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A computational model potentially provides important new insights into the circuit mechanisms
underlying navigational control in insects. The authors compare high speed video recordings of ants
with detailed predictions from a new computational model. The similarities between model and
behavioral data are striking and convincingly suggest how complex behavioral motifs can emerge
from a simple neural circuit.

Abstract Navigating insects often pause and rotate to sample their surroundings, behaviours
termed scanning. These and other active sampling behaviours embody navigational uncertainty

and are key for spatial learning, yet their neural basis remains unclear and existing models impose
scanning behaviours rather than explaining its emergence. Here, we show that desert ants’ scanning
dynamics can emerge spontaneously from the same conserved neural circuits used for goal-directed
navigation, without requiring a specialised scanning module. We built a biologically grounded
model combining central complex steering and lateral accessory lobe oscillators and added a
downstream stochastic inhibition of forward speed. This minimal system produced diverse, realistic
scan dynamics; saccades, fixations, and reversals, whose features were qualitatively compared to
high-speed video recordings of Melophorus bagoti scanning. Detailed analysis of these natural
scans confirmed model predictions, including how scan structure depends on oscillator phase,
goal-heading deviation, and navigational uncertainty. Furthermore, the model reveals that simple
modulation of forward speed unifies a broad range of behaviours across ant species, from dashes to
smooth oscillatory trajectories to pirouettes and voltes. Crucially, this model suggests a distributed
control principle where forward speed acts as a single adjustable parameter, for both individuals
and through evolution, to regulate the balance between goal-driven exploitation and information-
seeking exploration.

Introduction

Insects will often interrupt their forward movement and rotate to sample visual information from
multiple body orientations. These behaviours appear widespread across both walking, crawling, and
flying insects (as well as other taxa), and take various forms and names such as ‘scans’, ‘volte’, ‘pirou-
ette’, ‘turn back’, ‘peering’, ‘sweep’, or ‘dance’ (Baird et al., 2012; Gomez-Marin and Louis, 2014,
Deeti et al., 2023a; Fleischmann et al., 2017; Graham and Collett, 2002; Lehrer, 1993; Mouritsen
et al., 2004; Miiller and Wehner, 2010; Stiirzl et al., 2016; Tarsitano and Andrew, 1999; Ugolini,
2006; Wallace, 1959; Wehner et al., 1992, Wystrach et al., 2014; Zeil and Fleischmann, 2019).
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Figure 1. Image composites of fixations (pauses — typically 50-150 ms) during three different examples of scanning behaviours in Melophorus bagoti,
all taken within 1 m of the nest entrance, in inexperienced ants forming their route to a feeder. Images were extracted and compiled from high-speed
video taken at 600 fps at 1080 p using a Chronos 2.1HD camera (field of view, 30 cm x 17 cm). For each image, fixations are indicated by consecutively
numbered black arrows denoting the ant's orientation (except reversal). Rotational movement between fixations, saccades, are classified as either away
(pink) or towards (green) the goal direction (~90°). When a fixation precedes a change in turning (from left to right in these examples), this fixation is
classified as a reversal (orange). (A) Denotes a scanning example where it reverses direction once but then turns in a complete loop with no reversal
(fixations 6-16). (B) Shows a scan which contains multiple reversals (two). (C) lllustrates a scan with one reversal, ~180° from the goal direction. Black
dotted arrows denote pre/post scan forward movement.

Despite its prevalence across taxa, the neural mechanisms underlying these seemingly highly struc-
tured behaviours remain unclear.

Scans are especially prevalent in visually guided ants (Deeti et al., 2023a; Fleischmann et al.,
2017, Freas et al., 2018; Miiller and Wehner, 2010; Nicholson et al., 1999, Wehner et al., 1996;
Wystrach et al., 2014, Zeil and Fleischmann, 2019). Ants occasionally cease forward motion, and
the ensuing scanning behaviours consist of distinct periods: saccades, when the navigator is rotating,
and fixations, when the ant pauses all movement (Figure 1A-C; Videos 1 and 2, Miiller and Wehner,
2010; Wystrach et al., 2014; Zeil and Fleischmann, 2019, Deeti et al., 2023a; Freas and Cheng,
2025). Multiple saccades and fixations make up a singular scan, which may contain one or more rota-
tional reversals (right then left/left then right) before forward movement resumes. The probability of
scanning, while stochastic (Deeti et al., 2023a), increases with uncertainty, when views are unfamiliar
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or unexpected (Deeti et al., 2023a; Freas et al.,
2018; Schwarz et al., 2020b; Wystrach et al.,
2014) such as during learning walks (Miiller and
Wehner, 2010; Zeil and Fleischmann, 2019) and
novel route formation (Freas and Cheng, 2025;
Freas and Cheng, 2022; Haalck et al., 2023),
or when views have been associated with aver-
sive events (Freas et al., 2022, Wystrach et al.,

Video 1. Example of one of the full loop scans in 2020a).

inexperienced Melophorus bagoti foragers leaving the Functionally, scans are associated with infor-
nest area towards the feeder. Video was taken at 600 mation sampling, helping ants choose headings
fps at 1080 p (~30 cm x ~17 cm) and is played at 60 when cues are unfamiliar or in conflict (Wystrach

fps (slowed down 10x real time). The nest entrance is et al., 2014; Wystrach et al., 2020a; Deeti
located ~50 cm to the left of the frame while the goal et al., 2023a; Freas and Cheng, 2025). Addition-
is located 6 m to the right of the frame (~90°). Video ally, their prevalence during both learning walks
taken in Alice Springs, Northern Territory, Australia by LT .
CAE. and early route formation indicates a role in view
https://elifesciences.org/articles/110165/figurest#video] acquisition (Freas and Cheng, 2025; Miiller and
) ) Wehner, 2010, Wystrach, 2023; Wystrach et al.,
2014; Zeil, 2023; Zeil and Fleischmann, 2019).
Our mechanistic understanding of insect navi-
gation has improved tremendously in the last decades, thanks to a combination of behavioural, neuro-
biological, and modelling studies (Honkanen et al., 2019, Webb and Wystrach, 2016). However,
current models do not explain the emergence and natural dynamics of scanning behaviours. Instead,
‘scanning routines’ are sometimes force-added in models to help the agent or robot sample views
across directions (Baddeley et al., 2012; Gattaux et al., 2023, Husbands et al., 2021; Knight et al.,
2019; Le Méel and Wystrach, 2020; Murray et al., 2020; Wystrach et al., 2013).

Here, we ask whether and how ants’ scanning dynamics could emerge from neural structures typi-
cally implicated in insect navigation: the central complex (CX) and the lateral accessory lobes (LALs).
While the circuitry of these structures is detailed primarily in a few insect model species, it is suffi-
ciently conserved to allow for neural modelling of insect navigation in various contexts (Adden et al.,
2022; Clement et al., 2023, Collett et al., 2025; Goulard et al., 2023; Shiu et al., 2024; Steinbeck
et al., 2020, Stone et al., 2017, Webb and Wystrach, 2016, Wystrach et al., 2020b). Both CX and
LAL regions are well established to integrate multiple directional information and control steering
commands in navigating insects (Franconville et al., 2018, Heinze, 2017, Honkanen et al., 2019,
Hulse et al., 2021; Li et al., 2020; Namiki and Kanzaki, 2016; Pfeiffer and Homberg, 2014).

Previous work has established that goal headings are encoded in the CX (Mussells Pires et al.,
2024) and modelling efforts have shown that this circuitry can naturally accommodate innate
and learnt guidance such as path integration, learnt vectors, visual route following or homing as
observed in ants and bees (Goulard et al., 2021; Honkanen et al., 2019, Stone et al., 2017, Le
Moél et al., 2019, Wystrach, 2023; Wystrach
et al., 2020b). In parallel, oscillatory dynamics in
the LALs, produced by reciprocal inhibition across
both hemispheres and conveyed by so-called
descending flip-flopping neurons, were shown to

o drive the spontaneous zigzags displayed by moths

upon losing their pheromone plume (Kanzaki
and Mishima, 1996; Mishima and Kanzaki,
1998; Mishima and Kanzaki, 1999; Mishima
and Kanzaki, 1998; Kanzaki et al., 2005; Iwano
et al., 2010). Subsequent modelling efforts have
shown how these circuits can equally support

Video 2. lllustrative example of a full loop scan in

an outbound Cataglyphis cursor forager, along its the continuous lateral oscillations displayed by a
foraging route in a familiar environment (experience wide range of insect species (Adden et al., 2022;
level unknown). Video taken by Gabriel G Gattaux in Kanzaki et al., 2005; Namiki and Kanzaki, 2016;
Marseille, France. Steinbeck et al., 2020, Wystrach et al., 2016),

https://elifesciences.org/articles/110165/figures#video2
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including ants (Clement et al., 2023; Dauzere-Peres et al., 2026). Building on these elements, the
present work addresses a distinct question that current navigation models do not resolve: whether
discrete active sampling behaviours such as ant scanning require specialised control mechanisms, or
instead emerge from interactions within these conserved navigation circuits.

To investigate this, we analysed high-speed recordings of natural scanning behaviours in Melo-
phorus bagoti foragers and asked whether their detailed dynamics could be captured by modelling
the interactions between the CX and the LAL, under the condition of occasional halted forward move-
ment. We developed a biologically constrained neural model of a CX steering output that modulates
a downstream LAL oscillator, under the assumption that forward speed may be transiently gated by a
stochastic extrinsic signal (Deeti et al., 2023a). Finally, we added the physical constraint that forward
velocity increasingly limits rotation. Without introducing a dedicated scanning module, this model is
sufficient to reproduce multiple key qualitative features of natural scans, including the relative dura-
tions and amplitudes of saccades, fixations, directional reversals, and the emergence of rare full loop
scans, which arise as a consequence of CX-LAL and forward-angular speed interactions.

In addition to behaviours typically categorised as ‘scans’, the model produces information sampling
behaviours often described using different terminology, including ‘pirouettes’ observed in ants (Fleis-
chmann et al., 2017; Zeil and Fleischmann, 2019), dung beetle ‘dances’ (Baird et al., 2012), and
Drosophila ‘reorientations’ (Demir et al., 2020; Gomez-Marin et al., 2011). Furthermore, by reducing
rather than terminating forward speed, the model also captures continuous-movement behaviours
such as voltes and large oscillating paths seen across ant species (Fleischmann et al., 2017; Zeil
and Fleischmann, 2019; Clement et al., 2023). These findings point to a conserved neural control
strategy where forward speed inhibition gates the expression of angular motor output, allowing for
shifting seamlessly between information gathering and goal-oriented progression. The few novel
assumptions added here enable us to form predictions for future work.

Neural substrates of insect navigation

To interpret these results, we briefly summarise the neural substrates that motivated the model. The
CX tracks the insects’ heading relative to the world, transforms egocentric sensory information into
allocentric current and goal directions, and compares both to generate steering commands (Fisher,
2022). Within the CX's substructures, the current heading direction is represented neurally in the
protocerebral bridge (PB) and the Ellipsoid Body (EB) (Kim et al., 2019, Seelig and Jayaraman, 2015;
Honkanen et al., 2019; Green and Maimon, 2018; Pfeiffer and Homberg, 2014), while goal direc-
tions have been shown to be represented in the fan-shaped body (FB) (Mussells Pires et al., 2024),
consistent with earlier modelling (Stone et al., 2017). Current and goal direction representations are
compared within the CX and project left/right steering commands to the LAL (Green et al., 2019;
Honkanen et al., 2019; Iwano et al., 2010; Mussells Pires et al., 2024; Westeinde et al., 2024;
Figure 2A).

The CX receives convergent input from multiple sensory pathways (Honkanen et al., 2019) while
behavioural and modelling evidence shows that ants combine cues such as wind and odours (Buehl-
mann et al., 2020; Knaden and Graham, 2016; Miiller and Wehner, 2007; Steck et al., 2011,
Wystrach and Schwarz, 2013), visual familiarity (computationally linked to Mushroom body output:
Wystrach et al., 2020b), and path integration (modelled as a CX computation: Lu et al., 2022; Lyu
et al., 2022; Stone et al., 2017) to set a goal direction. While the neural locus of this integration
has not been directly recorded across all these modalities, the convergence architecture of the CX
(Honkanen et al., 2019) makes it the most plausible substrate, and we assume such a goal direction
exists in the FB of the CX. The LALs are premotor centres that act as a bottleneck, integrating infor-
mation from multiple higher processing centres and sensory inputs, including outputs from the CX,
and relay these signals via descending neurons (DNs) that transmit motor commands to the thorax
(Namiki and Kanzaki, 2016; Shih et al., 2015; Steinbeck et al., 2020). The LALs also produce long-
lasting, alternation between left and right turn via so-called flip-flop neurons (Berni, 2015; Iwano
et al., 2010; Kanzaki et al., 2005; Namiki and Kanzaki, 2016, Namiki et al., 2014; Steinbeck et al.,
2020), which can result in the regular lateral oscillations observed in many insects (Freas and Cheng,
2022; Izquierdo and Lockery, 2010; Kanzaki et al., 1992; Kuenen and Baker, 1983; Namiki and
Kanzaki, 2016; Olberg, 1983; Wystrach et al., 2016), notably in ants (see Videos 3 and 4, Clement
et al., 2023; Collett et al., 2025; Deeti and Cheng, 2025; Haalck et al., 2023, Hangartner, 1967).

Freas and Wystrach. eLife 2026;15:RP110165. DOI: https://doi.org/10.7554/eLife.110165 4 of 35


https://doi.org/10.7554/eLife.110165

ELife Ecology

Figure 2. Schematic of neural circuit model and its outputs across navigation relevant brain regions. (A) The central complex (CX), a mid-brain region

whose subregions compare representations of the goal heading with a representation of the agent's compass-based current heading. The CX outputs
bilateral signals to turn left (red line) and right (blue line) to the lateral accessory lobes (LALs). (B) Within the LAL oscillator, left (L) and right (R) neurons
reciprocally inhibit one another (red and blue connections), while attempting to maintain a basal firing rate via internal feedback (circular black arrows),

Figure 2 continued on next page
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forming an oscillator which outputs a stable anti-phasic oscillatory activity between the L and R neurons across time (red and blue lines). (C) A steering
signal is outputted from the LAL and results in the agent’s forward and angular movement. This steering signal stopped via an external inhibitory
‘freeze signal’, that breaks the angular and forward speed central pattern generators (CPGs), initiating the scan. A threshold was implemented for the
underlying angular drive to restart the CPG after each fixation period, resulting in a saccade whose magnitude was determined by this accumulated
angular drive. The agent's angular speed was normalised by the forward speed (linear normalisation — angular speed = angular drive/(forward

speed +0.1)) so the agent produces larger saccade magnitudes during scans. Threshold was determined to roughly mirror saccade magnitudes in real-
world ants. Scan duration was implemented as an exponential duration distribution through a dice-roll at each simulation step. (D) Characteristics of an
example path, with a single scanning bout, generated by the model. Black dots represent the agent’s head position at each simulated step coupled with
coloured bars which indicate both the forward speed (arbitrary scale) and heading direction of each step. During the scanning bout, the agent’s forward
speed is zero and the model produces several fixations in separate directions. The fixations of this scanning bout are zoomed and separated into a
sequence of fixations. Coloured arrows indicate saccades, rotational movements between fixations which were defined as either away (pink) or towards
(green) the goal direction. (E) The modelled CX's turning signal output towards the goal direction, based on if the agent’s heading direction is to the
left or right of the goal. (F) The oscillatory activity between the R and L neurons in the LAL during the example path. The agent's (G) heading direction,

(H) angular speed, and (I) forward at each step during the path.

The generation of oscillatory movements allows for continuous spatial sampling of information, and
modelling studies demonstrate that when these oscillations are modulated by odour or visual cues,
they offer a highly effective strategy for odour plume or gradient tracking, visual route following or
goal pinpointing (Adden et al., 2022; Kodzhabashev and Mangan, 2015; Le Méel and Wystrach,
2020, Wystrach et al., 2016).

Together, this CX-LAL circuitry is well suited to control continuous steering and sampling during
locomotion (Collett et al., 2025). However, until now it is unknown if this same circuitry underlies the
discrete structures of ant scanning behaviour without invoking a dedicated control routine.

Results and discussion

A simple model for scanning behaviour

We first constructed a simple model of the insect CX (Figure 2A), following standard approaches
(Goulard et al., 2023; Stone et al., 2017, Wystrach, 2023; Wystrach et al., 2020b). This circuit
compares the agent’s current heading to a stored goal heading (which, in our simulations, is direction-
ally fixed) and generates lateralised steering signals to reduce heading error. Unlike previous models
(but asin Adden et al., 2022) the CX output here does not steer the agent directly, but instead modu-
lates an intrinsic oscillator that generates alternating turns (Figure 2B), a mechanism consistent with
the continuous oscillatory patterns known to underlie ant navigation (Clement et al., 2023).

Oscillatory turning behaviours are widespread in insects (Clement et al., 2023; Cheng, 2024) and
underlie models of insect steering (Kanzaki et al., 2005; Kanzaki and Mishima, 1996). We modelled
this as an intrinsic oscillator located in the LALs, a pre-motor region that receives, among others, CX
outputs (Heinze, 2017) and is a proposed substrate for steering control (Steinbeck et al., 2020,
Clement et al., 2023). The difference between these left and right signals, such as conveyed by DNs
to the thoracic ganglia (Biischges and Ache, 2025), determines the agent's angular speed, thereby
generating the rhythmic turning dynamics akin to those observed in ants (Clement et al., 2023).
In combination with the CX modulation, this oscillator produces a continuous oscillatory trajectory
generally oriented towards the goal direction set in the CX (which is always to the right in our exam-
ples; Figure 2D).

To generate scanning behaviour (Figure 1A-C), we added a mechanism to intermittently interrupt
forward movement, as observed in desert ants, where pauses occur randomly (Deeti et al., 2023a).
Because we did not want to form assumptions for how such a ‘freeze signal’ could be implemented
in the insect nervous system; in our model this was achieved using a simple external signal that halts
forward motion at random intervals. Since scan duration in real ants follows a Poisson-like distribution
(Deeti et al., 2023a), we approximated this by performing at each simulation step a dice-roll with
equal probability (calibrated as 1/mean of ants observed scan duration) to restart forward motion,
producing the desired Poisson distribution of scans’ duration.

During scanning, real ants display rotational saccades of variable duration and angular magnitude
(Figure 1A-C). To replicate this, we introduced a threshold-based mechanism: after each fixation (i.e.,
zero angular and forward speed), the underlying angular steering signal accumulates until surpassing
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a threshold, triggering a saccade. The resulting angular magnitude of the saccade corresponds to the
sum of the angular drive accumulated during the fixation. Here, also we stuck to a non-neural, straight-
forward algorithmic level, as we did not want to make assumptions about how such a cumulate-and-
release mechanism could be neurally implemented in the insect brain (see discussion for potential
implementations).

With this, the agent now scans, but the heading deviation during scanning remains within the same
limited range as during forward movement, highly constrained towards the goal direction. This does
not reflect real scans, which involve much larger angular deviations (Deeti et al., 2023a; Fleischmann
et al., 2017, Freas et al., 2019; Freas and Cheng, 2025; Miiller and Wehner, 2010, Wystrach
et al., 2014). We hypothesised that this limited turning during forward movement is due in part to
biomechanical constraints: fast forward motion impedes sharp turns, while slowing down allows easier
rotation. When ants stop, they are free to execute sharp turns via leg coordination that would be
otherwise impossible (e.g., inner legs moving backward and outer legs forward), enabling high rota-
tion during scans (Figure 1). To implement this constraint, we normalised the agent’s angular speed
by the inverse of forward speed: the slower the agent moves, the more it turns for a given steering
signal. As a result, the agent now produces larger saccades and greater heading deviations during
scans, while remaining more constrained during forward movement. To match the saccade amplitudes
observed in real ants, we adjusted the threshold for breaking fixation so that the resulting distribution
of saccade angles (Figure 3A) approximates those seen in ants (Figure 3B). Higher thresholds yield
less frequent but larger saccades.

Overall, the interaction between the CX
output (Figure 2A), oscillator phase (Figure 2B),
and the scan control mechanism (Figure 2C) now
produces complex, nonlinear dynamics, giving
rise to emergent behaviours, which we explored
and compared to real ants in the following
subsections.

CX steering influences saccade
magnitude

A key prediction of our model is that the CX
steering mechanism operates continuously,
including during scans, and its influence should

o be detectable in the scan’s structure. Specifically,

Video 3. lllustrative example of a full loop scan/ Video 4. lllustrative example of oscillatory turning
volte in a homing Myrmecia nigriceps navigating in behaviour in a Myrmecia croslandi individual walking on
an unfamiliar environment on a trackball. This video a trackball while orienting in an unfamiliar environment.
is provided as a qualitative example of the behaviour The video is provided as a qualitative example only
discussed in the text and was not included in the and was not analysed quantitatively. Video taken by
quantitative analyses. Video taken in Sydney, New Leo Clement in Canberra, Australian Capital Territory,
South Wales, Australia, by AW. Australia.

https://elifesciences.org/articles/110165/figuresttvideo3  https://elifesciences.org/articles/110165/figures#video4
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Figure 3. Saccade angle distribution and the effect of CX steering guidance on saccade angle magnitude. Saccade angle distributions in (A) the
modelled agent and (B) real ants with all scan conditions combined. After each fixation, the subsequent saccade angle is plotted against the fixation's
angular divergence from the goal direction in both (C) the model agent and (D) real ants with all conditions combined. The general trends of the model
are classified through coloured arrows (away-green, towards-pink) representing the increasing next saccade angle towards the goal direction and the
decreasing next saccade angle away from the goal direction of the modelled agent when fixation orientation from the goal direction was large. This
pattern is consistent with the model assumption that CX steering strength varies with angular divergence from the goal; easier to turn towards goal and
thus large saccades, while harder to turn further away and small saccades. A similar pattern is observed in the ant data. For the box and whisker plots

in panels C and D, the box spans the interquartile range while the horizontal line indicates the mean. Whiskers extend to the IQR X 1.5 while outliers
beyond this range are shown as '+’ symbols. The indentation of the bar around the mean indicates the 95% confidence interval.

the strength of the CX’s corrective signal towards the goal increases with the agent’s angular deviation
from that goal (Figure 2A).

If guided solely by the CX, the agent would barely turn away from the goal but due to noise.
However, actual steering is governed by the downstream oscillator in the LAL, which ultimately deter-
mines the direction of each saccade during scans. Saccades towards the goal occur when the oscil-
lator is in phase with the CX corrective signal, resulting in stronger angular drive and therefore larger
saccades. Conversely, saccades away from the goal arise when the oscillator and CX corrective signals
are in conflict, the latter restraining the former, producing weaker angular drive and thus smaller
saccades. Since the CX's corrective signal roughly scales with angular deviation (Figure 2A), this differ-
ence in saccade amplitude (towards vs. away from goal) should be minimal when the agent is facing
the goal direction but becomes more pronounced as it is facing away (Figure 3C).

Freas and Wystrach. eLife 2026;15:RP110165. DOI: https://doi.org/10.7554/eLife.110165 8 of 35
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Figure 4. Relationship between fixation duration and reversal. (A) Sequence of fixation directions and their duration for an example scan containing
multiple reversals (orange), showcasing that the longest fixations tend to occur when the ant reverses directions on the next saccade (fixation duration
continuum, blue-min; yellow-max). (B) shows changes in the cumulative turning drive over the course of the example scan. To initiate a saccade, the
drive must surpass a threshold (line). This threshold possesses a level of noise which leads to variance in when a saccade appears as well as to the
variance in saccade magnitude. Reversals occur when the oscillatory cycle changes phase (+), which are associated with longer times for turning drive to
accumulate beyond threshold (orange). (C) Angular speed through the simulation, spikes represent saccades to the left and right and the change from
positive to negative illustrates reversal periods (orange). Relationship between fixation duration and oscillatory cycle changes (orange) and subsequently
reversals, occur in (D) modelled and (E) real ants. In both, the longest fixation duration typically occurs at the reversal (0), increasing as the reversal
approaches (=), while decreasing post reversal (+). For these box and whisker plots, the box spans the inter quartile range while the horizontal line
indicates the mean. Whiskers extend to the IQR X 1.5 while outliers beyond this range are shown as '+’ symbols. The indentation of the bar around the
mean indicates the 95% confidence interval. Correlation between fixation duration and the next saccade angle in (F) modelled and (G) real ants. Data
are split into the lower 25% (Q1, blue) and upper 75% (Q2-Q4, pink) of the distribution. In both, the general tendency in Q1 is significantly positive

(real ant; linear regression model; F 25y = 11.00, p = 0.001), while beyond this (Q2-Q4) the tendency is significantly negative (Fj 795 = 5.97, p = 0.015).
The ‘unlikely’ zone in grey depicts the area of high saccade magnitudes following very short fixations, which should be highly unlikely given the low
threshold drive must accumulate needed to break fixation in these instances.

This predicted pattern closely matches real ant data (Figure 3D). Across all datasets, including
inexperienced and experienced ants, whether homing or foraging (treated as random error in our
linear mixed-effects (LME)), saccade amplitude was significantly explained by both the saccade direc-
tion (towards and away from the goal) (F 1890 = 5.08, p = 0.024) and angular deviation (F 1g90 = 18.69,
p < 0.001) and, importantly, by their interaction (F g9 = 43.04, p < 0.001). Specifically, saccades
towards the goal were larger than those turning away from it, and this difference increased as the ants
faced away from their goal, supporting the model’s prediction. Together, this supports that both the
oscillator and CX are at play during scanning, with the latter continuously pulling the ants towards its
goal heading.

Our statistical analysis on saccade amplitude also revealed significant fixed effects for the individ-
uals (LRstat = 200.25; p < 0.001) and conditions (LRstat = 49.08, p < 0.001) (see Statistical methods
for details) as well as an interaction between heading orientation (angular deviation from goal) and
whether the previous fixation was a reversal (F 189 = 6.86, p = 0.009; Figure 4A), which we will
address in the next sections.

The oscillator phase influences fixation duration

Having explored saccade amplitude, we next asked whether the model also accounts for fixation
duration. In our model, fixations during scanning are periods of fully inhibited locomotion. A fixation
ends when the angular drive (generated by the oscillator) crosses a threshold of angular drive (left
or right), breaking the inhibition and triggering a saccade (Figure 4A-C). Since the angular drive
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(L-R activity of the LAL) fluctuates cyclically with the oscillator phase, the time required to reach this
threshold naturally varies.

Notably, the models’ fixations can be especially prolonged during reversal phases; when the oscil-
lator transitions from left to right, or vice versa. In extreme cases, the angular drive initially builds
towards the direction of the previous saccade (e.g., left), but before crossing the threshold, the oscil-
lator reverses phase. The drive then shifts in the opposite direction (e.g., right) and must accumulate
again in that new direction before triggering a saccade (Figure 4B, yellow period of second reversal).
As a result, reversal fixations have a tendency to last longer than other fixations (Figure 4A, D).
Remarkably, ant behaviour aligns with the model’s prediction (Figure 4E). In our LME model, reversal
fixation status was the only significant predictor of fixation duration (Fy 1g94) = 76.01; p < 0.001).

The model also predicts a subtler pattern: fixation duration gradually decreases with distance from
a reversal fixation (Figure 4D). This occurs because angular drive is on average strongest mid-cycle
(i.e., in the middle of a left or right phase) and weakest near phase transitions. When we replaced
the binary ‘reversal/non-reversal’ variable with this sequential phase information (Figure 4A) in our
statistical model, the effect on fixation duration remained significant, but only as an interaction with
the upcoming saccade’s direction relative to the goal (F 1494y = 4.65; p = 0.031). Specifically, because
the CX upregulates the oscillator on the side towards the goal, the angular drive raises quicker and
fixation duration tends to be shorter for saccades in that direction.

Together, these results support the idea that fixation duration arises from a threshold-crossing
mechanism and signal governed by the oscillator’s phase and its interaction with CX input. Despite
outward stillness during fixation, oscillator and CX are continuously active and shaping scan dynamics.

Influence of neural noise and thresholds on fixation duration

Our model predicts a general negative correlation between fixation duration and the amplitude of
the subsequent saccade (Figure 4F, red). This arises because a short fixation (i.e., a rapid threshold
crossing) implies a strong angular drive, and stronger angular drive typically results in a larger saccade.

However, we were initially surprised to observe in our model that this negative correlation breaks
down for the shortest fixations (Q1): in this regime the agents exhibit a positive correlation instead
(Figure 4F, blue). This pattern is an indirect consequence of neural noise, which is systematically intro-
duced in the model. Specifically, noise in the inhibitory neuron freezing movement causes variability
in the fixation-breaking threshold (illustrated as a grey band in Figure 4B). When this threshold is
stochastically lowered due to noise, it can be reached more quickly, producing very short fixations if
the current angular drive is strong. However, because the threshold is lower, the accumulated angular
drive at threshold crossing is necessarily reduced, limiting the magnitude of the resulting saccade. This
mechanism imposes an upper bound on the accumulated drive, and therefore on saccade amplitude,
for the shortest fixations, creating a hard limit in the correlation plot (grey region, Figure 4F). The
outcome is a positive correlation between fixation duration and saccade amplitude for the shortest
fixations (Figure 4F, blue).

While this effect was not initially anticipated, its predictions are supported by the behavioural
data. Ants’ fixation duration is positively correlated with saccade amplitude for the shortest fixations
(Figure 4G, blue, Quartile 1: F; 2, = 11.00, p = 0.001; R?2 = 0.038; ) = 3.32, p = 0.001), and nega-
tively correlated for longer fixations (Figure 4G, pink, Quartiles 2-4: Fj 95y = 5.97, p = 0.015; R? =
0.007; tyes = —2.44, p = 0.015).

The emergence of this complex pattern from the model, despite not being explicitly designed to
capture it, supports the hypothesis that fixations are governed by an internal accumulation of excit-
atory activity (angular drive), which is released upon reaching a threshold. This mechanism is consis-
tent with integration-to-bound neural models that have been proposed for self-initiated actions in
other species (e.g., Murakami et al., 2014).

Random timing of scan starts and stops
Previous work on scanning behaviour in ants Deeti et al., 2023a found that the number of saccades
within each scanning bout follows a Poisson-like distribution (Figure 5B). From this, they inferred that
the initiation and termination of scans are governed by a random-rate process.

In our model, this stochasticity is implemented by a probabilistic trigger: scan initiation is triggered
at a random time, and at each moment, scanning can end with a probability proportional to (17/mean
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Figure 5. Scans start and end irrespective of oscillator state and saccade number distributions. In the modelled agent, (A) the number of saccades
within a scanning sweep (before first reversal) was compared with the post-reversal sweep number showing a general upward trend. (B) the number of
saccades within the penultimate sweep compared to the final sweep of the scanning bout, showing a downward trend. In real ants, (C) comparison of
the number of saccades in the first and second sweeps and (D) the penultimate and final scanning sweeps. Both model and real ant sweep comparisons
only contain scans which contained two or more reversals, in order to compare the starting/stopping sweeps with a full, within reversals sweep (second/
penultimate). Statistical comparisons were made using Wilcoxon tests. The distribution of saccade counts in each scanning bout within (E) the model,
showing a Poisson distribution and in (F) real ants, showing a 'Poisson-like’ distribution.
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observed scan duration in ants), producing the desired Poisson distribution of number of saccades
(Figure 5A). Because of this, scans can begin or end at arbitrary points in the oscillatory cycle. This
leads to a specific prediction: in scans containing multiple reversals (direction changes in turning), the
first and last sweeps, defined here as a bout of sequential saccades in the same direction, should often
be truncated compared to ‘full’ sweeps (e.g., the second or penultimate sweeps), which start and end
exactly at reversals. In other words, sweeps bounded by two reversals should reflect a full (one-sided)
oscillatory cycle, while sweeps bounded by the beginning or the end of a scan may not, due to the
stochastic start or end of scans. Therefore the latter should tend to be shorter, and thus contain less
saccades, than the former.

To test this, we excluded scans with one or zero reversals, focusing on bouts where we could
compare truncated sweeps (first and last) with adjacent full sweeps (second and penultimate). The
model predicts, and the ant data confirm, that truncated sweeps contain fewer saccades than their
adjacent full sweeps (Figure 5A-D). Specifically, the first sweep is significantly shorter than the second
(Figure 5C, z = 4.47; p < 0.0001), and the last sweep is significantly shorter than the penultimate
(Figure 5D, z = -3.30; p = 0.001).

These results thus support the stochasticity of scan initiation and termination. The inhibition of
forward motion seems to occur independently of the oscillatory phase. Also, it suggests that within
scans, saccade direction follows the underlying oscillatory cycle, rather than being purely random.

CX strength links navigational uncertainty to scan structure

We next examined how navigational uncertainty, which can be modelled as the strength of the CX's
steering signal, influences scan structure. In the model, a heavily weighted CX signal, representing
high certainty in the goal direction, produces greater corrective steering, thus constraining the agent
heading towards the goal. As this signal weakens, so does its corrective influence, allowing for larger
deviations away from the goal direction. Thus the model predicts an inverse relationship between
CX strength (i.e., navigational certainty) and this divergence, which we quantified by measuring the
rotation away from the goal covered by the scanning ant before performing a first reversal (Figure 6A,
arrow). Ant behavioural data echoes this pattern: experienced ants, which are expected to possess
more reliable goal-direction information, showed smaller divergences from the goal on their first
reversal than inexperienced ants (Figure 6B; Fj 57, = 3.20, p = 0.0239).

The model also predicts a positive association between CX strength and the agent’s saccade angle
(Figure 6C, arrow). While initially counterintuitive, as a strongly weighted CX signal constrains angular
divergence away from the goal, strong CX steering also produces much larger corrective saccades
when it aligns with the oscillator phase (as shown in Figure 3C). This pattern aligns well with our real
ant testing conditions, with significantly larger saccades in experienced ants vs. inexperienced ants
(Figure 6D; F; 5137 = 587.6, p < 0.001).

These results support a role for the CX’s corrective steering input in modulating the structure of
scanning, tuning how tightly ants orient to their goal as well as how wide their saccades are during
scanning, especially when in phase with the oscillator.

Rare 'full loop’ scans reveal CX-oscillator interactions

Despite its simplicity, our model’s closed-loop dynamics generate a surprising diversity of scan forms.
One striking example is the emergence of rare 'full loop' scans (Figure 7A, B; Videos 4-6), in which
the agent completes a long series of saccades in the same direction, producing a full loop before
resuming normal movement.

In the model, these occur when a strong CX corrective steering signal coincides with a critical point
in the oscillator’s cycle, effectively shifting the oscillator’s phase by producing a rebound of activity
before the current cycle ends (Figure 7A, B, black arrows). Instead of reversing direction at the usual
reversal points, the agent’s saccade angle decreases (as usual) but then increases again in the same
turning direction, producing a complete rotation.

Such Full Loop scans are not unique to the model; they also occur, albeit rarely, in real ants, and
have been reported in multiple species (e.g., M. bagoti, Figure 1A, Video 1; Cataglyphis cursor,
Video 2; Fleischmann et al., 2017, Freas et al., 2019, Freas and Cheng, 2025; Zeil and Fleis-
chmann, 2019).
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Figure 6. The strength of the CX's corrective turn signal, and its inverse relationship with navigational uncertainty. The model predicts an inverse
relationship between CX signal strength and navigational uncertainty. Signal strength is predicted to be high when navigational uncertainty is low, such
as in experienced foragers, and low when uncertainty is high, such as during route formation. (A) Model-predicted first reversal direction (relative to goal
direction) as a function of CX signal strength. (B) First reversal direction in real ant data, comparing experienced and inexperienced foragers. (C) Model-

Figure 6 continued on next page
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predicted saccade angle as a function of CX signal strength. (D) Saccade angle amplitude in real ant data, comparing experienced and inexperienced
foragers. Experienced-forager videos were recorded in 2010 and inexperienced-forager videos in 2023/24, at the same field site using similar recording
and tracking protocols. For all box and whisker plots, the box spans the inter quartile range while the horizontal line indicates the mean. Whiskers
extend to the IQR X 1.5 while outliers beyond this range are shown as '+’ symbols. The indentation of the bar around the mean indicates the 95%

confidence interval.

In the model, full loop scans arise when CX steering input alters oscillator dynamics sufficiently to
prevent the expected reversal. If, by contrast, the CX and oscillator acted purely in parallel (with their
outputs summed independently), the oscillator would produce a reversal in angular gain as usual,
conflicting with the CX output and preventing a fast completion of the loop. Consistent with the
model, real ants show re-acceleration in the second half of the ‘full loop’ scan (real ants: Figure 1A,
fixations 12-16; Videos 1-3; model: Figure 7A, B), supporting the idea that CX output is indeed
branched upstream of the oscillators, and can shift its phase.

These events are too rare in our current dataset for statistical analyses, and our simple model is not
designed for quantitative comparisons. Nonetheless, such rare behaviours may offer valuable insights
into the coupling between oscillatory motor control and upstream mechanisms, and could be a prom-
ising focus for future studies.

Graded forward speed control generates voltes and oscillatory

patterns

In our initial implementation, forward speed inhibition was binary: the agent ran or stopped completely,
as if the central pattern generator (CPG) controlling leg movement were switched off at a random
time. Insects, however, show more nuanced control. For example, desert ants can slow down as their
path integration vector decreases (Buehlmann et al., 2018), or accelerate when on fully familiar routes
(Clement et al., 2023; Haalck et al., 2023).

We therefore modified the model to allow forward speed inhibition to work along a continuum,
with low inhibition merely slowing down the insect rather than stopping it. Because we assumed that
forward speed biomechanically impedes angular speed, a sudden but partial reduction in forward
speed produces sharper turns; and in some cases complete loops (Figure 7C) resembling so-called
'voltes' that have been described in the ant literature (Fleischmann et al., 2017; Video 7, Zeil and
Fleischmann, 2019).

Furthermore, it is known that the oscillator phase itself modulates forward speed, which can be
modelled simply as the sum of the oscillator’s left and right activities (Clement et al., 2023). This
coupling accelerates the agent when facing its travel direction and slows it when oriented sideways,
producing efficient trajectories to cover ground while looking on the sides. The expression of this
control varies among species and is particularly strong in Myrmecia croslandi (Clement et al., 2023,
Video 4; see also Video 3 for M. nigriceps). In the model, operating continuously at lower forward
speed releases the constraint on angular speed and naturally produces the large, regular oscillations
seen in these ants (Figure 7D, see Figure 7—figure supplement 1 for example paths).

Interestingly, in such slower agents, increasing the strength of the CX's influence on the oscillator
produces not only more goal-oriented, faster trajectories but also increases oscillation frequencies
while decreasing their regularity (Figure 7—figure supplement 1). These four covarying properties
mirror the behaviour of M. croslandi ants on familiar routes compared to unfamiliar terrain (Clement
et al.,, 2023), consistent with the idea that visual familiarity generates strong CX goal-heading signals
(Wystrach, 2023).

Finally, in strongly oscillating situations, full loops can also arise without apparent external inhib-
itory signal. Instead, they can emerge naturally from the continuous oscillatory control on forward
speed, which slows the animal when facing away from its goal and thus enhances the rotation at the
end of a sweep (e.g., Myrmecia nigriceps, Video 3). This suggests that the forward-angular speed
coupling is a general property of the locomotor system, not solely tied to an external ‘stop’ phase,
though whether it is purely biomechanical or neurally reinforced remains to be tested.

Overall, introducing graded forward speed control shows that the same CX-oscillator interactions,
originally modelled for scanning, can also explain patterns observed in continuous navigation (periods
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Figure 7. Diverse behaviours emerge from interactions between the central complex’s (CX) steering signal and the modulation of the agent’s forward
speed. (A) A single 'full loop' scan (Video 5), the agent terminates forward speed and exhibits a scanning bout with both fixations and saccades. Here,
the CX's corrective steering excites the oscillator and reverses its phase (black arrow), resulting in the agent continuing the loop rotation rather than
reversing. These full loop behaviours are rare within scanning (most scans reverse) but are observed in ants (Videos 1-3). (B) Shows a double 'full loop'
scan example where the agent performs two full loop rotations in a scan. As in panel A, (Simulations — Video 6). Here, the oscillator’s phase is reversed
by the CX twice (black arrows). (C) A ‘volte’ is a full rotation performed without stopping forward movement, unlike the full loop in A and B (Simulation —
Video 7). A common behaviour in Cataglyphis desert ants (Fleischmann et al., 2017). This behaviour arises in the agent when forward speed is low but
not stopped, boosting angular speed and allowing the CX steering output to reverse oscillator phase without fixations. (D) An example of a ‘Myrmecia-

Figure 7 continued on next page
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like' path in the agent, characterised by moderate forward speed and larger lateral oscillations, reminiscent of real-world Myrmecia ants (Clement et al.,
2023; e.g., Video 4, see Figure 7—figure supplement 1). Here, moderate forward speed allows for larger alternating turns and lateral displacement.

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Two simulated agent paths under the ‘Myrmecia’ model setting with a lower normal forward speed control range, with two

settings for the CX signal weight.

of goal-directed forward movement), linking route familiarity, speed modulation, scanning behaviours,
CX, and oscillatory turning dynamics.

General discussion

This study shows that diverse movement behaviours in ants, including scanning, pirouettes, voltes,
and goal-directed runs, can all emerge from a single, conserved neural architecture. By combining
biologically grounded models of CX steering, intrinsic LAL oscillators, and assuming a physical
constraint of forward speed onto angular speed, our models show that modulation of forward speed
can capture fine-grained scanning dynamics that match high-speed behavioural data. Importantly,
these behaviours do not require a dedicated scanning module; instead, scans, together with a range
of observed intermediate behaviours, arise naturally from continuous control mechanisms already
implicated in insect navigation. More broadly, these findings suggest that scan-like behaviours need
not be interpreted as specialised routines for acquiring nest-aligned views.

CX and oscillator interactions

In our model, the CX outputs modulate the oscillator circuit in the LALs, producing goal-oriented
oscillatory paths (Figure 2D; Figure 7A-D, for all paths goal direction to the right). While the CX-LAL
pathways have been modelled (Adden et al., 2022) in the context of plume-tracking in moths, their
potential implication in ant navigation remains unexplored. The scanning dynamics observed here

constrain possible architectures and offer insights into how the CX output may shape motor control
via the LAL.

CX steering gain increases with angular deviation

Our data show that corrective saccade amplitude increases with the agent'’s angular deviation from
the goal (Figure 3) which is consistent with behavioural data in ants and flies during continuous navi-
gation (Lent et al., 2010; Westeinde et al., 2024) and suggests that the CX output signal increases
with angular deviation. In Drosophila, this signature has been proposed to involve PFL2 neurons,

o ©

Video 5. Video of example simulation of the modelled ~ Video 6. Video of example simulation of the modelled

agent executing a full loop scan as depicted in agent executing a double full loop scan as depicted in
Figure 7A. Video shows fixations are in place and their Figure 7B. Video shows fixations are in place and their
sequence along with the corresponding CX and LAL sequence along with the corresponding CX and LAL
outputs, the agents bearing and the angular (ang) and outputs, the agents bearing and the angular (ang) and
forward (fwd) speeds across time. forward (fwd) speeds across time.

https://elifesciences.org/articles/110165/figuresttvideo5  https://elifesciences.org/articles/110165/figures#videoct
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which respond maximally when the fly faces away from the goal, and modulate steering gain by
converging with PFL3 neurons (which drive left or right turns) onto downstream DNs (Westeinde
et al., 2024). Here, for the sake of simplicity, we only modelled the two PFL3 populations (PFL-L
and PFL-R), tuned to both +135° from the goal (i.e., £45° from the anti-goal), which also mimics
CX steering cells observed in monarch butterflies (see Figure 4G of Beetz et al., 2023), and result
in similar steering dynamics as observed in Drosophila (compare Figure 2A and Westeinde et al.,
2024). Whatever the exact implementation, the preserved relation between amplitude and angle
away from the goal during scan (Figure 3) supports the idea of a conserved CX output function that
encodes angular deviation from the goal with increasing strength, and is at play during both scanning
and continuous navigation.

CX directly modulates the LAL oscillator
A key question is whether the CX directly modulates the LAL oscillator (serial control), or whether both
act independently in parallel.

In moths, DNs in the LAL exhibit characteristic ‘flip-flop’ activity patterns that correlate with zigzag-
ging maneuvers (Olberg, 1983; Kanzaki and lkeda, 1994). Computational models suggest that
having these LAL neurons modulated by the CX output can explain aspects of the moths’ plume-
tracking behaviour (Adden et al., 2022). In ants, behavioural studies show that strong directional
drives elicited by the path integrator or visual familiarity do not only gain behavioural weights and
sharpen directional accuracy (Wehner et al., 2016, Wystrach et al., 2015; Legge et al., 2014) but
also increase the ants’ oscillation frequency (Haalck et al., 2023; Clement et al., 2023). Assuming
that the path integrator and visual familiarity modulate goal signals in the CX, as modelled here and
elsewhere (Wystrach et al., 2020b; Stone et al., 2017) and that the intrinsic oscillator is in the LAL
(Clement et al., 2023; Steinbeck et al., 2020), this frequency increase suggests that CX output
modulates the intrinsic oscillatory activity of the LAL. Similar increases in ants’ oscillation frequency
also occur in response to optic-flow prediction errors, although these signals may bypass the CX
(Dauzere-Peres and Wystrach, 2024).

Our findings offer a qualitatively different form of evidence for a direct modulation of the LAL
oscillator by the CX. The rare ‘full loop’ scans — 360° turns without reversal — only emerge in the model
because the CX can shift the oscillator's phase mid-cycle (Figure 3A, B). This requires tight coupling
between CX output and LAL dynamics, and would not occur if both acted independently. Together,
present and past results provide support for a direct, serial modulation of the LAL oscillator by the
CXin ants.

An opponent process in the CX output
In our model, the output of the CX to the LAL (via
PFL neurons) provides both ipsilateral excitatory
connections and a contralateral inhibitory connec-
tion (Figure 2A). In insects, the latter may be indi-
rect, via the stimulation of inhibitory neurons such
as the protocerebral bilateral neurons in the LAL
(Kanzaki et al., 2004; Mishima and Kanzaki,
1999). Functionally, this contralateral inhibition o
ensures that only one side of the LAL is activated
by the CX at a time, avoiding simultaneous bilat-
eral activation, which in the model would produce
inappropriate bursts of forward motion, particu-
larly when the agent is misoriented.

More generally, this opponent organisation

Video 7. Video of example simulation of the modelled

between the left and right hemisphere converts
CX directional information into a normalised
steering signal that reflects angular deviation.
Similar opponent processes have been proposed
for mushroom body output neurons encoding
approach vs. avoidance, or left vs. right scene

agent executing a volte as depicted in Figure 7C.
Video shows fixations are in place and their sequence
along with the corresponding CX and LAL outputs, the
agents bearing and the angular (ang) and forward (fwd)
speeds across time.
https://elifesciences.org/articles/110165/figures#video?
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Figure 8. Summary of the behavioural spectrum produced by the modelled agent as a function of forward speed inhibition facilitating angular speed.
High forward speed results in an agent that ‘sprints’, with its straight paths resembling desert ants (Melophorus bagoti and Cataglyphis). Decreasing
forward speed progressively increases angular speed facilitation, leading to the large oscillations of Myrmecia under moderate forward speed (Clement
et al., 2023; Video 4), 'voltes' under low forward speed, and ultimately scanning behaviours when forward speed reaches zero. Here, angular facilitation
plateaus, the central pattern generator (CPG) is disrupted and the agent scans, with the choreography of scanning being dictated by interactions
between CX signal strength and the oscillator, as observed in ants (Real Ants — Videos 1-3; Simulations — Videos 5 and 6).

familiarity signals (Le Méel and Wystrach, 2020; Murray et al., 2020; Wystrach, 2023), suggesting
that lateralised, opponent coding is a general principle in insect navigational circuits for ensuring
stable and interpretable motor outputs.

A simple control principle: forward speed gates exploration

A key insight from this work is the importance of the assumed constraint of forward speed on the
expression of body rotation. This effectively enables a one-dimensional control to adjust the expres-
sion of active sampling along the trade-off between exploitation and exploration. At one extreme,
forward speed is fully inhibited, halting leg CPG output, and making angular drive maximally expressed,
producing what we term scans. At the other, high forward speed suppresses angular turns, yielding
straight, fast goal-directed trajectories. By simply adjusting this one parameter, the model generates
a spectrum of behaviours, from sweeping oscillations to full rotational scans, mirroring inter- and
intra-species variation observed in real ants (Figure 8). This spectrum of apparently distinct behaviours
does not reflect different mechanisms, but the same distributed control process. The diversity arises
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from the dynamic interactions between the CX, the oscillator, and thoracic CPGs, and, crucially, the
mechanical constraint of forward speed on rotation.

A continuum of movement modes across context and species

The continuum also helps explain interspecific variation. Desert ants (M. bagoti, multiple Cataglyphis
species, Occymyrmex robustior), adapted to thermophilic foraging, favour high forward speed, which
thus limits oscillation amplitudes, and rely on brief, stochastic stops for visual sampling (Clement
et al., 2023; Deeti and Cheng, 2025; Muser et al., 2005; Figure 8). Myrmecia ants, by contrast,
forage at lower temperatures and can afford to operate at slower speeds, allowing large, regular
oscillations to coexist with forward progression (Clement et al., 2023; Figure 8). Our model can shift
seamlessly from one style to the other by simply adjusting forward speed.

An individual can also shift along the continuum to adapt to the current context. For instance,
experienced Cataglyphis velox running along their familiar route, where navigational certainty (imple-
mented as a strong goal heading in the CX, Figure 6), favour exploitation by constraining angular
deviation, increasing forward speed and thus reducing the occurrence of scans. Similarly, Myrmecia
can stop and scan under high uncertainty (Freas et al., 2018; Islam et al., 2020) or accelerate and
straighten to escape adverse situations (Clement et al., 2023; Deeti et al., 2023b).

The emergence of such different-looking trajectories suggests that the modulation of forward
speed may represent an ancestral and fundamental control strategy in ants. This simple control is
used at both individual decision and evolutionary timescales: to adjust individuals’ behaviour to the
current context, as well as ant species to their ecology.

An ancestral design? striking parallels with crawling Drosophila larvae

This forward-angular coupling is not unique to ants. Similar mechanisms appear across taxa (even in
bacterial run—tumble cycles), highlighting a shared control strategy (Cheng, 2024). Importantly, while
these similarities do not imply homologous neural implementations, they do suggest that compa-
rable behavioural motifs can emerge from related control principles across taxa. In Drosophila larvae,
angular reorientation also arises from a continuous body-bend oscillator. The expression of body
bending is constrained by forward crawling peristalsis (Wystrach et al., 2016), which can be tran-
siently suppressed by DNs (e.g., PDM-DN), producing a stop and unmasking the oscillator expression
by enabling strong body rotation (Tastekin et al., 2018; Berni et al., 2012; Pulver et al., 2015), akin
to ant scans.

Fly larvae’s stops also appear stochastic, and their frequency can be modulated by negative sensory
evidence such as going down attractive odour gradient (Berni et al., 2012, Gomez-Marin and Louis,
2014), just as scanning in ants is more likely under high navigational uncertainty (Deeti et al., 2023a;
Freas et al., 2022; Freas et al., 2018; Freas and Cheng, 2025; Schwarz et al., 2020a; Wystrach
et al., 2020a; Wystrach et al., 2014).

Finally, in both ants (Buehlmann et al., 2018; Haalck et al., 2023) and larvae (Gomez-Marin and
Louis, 2014; Luo et al., 2010), forward speed control is not binary, but graded, modulated smoothly
by sensory evidence.

Although not present as neuropils in fly larvae, the CX and LAL are conserved structures, ancestral
to arthropods (Kanzaki et al., 2005, Kanzaki and Mishima, 1996; Pfeiffer and Homberg, 2014;
Heinze, 2024). Whether the DNs that inhibit forward movements in Drosophila (Rayshubskiy et al.,
2025; Tastekin et al., 2018) are similarly conserved across arthropods, or represent convergent evolu-
tions in some taxa, remains to be seen.

In adult Drosophila and other insects, multiple DNs modulating forward speed have been identified
(Biischges and Ache, 2025). Some (BPNs) promote acceleration (Bidaye et al., 2020), whereas others
trigger strong speed reductions or halting responses (Sapkal et al., 2024). Furthermore, left-right
firing rate differences between DNs (DNa-1/DNa02) can predict rotational velocity driving pivoting
behaviour (Biischges and Ache, 2025; Rayshubskiy et al., 2025; Yang et al., 2024); providing a
circuit-level analogue to our modelled angular speed modulation.

Scanning in flying hymenopterans
Flying hymenopterans such as bees and wasps share much of their navigational toolkit with ants
(Collett et al., 2013; Collett and Hempel de Ibarra, 2023; Zeil, 2012). As in ants, their scene
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recognition and path integration systems are thought to generate a goal heading within the CX
(Stone et al., 2017; Honkanen et al., 2019) and they also exhibit regular oscillations and scanning
behaviours, particularly during learning flights or when approaching a goal (Philippides et al., 2013,
Collett et al., 2013; Collett et al., 2023, Zeil et al., 1996). However, these behaviours are expressed
differently from those of ants, notably through sideways motion, arcs, and loops, rather than by simply
stopping and rotating on the spot.

The bodily constraints assumed in the present model are intended to reflect those of a typical
walking ant, thus the agent cannot move sideways. Ants are capable of sideways or backward motion,
but apparently only when no alternative is available, such as when dragging a heavy item (Schwarz
etal., 2017). It would be interesting to determine whether scanning properties such as those observed
in bees and wasps could emerge from the model proposed here under different physical constraints
adapted to flight, while keeping the same neural mechanisms. Novel behaviours may indeed evolve
through changes in the body rather than in the brain (Dudley, 2000).

Model limitations and future directions

While our model successfully captures fine-scale scan dynamics, several limitations remain. First, we
assumed a single, static goal direction represented in the FB of the CX. While this suffices to simulate
realistic scanning of ants navigating towards a known goal, real insects often juggle multiple direc-
tional cues from path integration, visual landmarks, wind, and olfaction, and may maintain simulta-
neous goal representations. These goals may be employed sequentially or weighted adaptively within
the CX (Freas et al., 2020; Le Moél et al., 2019; Stone et al., 2017; Sun et al., 2020; Wehner et al.,
2016; Wystrach et al., 2015). Extending the model to simulate multi-goal conflict or cue integration
would allow exploration of how insects handle navigational uncertainty, and how the latter impacts
scanning.

In our simulations, the CX goal representation remained fixed in both direction and strength
throughout each trial. This simplification allowed us to isolate and compare the effects of different
CX strengths on scanning behaviour (Figure 6). However, goal headings in the CX are likely to be
updated continuously (including during the scans themselves), for instance via novel inputs from visual
recognition in the MB (Goulard et al., 2021; Sun et al., 2020). This would affect saccades direction
and duration. Exploring such dynamics lies beyond the scope of the present study but would repre-
sent an interesting direction for future work. Notably, our proposed CX-LAL-Body relationship could
be implemented downstream of an existing path integration or visual-based model (or both) to form
predictions about the occurrence and dynamics of scans along the path, as well as their impact on the
emerging trajectories.

The model also does not currently explain the phenomena of nest-directed fixations. These so-called
‘pirouettes’ or ‘lookbacks’, where longer fixations happen when looking towards the nest have been
reported in ants during learning walks or initial route formation (Collett et al., 2023; Collett and
Hempel de Ibarra, 2023; Fleischmann et al., 2017; Freas and Cheng, 2018; Freas and Cheng,
2025; Miiller and Wehner, 2010; Robert et al., 2018; Stiirzl et al., 2016; Zeil and Fleischmann,
2019). While in our dataset scans did rarely extend beyond 150° away from the goal (Figure 6), our
model predicts that when this goal is weak — such as in entirely naive ants — reversal, smaller saccades,
and longer fixations will tend towards 180° from the goal, which might coincide with the origin, that
is, the nest direction. Alternatively, the nest direction could actually be represented as a goal heading.
This could be addressed by incorporating either (1) a dual-goal representation (e.g., one for the
feeder and one for the nest) with modulated weighting, or (2) a dynamic switch of goal orientation
during the scan, perhaps based on distance from home. This raises several empirical predictions. For
example, if ants perform scans while navigating along two-leg outbound routes where the goal is at
90° to the nest's direction, then fixation patterns during scans may reveal whether multiple goals influ-
ence scanning structure. If the CX indeed holds multiple co-active directional representations, scan
fixations should systematically cluster around these multiple directions.

Finally, scan termination is currently modelled as a stochastic process, implemented through a
random-rate ‘freeze-release’ mechanism to reproduce the observed Poisson-like distribution of scan
durations (Deeti et al., 2023a). However, behavioural evidence suggests that scan duration is not
entirely random. Scans tend to last longer in contexts of high uncertainty, such as during learning
walks or early route formation, and become shorter or absent on well-learned routes (Wystrach et al.,
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2014). This implies that the probability of termination likely depends on an internal variable, perhaps
an accumulating ‘forward drive’ or confidence estimate, that builds over time and releases the motor
system from inhibition once a threshold is reached. This mechanism would parallel the angular drive
threshold that governs saccade initiation in our current model (Figure 4) and resembles integration-
to-bound processes proposed in other species including mammals (Murakami et al., 2014).

While our model does not include detailed biomechanics of leg coordination, proprioceptive
feedback, or thoracic pattern generators (CPGs), it makes testable predictions about how angular
and forward drive might interact at the motor level. For instance, the assumption that angular drive
and forward drive accumulates continuously, even during motionless fixations predicts the existence
of neurons or motor circuits that integrate excitatory input over time and release movement when
thresholds are crossed, paralleling the control logic found in Drosophila larvae (Rayshubskiy et al.,
2025; Tastekin et al., 2018). Whether such a putative integration over time is achieved at the level of
DNs or downstream in the thoracic CPG themselves remains to be seen.

Conclusions

This study demonstrates that the diverse movement patterns of ants, from brief scans to full pirou-
ettes and sweeping oscillations, can arise from a single, conserved neural architecture: the interaction
between CX steering and an intrinsic oscillator in the LALs. By introducing minimal, biologically plau-
sible additions (a stochastic inhibition of forward speed, a saccade-initiation threshold, and forward-
angular speed coupling), the model reproduces a panel of fine-scale scanning dynamics seen in
high-speed recordings of M. bagoti and generalises across species and behavioural contexts.

A key insight is that forward speed acts as a distributed control dial, gating the expression of
angular movements and enabling smooth transitions between goal-driven progression and explor-
atory sampling. This unifying principle offers a simple yet powerful mechanism for balancing exploita-
tion and exploration, adaptable across ecological niches and timescales.

Together, these directions open exciting opportunities to link brain models of sensorimotor control
to peripheral control such as thoracic ganglia, refine our understanding of decision timing, and extend
the model to richer multi-goal or multisensory environments.

Materials and methods

Model overview
We developed a computational model to test whether scanning behaviour dynamics can emerge from
the interaction between CX steering and an intrinsic LAL oscillator. The model simulates single runs
where the virtual agent possesses a fixed goal direction in the CX and forward speed will be inhibited
at a predetermined time and released stochastically to trigger a single scanning bout. The model was
implemented in MATLAB R2016b, and code is openly available at https://github.com/antnavteam/
CX_oscillator_scans (copy archived at antnavteam, 2026). The code is extensively commented to
allow readers to examine all implementation details, parameter choices, and computational logic.
The model comprises three interacting components: (1) a CX steering circuit that compares current
heading with a goal direction to generate corrective signals (adapted from Wystrach et al., 2020b),
(2) an intrinsic LAL oscillator that produces rhythmic left-right activity (adapted from Haalck et al.,
2023), and (3) motor output rules that convert neural activity into angular and forward velocity.

CX steering component
The CX steering architecture follows the computational framework established in previous insect navi-
gation models (Stone et al., 2017, Wystrach et al., 2020b), where current and goal direction are
encoded as bumps of activity across rings of eight neurons, and compared via shifted representations
to generate steering commands.

The CX encodes heading information as activity patterns across eight sectors with fixed angular
references every 45°:

Orefs (z) = {O, 74, ©l2, 3n/4, 7, Swl4, 37/2, 777/4}.
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Current heading is represented by a bump of activity across eight EPG (Ellipsoid body—Protocere-
bral bridge-Gall) neurons, which track the agent heading (TH). The goal direction is represented by a
bump of activity across eight goal cells (here termed HDB), which remains fixed at 6_goal = O:

EPG(i, 1) = ((71 — |mym(@refii) — TH®)|)" p) I \p

HDB(i) = (r — Imym (Oref (i) — 0_goal) ) p)/ =" p_

In these equations, TH(t) represents the agent’s current heading, §_goal is the fixed goal direction
(which we set to 0), p (=3) controls the width of the activity bump, and m,71() wraps angles to [-m, +71].
Both EPG and HDB produce activity bumps centred on their respective directions, with activity falling
off smoothly away from the peak.

Two PFL (Protocerebral bridge-Fan-shaped body-Lateral accessory lobe) populations compare
spatially shifted copies of the heading representation with the goal representation. Each PFL popula-
tion computes the difference between the goal signal and a shifted heading signal at each PB sector.
Because neural activity under inhibition is bounded at zero, negative values are prevented and set to
zero:

PFL_R (i, f) = max (0, HDB (i) — EPG (i—1, t))

PFL_L (i, ) = max (0, HDB (i) — EPG (i+1,1))
where the indices i — 1 and i + 1 represent spatial shifts of =1 sector (+45°). When the goal representa-
tion is stronger than the (shifted) heading representation at a given position, the PFL neuron becomes
active; otherwise it is silent. This generates asymmetric activity patterns: PFL_R becomes active when
the goal lies to the right of the agent'’s current heading, and PFL_L when the goal lies to the left of
the agent’s heading. The summed activity across all sectors produces the bilateral CX steering output:

CX_out R (r) = % PFL_R (i, 1)

CX_out_L (1)

S PFL_L (i, 1),

The net difference between these outputs indicates whether the goal lies rather to the right or
the left of the current heading. Evidence in butterflies shows that corrective output signals of the CX
peak when the insect is oriented 135° away from its goal (Beetz et al., 2023). We implemented this
by simply reversing the CX steering signal (see below): evidence for the goal on the right will steer
the agent towards the left (and reciprocally), so that the agent will tend to move in the opposite
direction (180° away) from his CX goal representation, which effectively acts here as an anti-goal. As
a result, the comparison of +1 sector (+45°) shifted representation makes the magnitude of CX_out
peak when the current heading is shifted by 45° from the CX goal, that is 135° (180°-45°) from the
agent goal (Figure 3). Note that this is equivalent to a shift of =3 sectors (+135°) with a non-reversed
steering control. As a result, the CX produces a stronger corrective steering signal when the agent
is more misoriented, a property consistent with behavioural data in ants and flies (Lent et al., 2010;
Westeinde et al., 2024).

To produce unambiguous unilateral steering signals, the two CX outputs go through a cross hemi-
spheric reciprocal inhibition (Figure 3), and then modulates the oscillator via ipsilateral activation:
CX_input_R for the right oscillator neuron R, and CX_input_L for the left oscillator neuron L.

CX_input_R (t) = max (0, CX out R (t) — CX_input_L (t)) g_CXI
CX_input_L (t) = max (0, CX_out_L (1) — CX_input_R (1)) - g_CX_

g_CXrepresents the CX gain parameter, that is, the strength of the CX impact on the oscillator, which
remains constant throughout each run, and whose impact on scanning was investigated (Figure 6).

Intrinsic LAL oscillator
Two reciprocally inhibiting neurons (R and L) generate oscillatory activity through mutual inhibition
and negative feedback representing synaptic exhaustion (Haalck et al., 2023):
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R(r) = R(t—1) — RNF(r—1) — a-L(1—1) + CX_inpur_R (1) + & osc,
L (t) =L (t— 1) — L _NF (t— 1) — a-R (t — 1) + CX_input_L (t) + .ﬁ_osc.

a = 0.1 represents the reciprocal inhibition strength and ¢_osc ~ N(0, 0.05) is Gaussian noise. The
negative feedback (synaptic exhaustion) evolves as:

RNF(t) = RNF(t—=1)-(1-8) + B-(R(t) — (RNF(t1—1) +s))

LNF(t) = LNF(t—1)-(1-8) + B-(L(1) — (LLNF(t—1) +s))

B = 0.01 represents the exhaustion rate and s = 0.5 is the steady-state firing rate. Neural activity is
constrained to [0, 2] to prevent runaway firing activity.

Motor output

Angular velocity (w) and forward velocity (v) are derived from oscillator activity:
w (l) = (L (Z) — R (t)) -g_ang - (1/ (v (t— 1) + 0.15)) + f_motor’

v(t) = ((L(t)+R(t))Ak+£_m0l0r) -g_fwd.

g_ang = 0.03 represents angular motor gain, g_fwd represents forward motor gain, k controls how
much forward speed varies with oscillator output, and & motor ~ N(O, 0.1) is motor noise. The term
(1/(v + 0.15)) implements the coupling between forward and angular speed: faster forward movement
reduces turning ability. +0.15 prevents an infinite value when v = 0.

To simulate species differences, we used two parameter sets:

Desert ants (e.g., Cataglyphis and Melophorus): k = 0.5, g_fwd = 1.0 (faster, smaller impact of the
oscillator on forward speed).

Myrmecia ants: k = 1.5, g_fwd = 0.2 (slower, larger impact of the oscillator on forward speed).

The agent’s heading and position update at each timestep:

TH(r) = TH(r—1) + w(r)
X (t — 1) + v (t) - cos (TH (t))
Y(t — 1) + v (t) - sin (TH (t) )

X (1)
Y (1)

]

Scan generation via forward speed inhibition

Forward speed can be inhibited to trigger scanning behaviour. We implemented two inhibition modes:
Full inhibition (fwd_speed_inhibition = 0): Forward velocity is set to zero, halting the locomotor

CPG. During this period, angular drive (L (t) — R (t)) accumulates:

cumul_drive (t) = cumul_drive (t — 1) + (L (t) — R (t) )

The agent remains in fixation (o(t) = 0) until accumulated drive exceeds a threshold to break the
CPG inhibition 8_CPG = 2.0, then releases a saccade using the usual formula for rotation:

w (l) = cumul_drive (Z) -g_ang - (1/ (V (l) + 0.15)) + §_m010rl

cumul_drive (t) = 0.

This release resets the cumulated drive to zero, that is below CPG desinhibition threshold, making
the agent freeze and the angular drive cumulation resume. This produces the characteristic scan struc-
ture of alternating fixations and saccades observed in ants.

Partial inhibition (fwd_speed_inhibition > 0): Forward speed is reduced but not halted (e.g., set to
0.2), and angular control proceeds normally without accumulation. This generates broad oscillations
or ‘voltes’ rather than discrete scans.

Scan termination is stochastic: at each timestep during inhibition, forward speed resumes with prob-
ability p_stop = 0.5. This produces exponentially distributed scan durations matching the Poisson-like
distribution observed in M. bagoti (Deeti et al., 2023a).
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Model parameters

Parameter Symbol Desert ants Myrmecia Justification

CX parameters

Set to produce realistic

Bump width bump width (e.g., Kim
exponent P 3 3 et al., 2019)
CX output gain g CX 0.5 0.5 Effect studied in Figure 6

Oscillator parameters

Reciprocal inhibition o 0.1 0.1 See Figure 9
Exhaustion rate B 0.01 0.01 See Figure 9
Neural oscillation require
Steady state s 0.5 0.5 intrinsic activity
Oscillator noise ¢ osc 0.05 0.05 Add realistic neural noise
Neural activity Prevents non-biologically
bounds - [0, 2] [0, 2] realistic runaway activity
Motor parameters
Fitted to match oscillation
amplitude in continuous
Angular motor gain  g_ang 0.03 0.03 walking
Set to produce realistic
speed difference across
Forward motor gain  g_fwd 1.0 0.2 species
Species-specific; controls
Forward oscillator oscillator's impacts on
control k 0.5 1.5 speed
Motor noise ¢_motor 0.1 0.1 Adds realistic path variability
Scan parameters
CPG angular Fitted to produce realistic
threshold 6_CPG 2.0 2.0 saccade duration
Produces scan durations
Scan termination matching M. bagoti
probability p_stop 0.05/step 0.05/step distribution
Forward speed Full inhibition of forward
during scan v_scan 0 0 speed

Simulation protocol

Each simulation ran for 400 timesteps, representing (given our oscillatory parameter choice, Figure 9)
around 6-10 oscillation cycles (depending on CX strength). This would take ants around 5-25 s
(depending on species, individual, temperature and other conditions), which is sufficient to encom-
pass one realistic scan duration. Initial conditions were: R(0) = 1, L(0) = 0, TH(0) = 0O, position (0, 0).
Forward speed inhibition (i.e., scanning) began at timestep 200 (+50 timesteps random variation to
ensure that scan onset occurs at various moments along the oscillatory cycle). The model generated
time series of:

e Position (X, Y) and heading (TH)

» Neural activities (R, L, CX_outputs)

» Velocities (angular w, forward v)

» During scans: fixation durations, body orientations, and saccade amplitudes

Model outputs and behavioural comparisons
From scanning periods (when v = 0), we extracted:
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Figure 9. Dynamics of the oscillator across parameter ranges. (A) Top row: Firing rates of the two LAL neurons (red and blue) exhibiting antiphase
oscillations. Middle row: Angular speed (L — R), calculated as the difference between left and right motor outputs (green), driving turning behaviour.
Bottom row: Forward speed (L + R), calculated as the sum of left and right motor outputs (black). (B) Heatmap showing oscillatory frequency as a
function of reciprocal inhibition strength and neuronal adaptation rate. Colour indicates the number of complete oscillatory cycles observed per 1000

Figure 9 continued on next page
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Figure 9 continued

simulation steps. Both axes are displayed on logarithmic scales. The red dot indicates the parameter combination used for the simulations shown in
panel A and throughout the main figures. Parameter values were selected to ensure sufficient temporal resolution to capture multiple saccades within a
single oscillatory cycle. Note that time is reported in dimensionless simulation steps rather than converted to milliseconds.

Fixation metrics: Duration (time between saccades), body orientation relative to goal direction
Saccade metrics: Angular amplitude, direction (towards/away from goal), reversal events
(change in turning direction)

Scan structure: Total duration, number of fixations per scan, cumulative orientation at first
reversal

These were compared qualitatively against empirical data from M. bagoti using the same metrics
extracted from high-speed videos (see Behavioural experiments section). We did not perform quan-
titative parameter optimisation, as our goal was to assess whether scanning properties naturally
emerged from the proposed circuit architecture rather than to fit the model precisely to data.

Behavioural experiments

Species and site

Natural scans were recorded using the red honeypot ant M. bagoti, all female foragers during the
Australian summer from December to February (experienced foragers — Familiar/Unfamiliar condi-
tions: 2010, see Deeti et al., 2023a; inexperienced foragers — Outbound/Inbound route formation
conditions: 2023/2024 summer season) on a field site (23°4528.12"S, 133°52'59.77"E) located at the
Centre for Appropriate Technology campus, south of Alice Springs, Northern Territory, Australia. M.
bagoti inhabit a visually cluttered environment, exemplified by large amounts of buffel grass tussocks
(Pennisetum cenchroides), with scattered eucalyptus trees and bushes.

Desert ants navigate alone using multiple concurrent, primarily visual, strategies (Cheng et al.,
2009; Collett and Collett, 2002; Freas and Cheng, 2018; Freas and Spetch, 2023, Wehner, 2009,
Wystrach et al., 2012; Freas and Spetch, 2019, Zeil, 2023); including path integration (Cheng et al.,
2009; Collett and Collett, 2002, Wehner and Srinivasan, 2003) and learned views around the nest
and along foraging routes (Collett, 2010; Freas et al., 2017, Wystrach et al., 2012; Zeil, 2023; Zeil
and Fleischmann, 2019).

Two datasets of high-speed videos of scanning bouts were used in this project. The first set of
high-speed scanning bout videos were collected using inexperienced foragers, as individuals formed
a straight-line route between a feeder and the nest. In these ants, scanning bouts are known to have a
high occurrence near the nest, in both outbound and inbound ants. Videos were collected both at the
onset of their outbound journey or during the inbound trip just before reaching the goal. The second
was a group of highly experienced ants which were released either along or near their established
foraging route (familiar) or at a distant (unfamiliar) site (previously collected in Deeti et al., 2023b).

Inexperienced forager procedure
High-speed video recordings of inexperienced ants as they scanned while forming their stereotyp-
ical route between the nest and feeder conducted on a single M. bagoti nest in a closed arena with
10 cm high walls enclosing the nest and feeder (Same arena as Freas and Cheng, 2025, with a sepa-
rate cohort of ants). A stocked feeder was sunk into the ground 7 m from the nest. As we were only
interested in inexperienced foragers with little knowledge of the area beyond the nest, prior to video
recording all foragers that emerged from the nest entrance were marked as experienced using enamel
paint (Tamiya) and these experienced individuals were excluded. On day 6, non-painted foragers were
allowed to exit the nest entrance and find the feeder. Extending 0.2-1.0 m from the nest entrance we
spread a thin layer of white sand along the ground. This sand helped the red ants stand out from the
red ground during filming and pose estimation analysis. Above this site, we positioned a downward
facing Chronos 2.1-HD high-speed camera (KRON Tech), 50 cm above the ground (1920x1,080pixels,
600fps) with a field of view of 30 cm x 17 cm.

For 5 days prior to recording, one exposure to the feeder encouraged foragers to leave the nest
entrance in the general direction of the camera’s field of view allowing us to record any scanning
behaviours during the first few foraging trips, as the stereotypical route formed. After collecting ~25
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individuals' outbound scans, we switched to focusing on recently emerged foragers on their inbound
trip collecting any inbound scans, occurring near the nest. Once a forager completed a scan, or
multiple scans within the recording frame, they were collected after they left the area and marked as
completed to prevent repeated recording.

Experienced foragers procedure

Experienced forager scans dynamics were extracted and analysed from a dataset published in Deeti
et al., 2023a, which focused specifically on scanning metric distributions; the following summary is
further explained there. Two stocked feeders (cookie pieces) were sunk into the ground 5 m from the
nest, separated 120° (right and left sites). Ants exited each feeder via a 1-m long, 10-cm wide channel
towards the nest, sloped up to ground level where ants exited onto a 60 cm x 120 cm ‘scanning plat-
form’ (wooden board with white paper surface). Similar setups (minus the feeder) were placed at three
other local sites (middle, opposite, and far).

First, only the Right feeder was stocked with cookies and foragers were allowed to train along this
route, with each visiting individual marked upon their first visit. Individuals were allowed to train along
this route for 2 days prior to testing, repeatedly returning to the feeder and leaving via the channel
with food. Once highly experienced, inbound foragers were tested by collection just before entering
the nest and released at one of the four familiar test sites. As each individual reached the scanning
platform they were video recorded using a high-speed camera (Casio EX-F1, FOV: 30 cm x 30 cm at
300 fps). This testing procedure was then repeated with a second group of foragers trained to the left
feeder. A final setup was placed in a far (40 m), unfamiliar site where a separate group of experienced
foragers was tested.

Pose extraction

For both sets of scan video datasets, we extracted the body orientations of ants during fixations to
calculate their angle compared to the goal direction (e.g., nest or feeder) and their duration. Fixations
were defined as periods when the ant’s head and body remained stationary between video frames,
with no forward or rotational movement. Scanning can be composed of multiple scanning bouts, with
little to no forward movement within a bout, while the ant rotates in place (saccades), or fixating in
different directions, with a scanning bout ceasing once the ant resumes forward motion (Deeti et al.,
2023a). By collecting body orientation during fixations, we extracted the duration of each fixation, the
ant's body orientation relative to the goal, the angular change between each fixation (saccade angle)
and duration, if the saccade was ‘towards’ or ‘away’ from the goal direction and when the fixation was
followed by a saccade that was a reversal in turning direction.

In the experienced individuals (300 frames/s), orientation was extracted using a custom MATLAB
code (see Deeti et al., 2023b for full description), with fixations identified as stationary periods
between frames with body orientation estimated using points at the head and pronotum. In inexperi-
enced forager scans (600 frames/s), body orientation during fixations was determined manually using
SLEAP software (Pereira et al., 2022). Fixations 'started’ when the head stopped moving between
frames and ended with the onset of either forward or rotational movement. Orientation was calculated
using two body landmarks: the front centre of the head and the head/body connection (pronotum). As
multiple scanning bouts can occur within a single path, each scanning bout began with the first, within
frame fixation and ended after forward movement resumed for at least two full leg cycles. Additional
fixations within this two-step window were still counted as within the same scanning bout.

Statistical analysis (real-world M. bagoti scans)

Grouping

For experienced foragers, scan data from all familiar release sites (left, right, middle, and opposite)
were pooled into a single familiar condition, while scans from the distant site were treated as unfa-
miliar. For inexperienced foragers, scans were separated into two groups based on if the scan occurred
during the outbound and inbound portion of the foraging trip.
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LME models

LME models (Matlab 2016) were used to assess the qualitative predictions of the model compared
to our real ant data, rather than to optimise model fit. Accordingly, we report F-values derived from
ANOVA tables, which test the significance of fixed effects rather than relying on t-values associated
with individual parameter estimates. Importantly, this approach fits our qualitative focus. We first run
models with interaction between factors. If no interaction was significant, we re-run the model for
additive effect only.

Effects on saccade aptitude and fixation duration were analysed using LME models with both
individual and test conditions as random effects and with angular deviation from the goal direction as
a continuous fixed effect and with reversal and towards/away (for fixations this corresponds with the
upcoming saccade) as categorical fixed effects.

To assess the effect of experience on cumulative orientation vs. the goal during the first reversal of
each scan, we conducted LME with the cumulative orientation as the dependent variable, with condi-
tion as the fixed effect and individual as a random effect to account for repeated measures across
individuals. We ran a second LME to assess the effect of experience on the saccade amplitude, with
condition as the fixed effect and individual as the random effect to account for repeated measures
across individuals.

Fixation duration and saccade amplitude — linear regression

To assess the relationship between fixation duration and saccade amplitude, we first plotted the entire
dataset. After observing the general trends, we separated shorter fixation durations (Quartile 1) from
the rest of the dataset (Quartiles 2-4) and performed separate linear regressions for both subsets.
Regression slopes were then tested for significance using t-tests on the fitted model coefficients.

Start/stop anytime during oscillation cycle

To compare the duration via the number of saccades within a sweep between distinct sweeps (e.g.,
first vs. second sweep; penultimate vs. final sweep), we used the Wilcoxon signed-rank tests for paired
data.

First reversal/longest fixation — ‘binomial’ chi-square association
To assess if reversal and longest fixation duration were associated we tested them using the chi-square
test of independence (3, and odds ratios with 95% confidence intervals were calculated.
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