or only limited local convergence for more than 90% of all home locations.
Furthermore, we find that this distribution of convergence patterns is consistent across all
environments and for all tested step sizes (see S3 Appendix).

Link between local convergence and catchment radius

When analysing the different target types individually, pronounced differences in the respec-
tive median and distribution of catchment radii become obvious. The median catchment
radius for saddle points (~ 25 units, see Fig 6, light red) is only slightly larger than the overall
median (~ 15-20 units, see Fig 3) and the distribution is also similar to that observed overall.
This is expected, as saddle points make up roughly 70% of home locations. The catchment
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Fig 6. Reachability is greatly increased for sinks. Box plots show distributions of catchment radii for each target type
(see also Fig 5) in each simulated environment. The inset in the top left shows the proportion of target types for the
respective environments. The colour scheme shows sinks in deep red, saddle points in light red and sources in grey in
both the inset and box plots Inset: Target type proportions are robust across environments, with saddle points making
up about 70% and sources about 25% of home locations, leaving less than 5% of locations as sinks. Box plots:
Distributions of catchment radii found for saddle points closely match those found overall, with a median of around 20
units and a long tail of outliers reaching up to around 500 units (cf. Fig 3). Catchment radii for sources are expectedly
constant at ~ 5 units. Strikingly, at around 200 units, median catchment radii for sinks are consistently an order of
magnitude larger than the overall median catchment radii (cf. radii for saddle points) in all tested environments.
Catchment radii are also more evenly distributed around the median. Results are robust across all tested environments.

https://doi.org/10.1371/journal.pone.0194070.9006
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pattern (target type) of each home location is shown in colour. Note the overlap between sinks and locations
characterised by a large catchment radius (Top). These patterns are consistent across all tested environments.

https://doi.org/10.1371/journal.pone.0194070.9007

radius of sources is constant at ~ 5 units, which is the radius of a catchment area covering
only the home location itself (see Fig 6, grey).

Homing success for sinks is greatly increased. In contrast, the median catchment radius
of sinks amounts to around 200 units (Fig 6, deep red), making the average catchment radius
of a sink almost 10 times larger than that of a saddle point. Moreover, catchment radii are
much more evenly spread around the median for sinks. This marked difference in median
catchment radius means that locally determining the target type of a home location allows to
make sound predictions about its global reachability. Specifically, choosing a home which is a
sink, will on average increase homing performance significantly. The link between larger-
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than-average catchment radii and the local convergence pattern is also visible in the overlap
between the spatial distributions of sinks and home locations with large catchment radii
(see Fig 7).

Discussion

When using the ASV model, the reachability of a home location varies depending on its loca-
tion in the environment. Hence, locations differ greatly in their quality as possible home sites.
However, the environmental characteristics of a location cannot easily be used to predict the
size of the catchment area and, thus, homing success. Nevertheless, it is of great interest to a
navigating agent to be able to detect whether a location can be easily found or not. While the
analysed visuospatial characteristics of the home location could not be used to predict homing
success directly, the different local patterns of convergence (i.e. the target type) of a home loca-
tion could be shown to be linked to the size of its catchment area. Most importantly, although
locations that can be reached from all directions are relatively rare, they tend to have much
larger catchment areas than the other target types. The local convergence pattern can thus be
used to identify promising homing targets to increase homing success.

Home choice

Overall homing success. Overall, most of the home locations analysed in our simulations
were characterised by small catchment radii (see Fig 3), limiting their usefulness as homing
targets. However, the existence of a subset of locations characterised by remarkably large
catchment radii indicates that some locations in the environment will be singularly well suited
as home locations to choose. It will thus be of great interest to a navigating animal, to identify
these locations to improve its homing success.

Linking reachability and environmental structure. While the benefits of selecting a
home location with a large catchment radius are readily apparent, it is implausible for an ani-
mal to probe its entire environment to assess a location’s full catchment area, as was done by
the systematic analysis performed here. Are there ways for an animal to gain information on a
location’s reachability without having to perform such an unrealistically exhaustive survey?

To investigate whether certain features of a home location’s environment might be used to
predict homing success, we investigated the relationship between several spatial and visual
parameters of a location’s surroundings and the reachability of that location. Firstly, we deter-
mined the area from within which a home could be seen, called its isovist [41, 42], since intui-
tively a location which is visible from a larger part of the environment might also be found
more easily. Furthermore, we determined the distance to all directly adjacent objects for each
home location (i.e. its “neighbours”). This allowed us to directly quantify the degree of spatial
clutter for a given home. Lastly, the average brightness of the scene and the variance of the
brightness skyline were computed in order to quantify the visual degree of clutter. However,
when trying to relate these environmental parameters with a location’s reachability, no clear
patterns emerged (see Fig 4). This means that none of the the derived parameters could be
used to meaningfully predict catchment area size and, thus, homing success.

Nevertheless, if we consider the spatial distribution of locations with large catchment areas
(see Fig 7), we observe a concentration of these home locations in clearings surrounded by
objects at an intermediate distance. This indicates that there should be some relationship
between the spatial structure of the environment and the observed homing success. However,
as described above, deriving the topological characteristics which lead to this increased hom-
ing success tends to be very difficult. One reason might be, that to capture those characteristics
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of the environment which determine homing success, one needs to consider not only the
home location itself, but also the route towards it.

Identifying promising home locations. When determining the directions from which a
given home location could be reached using the employed homing algorithm, we discovered
that the local pattern of convergence is a useful predictor of the overall reachability: Sinks, on
average, possess considerably larger catchment radii than saddle points (median catchment
radius is increased by an order of magnitude, see Fig 6). This implies, that a navigating agent
can select a sink as home to improve homing success.

Hence, if an animal determines the local convergence pattern of a given location, it might
use this information to predict the catchment radius and, thus, the quality and usefulness of
the location as a home site. If the location can be reached equally well from all directions, it is
likely a promising home location to memorise.

From a behavioural point of view, the local convergence pattern of a potential home loca-
tion could be determined by a chain of “homing trials” performed in its immediate vicinity. At
various trial points in the vicinity of the home location, the homing direction could be com-
puted and compared with the direction in which the actual home location is located. If the
directions match, the trial would be successful and homing from this direction would be possi-
ble. If trials are successful all around the home location, it can be reached from all directions
and will most likely be a good location to select. Interestingly, bees and wasps perform a behav-
iour compatible with this idea when first leaving the nest or encountering a new food source
[43-46]. This behaviour, often called a learning flight, has been associated with the acquisition
of information about the local environment [47, 48], and even though in these cases the loca-
tion of the home has already been fixed, this illustrates that bees do possess a behavioural rep-
ertoire, which could also be used to perform “homing trials” to assess a location’s local pattern
of convergence.

Furthermore, since individual saddle points may also be characterised by large catchment
radii (Fig 6) and since saddle points make up the majority of all home locations (Fig 6, inset), it
might also be of interest to investigate whether ants or other central place foragers preferen-
tially approach such locations from those more reachable directions determined by the local
convergence pattern. It is already known that ants can make use of the wind directions to
extract compass information [49] and to inform their search behaviour [50], resulting in an
directionally constrained homing and search behaviour. It might thus be interesting to investi-
gate whether visually driven approaches might also be performed in a directionally selective
way that conforms to the reachability of a homing target.

Limitations of local homing strategies

Due to their reliance on comparing the current vista with that memorised at the homing target,
local homing strategies are inherently limited in the range over which they can provide suffi-
cient guidance. Thus, to be able to navigate over longer distances, an animal would have to rec-
ognise not only its final goal, but also intermediate locations en route (see for example [51] for
a discussion of this topic). A possible way of implementing route navigation by following a
chain of “target locations” set as way-points has been described and successfully tested by
Smith et al. [52]. Their method of linked local navigation allows an agent to home towards a
series of locations along a memorised route, switching from one way-point to the next. When
using such a strategy, we might expect a navigating animal to select way-points in a way that
minimises the number of locations which need to be memorised. Thus, the reachability of
selected way-points will be of great importance, and we can expect animals to preferentially
pick way-points with a large catchment radius, so that fewer intermediate locations have to be
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remembered. A promising way to investigate this hypothesis might be to compare the average
catchment radius of on-route vs. off-route locations, for instance, of ant homing trajectories.
Indeed, reconstructed routes of ants in a cluttered environment (see Figure 1 in [23]) with a
similar density of objects as used in our analysis led through many surrounded places and,
thus, might contain several locations characterised by large catchment radii (cf. bright spots in
Fig 7). Then, if ants indeed use such a method of following linked way-points along a route,
their course through the cluttered environment could be explained in terms of optimising
way-point reachability.

Considering our results, one way to minimise the number of way-points required, might be
to assess the local convergence pattern of possible way-points and preferentially select sinks as
intermediate homing targets. Since the choice of a way-point is subject to fewer ecological con-
straints than the choice of a nest site, the animal is also likely to be more flexible in its choice.
Mangan [25] reports a high degree of variance in the size of catchment areas observed along a
reconstructed ant route when using a similar model to the one employed in this study. We
might speculate, that an analysis of the target type of the locations chosen along the recon-
structed ant path might be used to explain this observed difference in homing success for dif-
ferent parts of the route. In this context, an analysis of the way-points used by actual ants
would be of great interest to further investigate the importance of target types for local homing
procedures.

One alternative to way-point-based route following methods is the visual compass-like
scene familiarity model described by Baddeley et al. [18]. Here, an artificial neural network is
trained on all views experienced along an initial return trajectory. On subsequent trips the
agent is then able to assess whether or not it is on or near its route, using the similarity between
its current view and the holistic memory of its previous trajectory. This means that homing
will be successful within a visual corridor around its previous path, the width of which is
defined by whether the familiarity algorithm will lead the agent to converge on its route or not.
Considering this, it would be interesting to investigate the relationship between reachability
and target types of locations within such a visual corridor and its spatial extent.

The ASV model

Grid-based homing. When aiming to systematically address navigation across large envi-
ronments, a grid-based simulation approach is computationally most sensible and has been
the method of choice for a variety of different modelling studies (e.g. [23-25, 38, 39, 53]). That
is because instead of having to render hundreds or thousands of images for each individual tra-
jectory, a limited set of panoramas can be pre-rendered and the derived image features saved
to be used for all homing trajectories traversing the given location. This drastically reduces
computation time and allows for a more systematic analysis of homing trajectories than would
otherwise be possible.

However, from a biological perspective this approach is of course quite unrealistic. While a
navigating animal might follow a strategy of repeated bouts of forward movement, inter-
spersed with periods of reorientation, it is highly unlikely to observe a truly grid-like pattern of
exactly spaced intervals under natural conditions. Furthermore, the discretisation imposed by
the grid also distorts trajectories to some extent, as the simulated animals do not move exactly
in the direction indicated by the homing vector of a given position, but rather to the neigh-
bouring grid node most closely aligned with it. These distortions will also depend on the reso-
lution of the grid. To illustrate this, one might imagine a perfectly continuous solution. Here,
the agent will always move exactly according to the homing vector determined for its current
location. This solution is equivalent to a grid-based solution of infinite resolution. Then, as the
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grid becomes coarser, more and more “nodes” on the original grid are lost. However, since
each of these nodes might have sent the animal in a different direction, the trajectory taken by
the animal across the same part of the environment will likely change as grid nodes are lost.
Thus, to avoid possible biases induced by investigating homing only for a specific grid resolu-
tion, trajectories were computed systematically for a wide range of different grid resolutions.
Our findings suggest a robust distribution of target types and catchment radii across a wide
range of different parameters, while individual trajectories might change significantly for dif-
ferent grid resolutions (see step size sketch in S3 Appendix). This suggests that the choice of
grid resolution is unimportant when performing a large-scale analysis as was done in this
study. However when analysing individual trajectories, the chosen grid resolution might
markedly impact homing success and the effect of this should be considered for the interpreta-
tion of any obtained simulation results.

Limitations of convergence. According to the theorem presented in S1 Appendix, con-
vergence on all home locations is directionally limited. However, when analysing the distribu-
tion of target types, we observe a small but consistent proportion of sinks, i.e. home locations
to which successful homing from all directions is possible. To explain this, we need to consider
the details of the landmark vector computation. In the ASV model, “landmark features” are
derived by extracting the average pixel intensity along the columns of the image. Thus, “land-
marks” do not directly correspond to specific, spatial features in the environment, but associate
an intensity value with a given direction. Hence, there are no fixed “landmarks” detected at
certain positions in the environment, as it is assumed by the theorem. Furthermore, the dis-
crete nature of our simulations deviates from the continuous case assumed by the theorem.
Thus, there is a discrepancy between the observed convergence patterns and the prediction
derived from the theorem. Still, over 90% of all locations are not reachable from all directions,
with more than 70% of these locations being saddle points (see S3 Appendix). Hence, the pre-
sented theorem still aids in the understanding of observed patterns of convergence and consti-
tutes a valuable contribution to the understanding of the presented homing method.

Feature-dependence of performance. In our simulations, pixel intensity values were
used for the computation of the ASV to encode the visual panorama at a given location. How-
ever, the principle of vectorial summation derived from the original ALV model is not limited
to this specific type of feature.

Firstly, the panoramic view can be encoded in different ways other than through vertical
averaging of pixel intensities. For example, as described by [26], the skyline might be extracted
directly, by segregating the input image via different colour channels. The principle might
even be applied without any step to extract a skyline, utilising the full image to directly com-
pute an ASV that also takes into account the elevation (then more appropriately called an aver-
age scene rather than skyline vector). This would allow for 3-dimensional homing, similar to
the procedure described by Murray & Zeil [39] for catchment volumes of image difference
functions. Furthermore, other visual cues, such as optic flow-based nearness estimates, could
be used in a similar manner, substituting pixel intensity with flow amplitude values to deter-
mine a “nearness panorama” [54].

Secondly, the same principle may also be applied in non-visual contexts. All that is required
for the method to work, is for the extracted feature to be translated into a magnitude value
associated with a given direction. Thus, if for example auditory or olfactory information is
available in a direction-selective manner (see for example [55]), it might also be used for navi-
gational purposes with the ASV model.

However, different extracted features (especially the ones associated with different sensory
modalities) likely differ in their spatial distribution. Thus, we might expect different levels of
reachability for a given location, depending on the feature used. This means that, for example,
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a nest entrance marked by an arrangement of “landmarks” might be easily reachable using
visual information, however its profile as determined by a different cue (like olfaction) might
be less unique, impeding successful homing. Thus, if multiple cues could be used for naviga-
tion, “homing trials” might also serve to ascertain which of the available cues will be most use-
ful for homing to an already established home. This could be considered another reason for
performing learning flights in the vicinity of a nest or food source as observed for example in
bees (see above). In this context, the combination of homing vectors derived from different
sensory cues to improve homing performance might be a topic of interest for further study.

Conclusion

We could show that the question of home choice is likely to be an important factor in the con-
text of navigation and an interesting problem worthy of further investigation. Particularly, dif-
ferent ways a navigating animal might assess a location’s quality as a home should be explored.
While we could show that ensuring omni-directional local convergence might be one such
way, it is likely that a variety of different features play a role for this kind of assessment. Explor-
ing such different features (like the idea of surroundedness mentioned above), will surely yield
valuable insights into the way different types of spatial information may be used by navigating
animals.

Furthermore, while the obtained results highlight the usefulness of simulation studies for
systematic analyses, the comparison of theoretically predicted and behaviourally obtained
catchment areas is necessary to further our understanding of animal navigation strategies.
Thus, the study of nest placement from a navigational point of view should be pursued further
by investigating the real-world catchment areas of nests and other homing targets used by dif-
ferent animals such as ants, bees or even birds.

Methods

Simulations and analyses were performed using the Matlab™ software environment.

Simulation and image rendering

To systematically test the ASV model, a series of 11 virtual 3D-environments was created. The
environments consisted of 40 cuboid objects ranging between 30 and 100 units in width and
100 to 800 units in height randomly placed on a plane of 2500 by 2500 units width without
overlapping. Panoramic images were computed using the CyberInsect toolbox [36] at each
location of a grid with 220 x 220 equidistant locations spread across the entire environment
with a spacing of 10 units. This led to a total of 48400 panoramic images.

At each location, the computed image covered 360° in the horizontal and 180° in the verti-
cal (-90° to 90°, with 0° at the horizon) plane with a resolution of 2° in both dimensions, result-
ing in 180 x 90 pixel panoramas (Fig 1). Panoramas were 8-bit grey-scale images, with a
resolution of 2° that reflects the spatial resolution of insect visual systems (e.g. [56, 57]), while
at the same time reducing processing demands for possible hardware implementations. Fur-
thermore, the grid-based approach allowed for a high spatial resolution in covering the entirety
of the environment while keeping computational demands manageable, since it made it possi-
ble to pre-compute and store panoramic images all across the environment for later use with-
out having to re-render the environment for every homing trajectory.

Average Skyline Vector computation. To compute the Average Skyline Vector (ASV) of
a given scene, the pixel intensity (or brightness) of each image column was summed along the
elevation, yielding an average brightness value for each azimuthal direction. Since our environ-
ment was covered entirely with black-and-white textures, this vertical summation of pixel
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intensities was equivalent to an explicit extraction of the skyline altitude and thus combines
the “elevation” and “skyline” codes described in [23]. Taking these average brightness values as
the norm and the viewing direction as the argument results in a list of skyline vectors (SVs)
encoding the whole panorama:

I SV(Azp) | = > I(AzElLp)
El (1)
arg (SV(Az,p)) = Az

where I is the observed pixel intensity in the viewing direction determined by the horizontal
(Az=10, ..., 360}) and vertical (El = {-90, ..., 90}) viewing angle at location p. Summing these
skyline vectors yields the average skyline vector (ASV):

A?{/(p) = ZfV(Az,p). (2)

Since the norm of each skyline vector is determined by the average brightness value corre-
sponding to a given viewing direction, it changes depending on the distance to objects. That is,
as an object is approached it will subtend a larger visual angle on the retina in the given view-
ing directions, thus reducing the length of the respective SVs. This is an important feature of
this type of skyline-based model, as it should negatively impact convergence of the homing
algorithm (see S1 Appendix).

One thing that has to be noted, is the fact that all images processed in this way have to be
aligned beforehand. While this is given in our simulation, a biological agent would first have to
determine the correct alignment via mental or physical rotation of a given scene. To explain
how an animal might solve this problem, visual compass methods have been described [29, 30,
38] that might allow it to perform the necessary alignments.

Computation of homing trajectories. Homing vectors (HVs) were computed by sub-
tracting the ASV of the home location from the one determined at the current location:

HV(p) = ASV, — ASV,, (3)

with p being the current location and p’ the home location.

This means, that for any given home location, the HV for all other locations on the grid
could be computed. These HVs could then be used to generate grid-based trajectories simulat-
ing navigation through the environment. To this end the agent was moved along the grid,
starting from a given location and moving to the neighbouring location most closely aligned
with the homing direction stored in the HV computed for its current location. This reflects the
procedure described by previous studies using the same algorithm [23-25]. However, while
the mentioned studies focused on a small number of home locations placed along recon-
structed routes, we were interested in trajectories covering the whole environment to perform
a more systematic analysis. Hence, not only selected individual locations, but all 48400 loca-
tions on the grid of all 11 environments were used as home locations, and homing trajectories
starting from all 48400 locations were computed for each of them. This resulted in a set of
48400 trajectories for each environment.

Assessment of environmental parameters

In order to potentially link the observed homing success of a given location to the visual and
spatial structure of its surroundings, we determined several environmental parameters. This
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allowed us to determine the degree of visual and spatial clutter for each location. To this end
we computed the area covered by that part of the environment from which the home location
would be visible, also called the location’s isovist [41, 42], using the Visilibity toolbox [58]. A
less cluttered location will potentially have a greater isovist, meaning it can be seen from a
larger part of the environment. We also determined the number and distances to all objects
directly adjacent (i.e. within direct line of sight) to the home location, thus quantifying spatial
clutter more directly. Furthermore, to assess clutter visually, the average brightness and azi-
muthal variance in brightness of the panorama taken at the respective home location was
calculated.

These measures where then correlated with each other and with the respective catchment
radius to determine, whether the visuospatial make-up of a home location’s surroundings
could be used to predict homing success.

Data analysis

Local convergence pattern. Theory predicts that convergence on home locations will be
limited to certain directions, as home locations may be saddle points (see S1 Appendix). To
investigate the prevalence of saddle points, home locations were categorised by their conver-
gence pattern (see Fig 5): A grid position was considered either a sink (i.e. all 8 neighbouring
grid positions converge on the home location), a source (none of the 8 neighbouring grid loca-
tions converge), or a saddle point (some, but not all neighbouring grid locations convergence).
We call this the target type of a given home location.

Reachability. Inaccordance with [23], the area covered by all trajectories converging on a
given home location was called the catchment area of that location. We then computed the
radius of a circle with the same area as the catchment area to derive a catchment radius of that
location. Note that this disregards the actual shape of the catchment area in favour of an “aver-
age” reachability from all sides (see also Fig 2).

Supporting information

S1 Appendix. Proof of limited convergence. The Appendix contains a formal proof of limited
convergence for ALV variants using distance-dependent weights.
(PDF)

S$2 Appendix. Statistical analysis of environmental parameters. This supplement contains
results for statistical tests determining the relation between the different environmental
parameters.

(PDF)

S3 Appendix. Results for additional simulations. The supplementary results contain an anal-
ysis of additional simulations determining the effect of changing different simulation parame-
ters.

(PDF)

Acknowledgments

We thank Sridhar Ravi for his help in revising the manuscript as well as Michael Mangan and
Alex Dewar for their helpful comments and suggestions.

Author Contributions
Conceptualization: Martin M. Miiller, Olivier J. N. Bertrand, Dario Differt.

PLOS ONE | https://doi.org/10.1371/journal.pone.0194070 March 9, 2018 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194070.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194070.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194070.s003
https://doi.org/10.1371/journal.pone.0194070

@° PLOS | ONE

Home choice in skyline-based homing

Data curation: Martin M. Miiller, Olivier J. N. Bertrand.
Formal analysis: Martin M. Miiller, Olivier J. N. Bertrand.
Funding acquisition: Martin Egelhaaf.

Investigation: Martin M. Miiller, Olivier J. N. Bertrand.
Methodology: Martin M. Miiller, Olivier J. N. Bertrand, Dario Differt.
Project administration: Olivier J. N. Bertrand, Martin Egelhaaf.
Resources: Martin Egelhaaf.

Software: Martin M. Miiller, Olivier J. N. Bertrand.
Supervision: Olivier J. N. Bertrand, Martin Egelhaaf.
Visualization: Martin M. Miiller, Olivier J. N. Bertrand.
Writing - original draft: Martin M. Miiller.

Writing - review & editing: Martin M. Miiller, Olivier J. N. Bertrand, Dario Differt, Martin
Egelhaaf.

References

1. Wehner R. Celestial and Terrestrial Navigation: Human Strategies—Insect Strategies. In: Neuroethol-
ogy and Behavioral Physiology. Springer, Berlin, Heidelberg; 1983. p. 366—381. Available from: https://
link.springer.com/chapter/10.1007/978-3-642-69271-0_26.

2.  Wehner R, Michel B, Antonsen P. Visual navigation in insects: coupling of egocentric and geocentric
information. Journal of Experimental Biology. 1996; 199(1):129—140. PMID: 9317483

3. Wehner R. Desert ant navigation: how miniature brains solve complex tasks. Journal of Comparative
Physiology A. 2003; 189(8):579-588. https://doi.org/10.1007/s00359-003-0431-1

4. Trullier O, Wiener SI, Berthoz A, Meyer JA. Biologically Based Artificial Navigation Systems: Review
and Prospects. Progress in Neurobiology. 1997; 51(5):483-544. https://doi.org/10.1016/S0301-0082
(96)00060-3 PMID: 9153072

5. Collett M, Chittka L, Collett T. Spatial Memory in Insect Navigation. Current Biology. 2013; 23(17):
R789-R800. https://doi.org/10.1016/j.cub.2013.07.020 PMID: 24028962

6. Zeil J, Hofmann MI, Chahl JS. Catchment areas of panoramic snapshots in outdoor scenes. JOSA A.
2003; 20(3):450—-469. https://doi.org/10.1364/JOSAA.20.000450 PMID: 12630831

7. ZeilJ, Boeddeker N, Stirzl W. Visual Homing in Insects and Robots. In: Floreano D, Zufferey JC, Srini-
vasan MV, Ellington C, editors. Flying Insects and Robots. Springer Berlin Heidelberg; 2009. p. 87—
100. Available from: http:/link.springer.com/chapter/10.1007/978-3-540-89393-6_7.

8. ZeilJ. Visual homing: an insect perspective. Current Opinion in Neurobiology. 2012; 22(2):285-293.
https://doi.org/10.1016/j.conb.2011.12.008 PMID: 22221863

9. Knaden M, Graham P. The Sensory Ecology of Ant Navigation: From Natural Environments to Neural
Mechanisms. Annual Review of Entomology. 2016; 61(1):null. https://doi.org/10.1146/annurev-ento-
010715-023703

10. Silvola J. Respiration and Energetics of the Bumblebee Bombus terrestris Queen. Holarctic Ecology.
1984;7(2):177-181.

11.  Goulson D. Bumblebees: Their Behaviour and Ecology. Oxford University Press; 2003.

12. Richards KW. Nest site selection by bumble bees (Hymenoptera: Apidae) in southern Alberta. The
Canadian Entomologist. 1978; 110(03):301-318. https://doi.org/10.4039/Ent110301-3

13. Janson S, Middendorf M, Beekman M. Searching for a new home—scouting behavior of honeybee
swarms. Behavioral Ecology. 2007; 18(2):384—392. https://doi.org/10.1093/beheco/arl095

14. Cartwright BA, Collett TS. Landmark maps for honeybees. Biological Cybernetics. 1987; 57(1-2):85—
93. https://doi.org/10.1007/BF00318718

15. Modller R, Vardy A. Local visual homing by matched-filter descent in image distances. Biological Cyber-
netics. 2006; 95(5):413—430. https://doi.org/10.1007/s00422-006-0095-3 PMID: 17021827

PLOS ONE | https://doi.org/10.1371/journal.pone.0194070 March 9, 2018 18/20


https://link.springer.com/chapter/10.1007/978-3-642-69271-0_26
https://link.springer.com/chapter/10.1007/978-3-642-69271-0_26
http://www.ncbi.nlm.nih.gov/pubmed/9317483
https://doi.org/10.1007/s00359-003-0431-1
https://doi.org/10.1016/S0301-0082(96)00060-3
https://doi.org/10.1016/S0301-0082(96)00060-3
http://www.ncbi.nlm.nih.gov/pubmed/9153072
https://doi.org/10.1016/j.cub.2013.07.020
http://www.ncbi.nlm.nih.gov/pubmed/24028962
https://doi.org/10.1364/JOSAA.20.000450
http://www.ncbi.nlm.nih.gov/pubmed/12630831
http://link.springer.com/chapter/10.1007/978-3-540-89393-6_7
https://doi.org/10.1016/j.conb.2011.12.008
http://www.ncbi.nlm.nih.gov/pubmed/22221863
https://doi.org/10.1146/annurev-ento-010715-023703
https://doi.org/10.1146/annurev-ento-010715-023703
https://doi.org/10.4039/Ent110301-3
https://doi.org/10.1093/beheco/arl095
https://doi.org/10.1007/BF00318718
https://doi.org/10.1007/s00422-006-0095-3
http://www.ncbi.nlm.nih.gov/pubmed/17021827
https://doi.org/10.1371/journal.pone.0194070

@° PLOS | ONE

Home choice in skyline-based homing

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nelson RC. Visual homing using an associative memory. Biological Cybernetics. 1991; 65(4):281-291.
https://doi.org/10.1007/BF00206225 PMID: 1932284

Gaussier P, Zrehen S. Perac: A neural architecture to control artificial animals. Robotics and Autono-
mous Systems. 1995; 16(2-4):291-320. https://doi.org/10.1016/0921-8890(95)00052-6

Baddeley B, Graham P, Husbands P, Philippides A. A Model of Ant Route Navigation Driven by Scene
Familiarity. PLOS Computational Biology. 2012; 8(1):1002336. https://doi.org/10.1371/journal.pcbi.
1002336 PMID: 22241975

Ardin P, Peng F, Mangan M, Lagogiannis K, Webb B. Using an Insect Mushroom Body Circuit to
Encode Route Memory in Complex Natural Environments. PLOS Comput Biol. 2016; 12(2):e1004683.
https://doi.org/10.1371/journal.pcbi.1004683 PMID: 26866692

Lambrinos D, Méller R, Labhart T, Pfeifer R, Wehner R. A mobile robot employing insect strategies for
navigation. Robotics and Autonomous systems. 2000; 30(1):39-64. https://doi.org/10.1016/S0921-
8890(99)00064-0

Vardy A. Biologically plausible methods for robot visual homing. Carleton University Ottawa; 2005.
Available from: https://curve.carleton.ca/system/files/etd/5ce96fc8-c740-4a88-84ee-cc3084cb8f26/
etd_pdf/ae25b93a3a96a9d003482a206c4e8e89/vardy-biologicallyplausiblemethodsforrobotvisual.pdf.

Hafner VV. Adaptive Homing—Robotic Exploration Tours. Adaptive Behavior. 2001; 9(3-4):131-141.
https://doi.org/10.1177/10597123010093002

Basten K, Mallot HA. Simulated visual homing in desert ant natural environments: efficiency of skyline
cues. Biological Cybernetics. 2010; 102(5):413—-425. https://doi.org/10.1007/s00422-010-0375-9
PMID: 20300942

Mangan M, Webb B. Modelling place memory in crickets. Biological Cybernetics. 2009; 101(4):307.
https://doi.org/10.1007/s00422-009-0338-1 PMID: 19862550

Mangan M. Visual homing in field crickets and desert ants: a comparative behavioural and modelling
study. Institute of Perception, Action and Behaviour, School of Informatics, University of Edinburgh;
2011. Available from: https://www.era.lib.ed.ac.uk/handle/1842/5678.

Méller R. Insects Could Exploit UV—Green Contrast for Landmark Navigation. Journal of Theoretical
Biology. 2002; 214(4):619-631. https://doi.org/10.1006/jtbi.2001.2484 PMID: 11851371

Differt D, Méller R. Insect models of illumination-invariant skyline extraction from UV and green chan-
nels. Journal of Theoretical Biology. 2015; 380:444—462. https://doi.org/10.1016/}.jtbi.2015.06.020
PMID: 26113191

Fukushi T. Homing in wood ants, Formica japonica: use of the skyline panorama. Journal of Experimen-
tal Biology. 2001; 204(12):2063—-2072. PMID: 11441048

Graham P, Cheng K. Ants use the panoramic skyline as a visual cue during navigation. Current Biology.
2009; 19(20):R935—-R937. https://doi.org/10.1016/j.cub.2009.08.015 PMID: 19889365

Philippides A, Baddeley B, Cheng K, Graham P. How might ants use panoramic views for route naviga-
tion? Journal of Experimental Biology. 2011; 214(3):445-451. https://doi.org/10.1242/jeb.046755
PMID: 21228203

Stone T, Differt D, Milford M, Webb B. Skyline-based localisation for aggressively manoeuvring robots
using UV sensors and spherical harmonics. In: 2016 IEEE International Conference on Robotics and
Automation (ICRA); 2016. p. 5615-5622.

Stone T, Mangan M, Ardin P, Webb B. Sky segmentation with ultraviolet images can be used for naviga-
tion. In: Robotics: Science and Systems. Robotics: Science and Systems; 2014.

Méller R. Visual Homing without Image Matching. In: Neurotechnology for Biomimetic Robots; 2002.
Available from: https://pub.uni-bielefeld.de/publication/1936994

Kollmeier T, Roben F, Schenck W, Méller R. Spectral contrasts for landmark navigation. Journal of the
Optical Society of America A. 2007; 24(1):1. https://doi.org/10.1364/JOSAA.24.000001

Differt D, Méller R. Spectral Skyline Separation: Extended Landmark Databases and Panoramic Imag-
ing. Sensors. 2016; 16(10):1614. https://doi.org/10.3390/s16101614

Lindemann JP. ivTools Cyberinsect Repository; 2015. Available from: https://opensource.cit-ec.de/
projects/ivtools/repository/show/Cyberinsect.

Stirzl W, Mallot HA. Efficient visual homing based on Fourier transformed panoramic images. Robotics
and Autonomous Systems. 2006; 54(4):300-313. https://doi.org/10.1016/j.robot.2005.12.001

Stiirzl W, Zeil J. Depth, contrast and view-based homing in outdoor scenes. Biological Cybernetics.
2007; 96(5):519-531. https://doi.org/10.1007/s00422-007-0147-3 PMID: 17443340

Murray T, Zeil J. Quantifying navigational information: The catchment volumes of panoramic snapshots
in outdoor scenes. PloS one. 2017; 12(10):e0187226. https://doi.org/10.1371/journal.pone.0187226
PMID: 29088300

PLOS ONE | https://doi.org/10.1371/journal.pone.0194070 March 9, 2018 19/20


https://doi.org/10.1007/BF00206225
http://www.ncbi.nlm.nih.gov/pubmed/1932284
https://doi.org/10.1016/0921-8890(95)00052-6
https://doi.org/10.1371/journal.pcbi.1002336
https://doi.org/10.1371/journal.pcbi.1002336
http://www.ncbi.nlm.nih.gov/pubmed/22241975
https://doi.org/10.1371/journal.pcbi.1004683
http://www.ncbi.nlm.nih.gov/pubmed/26866692
https://doi.org/10.1016/S0921-8890(99)00064-0
https://doi.org/10.1016/S0921-8890(99)00064-0
https://curve.carleton.ca/system/files/etd/5ce96fc8-c740-4a88-84ee-cc3084cb8f26/etd_pdf/ae25b93a3a96a9d003482a206c4e8e89/vardy-biologicallyplausiblemethodsforrobotvisual.pdf
https://curve.carleton.ca/system/files/etd/5ce96fc8-c740-4a88-84ee-cc3084cb8f26/etd_pdf/ae25b93a3a96a9d003482a206c4e8e89/vardy-biologicallyplausiblemethodsforrobotvisual.pdf
https://doi.org/10.1177/10597123010093002
https://doi.org/10.1007/s00422-010-0375-9
http://www.ncbi.nlm.nih.gov/pubmed/20300942
https://doi.org/10.1007/s00422-009-0338-1
http://www.ncbi.nlm.nih.gov/pubmed/19862550
https://www.era.lib.ed.ac.uk/handle/1842/5678
https://doi.org/10.1006/jtbi.2001.2484
http://www.ncbi.nlm.nih.gov/pubmed/11851371
https://doi.org/10.1016/j.jtbi.2015.06.020
http://www.ncbi.nlm.nih.gov/pubmed/26113191
http://www.ncbi.nlm.nih.gov/pubmed/11441048
https://doi.org/10.1016/j.cub.2009.08.015
http://www.ncbi.nlm.nih.gov/pubmed/19889365
https://doi.org/10.1242/jeb.046755
http://www.ncbi.nlm.nih.gov/pubmed/21228203
https://pub.uni-bielefeld.de/publication/1936994
https://doi.org/10.1364/JOSAA.24.000001
https://doi.org/10.3390/s16101614
https://opensource.cit-ec.de/projects/ivtools/repository/show/CyberInsect
https://opensource.cit-ec.de/projects/ivtools/repository/show/CyberInsect
https://doi.org/10.1016/j.robot.2005.12.001
https://doi.org/10.1007/s00422-007-0147-3
http://www.ncbi.nlm.nih.gov/pubmed/17443340
https://doi.org/10.1371/journal.pone.0187226
http://www.ncbi.nlm.nih.gov/pubmed/29088300
https://doi.org/10.1371/journal.pone.0194070

@° PLOS | ONE

Home choice in skyline-based homing

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Dewar AD, Philippides A, Graham P. What is the relationship between visual environment and the form
of ant learning-walks? An in silico investigation of insect navigation. Adaptive Behavior. 2014; 22
(3):163-179. https://doi.org/10.1177/1059712313516132

Davis LS, Benedikt ML. Computational models of space: Isovists and isovist fields. Computer Graphics
and Image Processing. 1979; 11(1):49-72. https://doi.org/10.1016/0146-664X(79)90076-5

Wiener JM, Franz G, Rossmanith N, Reichelt A, Mallot HA, Bilthoff HH. Isovist Analysis Captures Prop-
erties of Space Relevant for Locomotion and Experience. Perception. 2007; 36(7):1066—1083. https:/
doi.org/10.1068/p5587 PMID: 17844972

Zeil J. Orientation flights of solitary wasps (Cerceris; Sphecidae; Hymenoptera). Journal of Comparative
Physiology A. 1992; 172(2):207—-222. https://doi.org/10.1007/BF00189397

Collett TS, Lehrer M. Looking and Learning: A Spatial Pattern in the Orientation Flight of the Wasp Ves-
pula vulgaris. Proceedings of the Royal Society of London B: Biological Sciences. 1993; 252
(1334):129-134. https://doi.org/10.1098/rspb.1993.0056

Lehrer M. Why do bees turn back and look? Journal of Comparative Physiology A. 1993; 172(5):549—
563. https://doi.org/10.1007/BF00213678

Degen J, Kirbach A, Reiter L, Lehmann K, Norton P, Storms M, et al. Exploratory behaviour of honey-
bees during orientation flights. Animal Behaviour. 2015; 102:45-57. https://doi.org/10.1016/j.anbehav.
2014.12.030

Zeil J, Kelber A, Voss R. Structure and function of learning flights in ground-nesting bees and wasps.
Journal of Experimental Biology. 1996; 199(1):245-252. PMID: 9317729

Lobecke A, Kern R, Egelhaaf M. Taking a goal-centred dynamic snapshot as a possibility for local hom-
ing in initially naive bumblebees. Journal of Experimental Biology. 2017.

Muller M, Wehner R. Wind and sky as compass cues in desert ant navigation. Naturwissenschaften.
2007; 94(7):589-594. https://doi.org/10.1007/s00114-007-0232-4 PMID: 17361400

Wolf H, Wehner R. Pinpointing food sources: olfactory and anemotactic orientation in desert ants, Cata-
glyphis fortis. Journal of Experimental Biology. 2000; 203(5):857—-868. PMID: 10667968

Collett M, Harland D, Collett TS. The use of landmarks and panoramic context in the performance of
local vectors by navigating honeybees. Journal of Experimental Biology. 2002; 205(6):807—-814. PMID:
11914389

Smith L, Philippides A, Graham P, Baddeley B, Husbands P. Linked Local Navigation for Visual Route
Guidance. Adaptive Behavior. 2007; 15(3):257—271. https://doi.org/10.1177/1059712307082091

Stirzl W, Grixa |, Mair E, Narendra A, Zeil J. Three-dimensional models of natural environments and
the mapping of navigational information. Journal of Comparative Physiology A. 2015; 201(6):563-584.
https://doi.org/10.1007/s00359-015-1002-y

Bertrand OJN, Lindemann JP, Egelhaaf M. A Bio-inspired Collision Avoidance Model Based on Spatial
Information Derived from Motion Detectors Leads to Common Routes. PLOS Comput Biol. 2015; 11
(11):61004339. https://doi.org/10.1371/journal.pchi. 1004339 PMID: 26583771

Sarel A, Finkelstein A, Las L, Ulanovsky N. Vectorial representation of spatial goals in the hippocampus
of bats. Science. 2017; 355(6321):176—180. https://doi.org/10.1126/science.aak9589 PMID: 28082589

Land MF. Visual acuity in insects. Annual review of entomology. 1997; 42(1):147-177. https://doi.org/
10.1146/annurev.ento.42.1.147 PMID: 15012311

Schwarz S, Narendra A, Zeil J. The properties of the visual system in the Australian desert ant Melo-
phorus bagoti. Arthropod Structure & Development. 2011; 40(2):128—134. https://doi.org/10.1016/j.asd.
2010.10.003

Obermeyer KJ, Contributors. The VisiLibity Library; 2008. http://www.VisiLibity.org.

PLOS ONE | https://doi.org/10.1371/journal.pone.0194070 March 9, 2018 20/20


https://doi.org/10.1177/1059712313516132
https://doi.org/10.1016/0146-664X(79)90076-5
https://doi.org/10.1068/p5587
https://doi.org/10.1068/p5587
http://www.ncbi.nlm.nih.gov/pubmed/17844972
https://doi.org/10.1007/BF00189397
https://doi.org/10.1098/rspb.1993.0056
https://doi.org/10.1007/BF00213678
https://doi.org/10.1016/j.anbehav.2014.12.030
https://doi.org/10.1016/j.anbehav.2014.12.030
http://www.ncbi.nlm.nih.gov/pubmed/9317729
https://doi.org/10.1007/s00114-007-0232-4
http://www.ncbi.nlm.nih.gov/pubmed/17361400
http://www.ncbi.nlm.nih.gov/pubmed/10667968
http://www.ncbi.nlm.nih.gov/pubmed/11914389
https://doi.org/10.1177/1059712307082091
https://doi.org/10.1007/s00359-015-1002-y
https://doi.org/10.1371/journal.pcbi.1004339
http://www.ncbi.nlm.nih.gov/pubmed/26583771
https://doi.org/10.1126/science.aak9589
http://www.ncbi.nlm.nih.gov/pubmed/28082589
https://doi.org/10.1146/annurev.ento.42.1.147
https://doi.org/10.1146/annurev.ento.42.1.147
http://www.ncbi.nlm.nih.gov/pubmed/15012311
https://doi.org/10.1016/j.asd.2010.10.003
https://doi.org/10.1016/j.asd.2010.10.003
http://www.VisiLibity.org
https://doi.org/10.1371/journal.pone.0194070

