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Abstract

In a way analogous to human vision, the fruit fly D. melanogaster and many other flying
insects generate smooth and saccadic movements to stabilize and shift their gaze in flight,
respectively. It has been hypothesized that this combination of continuous and discrete
movements benefits both flight stability and performance, particularly at high frequencies or
speeds. Here we develop a hybrid control system model to explore the effects of saccades
on the yaw stabilization reflex of D. melanogaster. Inspired from experimental data, the
model includes a first order plant, a Proportional-Integral (Pl) continuous controller, and a
saccadic reset system that fires based on the integrated error of the continuous controller.
We explore the gain, delay and switching threshold parameter space to quantify the opti-
mum regions for yaw stability and performance. We show that the addition of saccades to a
continuous controller provides benefits to both stability and performance across a range of
frequencies. Our model suggests that Drosophila operates near its optimal switching thresh-
old for its experimental gain set. We also show that based on experimental data, D. melano-
gaster operates in a region that trades off performance and stability. This trade-off increases
flight robustness to compensate for internal perturbations such as wing damage.

Author summary

Similar to human eyes, flies generate smooth movement and saccades to stabilize and shift
their gaze, respectively. Together, these two motor outputs are thought to act synergisti-
cally to benefit both visual gaze stability and performance, but their interaction remains
poorly understood. To test this hypothesis, we developed a switched (hybrid) control
model inspired from flight data of the fruit fly Drosophila. Our model supports the notion
that a hybrid strategy provides benefits to both stability and performance in flight across a
range of visual motion speeds. Our model further suggests that Drosophila operates in a
region that trades off performance and stability, which could increase flight robustness to
internal perturbations such as wing damage.
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Introduction

Vision systems in many animals, including humans, combine smooth pursuit movements
with ballistic adjustments known as “saccades” [1-6]. This switched or hybrid visual control
mechanism works to ensure that stationary and moving targets are centered on the retina [7],
as well as minimizing background slip [3, 8]. It has also been proposed that saccade may sim-
plify spatial perception by segregating rotational and translational optic flows [9]. Insects are
common subjects of studies of natural vision systems, and like vertebrates, generate smooth
and saccadic movement of their head (eyes) and whole body. While much work has been done
on the behavioral mechanisms that drive these two types of motion in flying insects [3, 8, 10],
understanding their neural basis remains an active field of study [8, 11-13]. Several models
have been proposed to capture the nature of flying insect vision control systems, including
purely continuous models [11], parallel hybrid models [4], and switched hybrid models [3, 8,
13]. Here, we focus our attention on the latter in the context of yaw gaze stabilization in fly
flight.

In the most general sense, a hybrid dynamical system is one that exhibits both continuous
smooth dynamics and discontinuous or discrete dynamics. In regions of the state space where
continuous dynamics are active, the state transition proceeds smoothly in time according to
the differential equations that describe the system. Upon reaching certain state conditions,
however, the system transitions to a discrete regime where its behavior is described by a set of
discontinuous difference equations.

The mathematical construction of a hybrid system is as follows:

{ #tyec, () =f&
X(t)eD, X' (t)=g

~

1
) (1)

where C and D are the flow set and jump set, respectively, f(X) and g(X) are the flow map and
jump map, respectively, and ¥ is the state vector [14, 15]. The state vector transitions smoothly

=1

in time according to the flow map when in the flow set, and transitions discontinuously
according to the jump map when in the jump set. According to this paradigm, we can
consider hybrid systems a superset of continuous and discrete systems by recognizing that set-
ting D = @ yields a purely continuous system and setting C = @ yields a purely discrete
system.

In classic work on vision, Land proposed and simulated a hybrid vision system combining
a smooth proportional-derivative (PD) controller with a zero-order-hold direct feed-through
[4]. This resulted in a parallel controller where both continuous and discrete systems were
always active. Land showed that a purely smooth controller provided the best performance at
low frequencies, but hybrid control provided improved high-frequency compensation [4]. In
recent work, Mongeau and Frye developed a switched hybrid system model to describe the
gaze stabilization system of the fruit fly, Drosophila melanogaster [3]. In their model, the con-
trol system integrates object position error and background velocity error for object tracking
and gaze stabilization, respectively. When the integrated error reaches a threshold, a saccade is
initiated. This integrate-and-fire model recapitulates the actual behavior of the fly, as observed
in a tethered flight experiment [3], and captures the calcium dynamics of T3 columnar neu-
rons that evoke bar tracking saccades [13]. Collectively, several studies support that the smooth
optomotor and saccadic systems operate in parallel with distinct yet interacting neural cir-
cuitry [13, 16-20].

Here we substantially expand on previous work by Land in light of recent experimental and
theoretical results [3, 21, 22]. We develop a switched hybrid model of the control system with a
plant model for the yaw motion of D. melanogaster. Using this model, we explore the
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parameter space to determine regions of stability and optimum performance. We then deter-
mine in what regimes the hybrid system is superior to the continuous system alone, with the
aim of gaining a better understanding of the advantages behind the use of saccades in both bio-
logical and artificial vision systems.

Materials and methods
Model

We developed a hybrid controller model (Fig 1a) for angular velocity compensation (gaze sta-
bilization) about the yaw axis inspired by D. melanogaster [3, 21]. The model consists of a con-
tinuous feedback loop combined with a first-order plant and a saccadic switching system that
is implemented to supervise the transition between the smooth and discrete controllers. This
switching system tracks the integrated error between the set point and response. When the
integrated error reaches a defined switching threshold (0), the continuous feedback controller
is inhibited—analogous to an efference copy—and a saccade is executed. This transition also
resets the integrator and plant, essentially re-basing the system to a new point (Fig 1b), as
hypothesized in flies [1]. For tractability, we do not model the body rotation associated with
saccades, but only the interruption in continuous visual feedback during saccades associated
with an efference copy [23].

The plant is a first-order transfer function with inertia and damping. The yaw inertia and
damping constants are based on previous modeling work in D. melanogaster and provide a
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Fig 1. Design and response of hybrid flight saccade model. (a) Block diagram of hybrid system model. The hybrid
system switches between a smooth PI feedback controller and a saccadic reset based on the integrated error of the
smooth controller. (b) Typical response of the hybrid controller to a sinusoidal input velocity. Smooth motion is
interspersed with saccades. (), (d), (e) Evolution of system response as a function of increasing switching threshold, o.
As the switching threshold is increased, the influence of the saccadic system is reduced. For this particular system (Kp,
K}, t4) the smooth behavior is recaptured at ¢ > 3.5 degrees. Note that the gains used in this specific model are not
representative of D. melanogaster, but are chosen for demonstration only.

https://doi.org/10.1371/journal.pcbi.1011746.9001
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damping to inertia ratio of approximately 4.2 [21, 22, 24]. The model was implemented using
MATLAB and Simulink.

Within the framework presented in (1), the smooth controller is the flow map, the saccadic
reset is the jump map, and the flow and jump sets C and D are defined by the switching thresh-
old. We can collapse the hybrid system to be either fully continuous or fully discrete by adjust-
ing the switching threshold towards positive infinity or towards zero:

c—-0=C— O
{ (2)

c—o00=D—->0

We can intuitively understand this by examining the logic of the switching supervisor. As
the switching threshold approaches zero it is more commonly exceeded and the smooth con-
troller is inhibited more often (Fig 1c). In this case saccades are executed in fast succession
with little smooth motion between them. Conversely, as the switching threshold is increased
towards infinity, the threshold becomes more difficult to exceed until it is no longer possible to
initiate a saccade. In this case the smooth controller acts alone, and the system is purely contin-
uous (Fig le).

Both the smooth controller and saccadic controller include a transport delay that encapsu-
lates the biological transport time of the visual signal to the muscle of flies. This transport
delay has been shown to be around 20 ms in D. melanogaster but is kept as a free parameter in
the model to allow for exploration of the delay time parameter space [21]. In contrast, the total
visuomotor delay in Drosophila is approximately 40 ms, which includes phase lag due to inertia
[25].

There are three free parameters that define the controller: the proportional gain of the feed-
back controller (Kp), the integral gain of the feedback controller (Kj), and the switching thresh-
old (o). For a given input velocity, the response is fully defined by these three controller
parameters and the transport delay (). Because the hybrid system is non-linear, we cannot
explicitly write a transfer function between the input and output. However, if we collapse the
hybrid system by increasing ¢ as shown in (2), we can recapture the continuous system, which
is linear. The open loop transfer function of the continuous system is:

65 = .Qﬂy(s) _ DGy <Kps+1<,> ( 1 >

s Is+C,
Kp.s + K
= D(s) 455 L
Is? + Cys

where 5, is the angular velocity of the fly, 0

(3)

«ene 18 the angular velocity of the visual background,
G(s) is the open-loop transfer function, D(s) is the transfer function of the delay, Kp and K; are
the proportional and integral gains of the controller, respectively, and I and C, are the plant
inertia and damping, respectively. In this representation I carries units of Nms>, C, and Kp
carry units of Nms, and K carries units of Nm. We can reduce the dimensional content of the

transfer function by dividing through by I, which yields:

G(s) = D(s) | LT | = D(s)( =201 4
=P oS, ¥ ( 2+ C;ZS> “

where here K and C?, carry units of s and K carries units of s”?. To form the closed-loop
continuous transfer function, we can approximate the delay as a transfer function using a fifth
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order Padé approximant, P°(t, s) and simplify:

P 9K K)
FF O+ P(1,9) (Kos 1 K7)

H(s) (5)
where H(s) is the closed-loop transfer function for the continuous system. This allows us to
use linear system techniques for evaluating stability and performance of the purely continuous
system [26].

Stability

For the continuous system, the stability is determined by the two gains and the delay time. We
examine the effect of the three parameters on stability by evaluating Nyquist plots. This allows
for a general understanding of how the different parameters affect the stability of the system.
To provide a more comprehensive understanding of the stability of the continuous system, we
can treat stability as a Boolean function,

S. = f(Kp, K t,) € B (6)

where an Sc of 1 indicates a stable transfer function and an S¢ of 0 indicates an unstable trans-
fer function. Stability for the continuous system is determined using linear system techniques,
specifically by examining the poles of the closed loop transfer function. Sweeping through the
parameter space then allows for the construction of a stability field with a determination of sta-
bility at each analysis point (K}, K}, t,).

Because the hybrid system is non-linear, we cannot determine stability by examining the
transfer function of the system. However, because the execution of a saccade resets the contin-
uous controller and rebases the system at a new position, the hybrid system is inherently stable.
Or, more specifically, the hybrid system restabilizes in finite time if it has a finite switching
threshold. The bounding of the system is determined by the interplay of the smooth system
and the switching threshold of the saccadic system. To describe the stability of the hybrid sys-
tem, we state:

SH :f(K;7Kl*7td7G) €R+
: (7)

= max(f,,,) — min(d,,,)

out

where max(0,,,) and min(0,,,) are the minimum and maximum values of the output angular
velocity, respectively. Here Sy does not represent a Boolean determination of stability like the
continuous system. Instead, it represents the absolute bounding of the system response for a
given set of control parameters. We also note:

Sce=0&lim_ S, =00 ®)
Sc=1«<lim_ S, # oo

Increasing the switching threshold towards infinity collapses the hybrid system to the con-
tinuous system, so the continuous stability condition holds. Thus, if the continuous system
defined by (K}, K7, t,) is stable, Sy is finite for all o.

As with the case of the continuous system, we can evaluate the stability of the hybrid system
by sweeping through the parameter space—now with an additional parameter, 0, and deter-
mine the stability at each sampling point. However, in this case the stability takes on a real pos-
itive value rather than a Boolean value. The magnitude of this value is the maximum absolute
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bounding of the output and represents the level of the instability in the specific hybrid system
defined by the parameter set (K}, K}, t,, 0).

Performance
The performance of the system is a function of the excitation frequency in addition to the con-

troller gains, delay time, and switching threshold. Thus, for the continuous and hybrid systems
the performance is:

Ec :f(KI;K;? td?f;'n) € RJr

9
€ :f(K;aK;a td>o-7fin) eR’ ( )

as defined by the error €. To allow for comparison between the purely continuous system and
the hybrid system, we chose to use Sum-Absolute Error (SAE). The SAE calculation is a simple
sum of the errors between the input and output of the system across the entire time domain
signal:

=

6SAE = Z'ésetpaint(t) - éout(t)| (10)
t=0

(t)and 0
angular velocity and the actual angular velocity, respectively. SAE is an attractive metric
because it requires no assumption of linearity. This means that the hybrid system response
requires no pre-processing and can be used in its raw form, improving accuracy.

(t) are the target

out

where €4 is the SAE, t¢is the final time of the signal, and 0

setpoint

Results
Stability—Continuous system

We first studied the influence of the continuous parameters on stability by exploring the evolu-
tion of the Nyquist plots as each of the three parameters (K}, K}, t,) were increased (Fig 2). As
expected, increasing the value of any of the three parameters trends towards instability. Fig 3
shows a more comprehensive view of the stability of the smooth system. In the point cloud
plot (Fig 3a), orange points represent unstable system parameter sets, and blue points

Kp = 10 (Stable) K| =200 (Stable)

Delay = 40 ms (Stable)
Delay = 58 ms (M. Stable)
Delay = 65 ms (Unstable)

Kp = 38 (M. Stable)
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Fig 2. Nyquist plots for increasing delay and gains. Increasing any of the three smooth system parameters results in
trending towards instability. Vertical dashed line denotes crossover point for stability. (a) Increasing delay from 40 ms
to 65 ms with fixed gains. (b) Increasing proportional gain from 10 to 45 with fixed integral gain and delay. (c)
Increasing integral gain from 200 to 360 with fixed proportional gain and delay. M. Stable: Marginally stable.

https://doi.org/10.1371/journal.pchi.1011746.g002
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Fig 3. Stability field for the continuous system. (a) Binary stability point cloud. Orange points mark unstable gain-
delay sets, and blue points mark stable sets. (b) Dividing surface between unstable and stable region. This surface
represents the maximum stable delay for a given gain pair. As expected, there is a peak at low gains, implying that such a
system can sustain larger delays. There is also a ridge at K}, = 35 for higher integral gains. This K, region has better
stability than lower values of K. No gain pair is unstable at delays of zero seconds. The red cylinder represents the
experimentally determined K, K; pair [21]. (c) Slice of surface in (b) at a delay of 20 ms, typical of D. melanogaster. The
area under the intersection curve represents the region of stable gain pairs. The red point is at the experimentally
determined K, K] pair [21].

https://doi.org/10.1371/journal.pchi.1011746.g003

represent stable sets. We can then plot the dividing surface, which represents the maximum
stable delay for any given gain pair (Fig 3b). Lastly, we can take a slice at the 20 ms delay level,
which represents the approximate neural delay of D. melanogaster. The stable gain pairs at 20
ms delay are bounded by an approximately parabolic curve. The area beneath the curve repre-
sents the gain region of stability for the fly, given the first order model of the plant (Fig 3c).
This region matches with experimental system identification models for smooth movement,
yaw gaze stabilization in yaw-free flight, which placed the normalized proportional and inte-
gral gains at an average of 10 and 1, respectively [21, 22, 25]. These estimates are based on
application of an LTI framework through transfer function fitting of experimental gain and
phase data from many flies. We previously showed that LTI models captured approximately
90% of the variance in gain and phase of the optomotor response across visual motion
frequency.

The surface plot (Fig 3b) generally corroborates the conclusion made from the Nyquist
plots —that increasing any of the three system parameters results in instability —but not in
every region. There is a ridge in the surface at approximately K;, = 35 where increasing or
decreasing the proportional gain results in instability. The system is at its most stable along
this ridge—that is, the system can support longer delay times. In this region, it is lower propor-
tional gains rather than higher ones that result in a more unstable system.

It is also important to note that if there is no delay (f,; = 0), there is no set of proportional
and integral gains for which the system is unstable. With no delay, the closed loop transfer
function is:

K K
Cls) = o
FH(C KT E;

(11)

For positive K}, K;, C' the roots of the transfer function are universally stable. This can be
seen in (Fig 3b): the surface is elevated above the zero second plane, which implies that all the
minimum stable delays are above zero seconds.

Stability—Hybrid system
We examined the stability of the hybrid controller at the 20 ms delay level by exciting it with a

2 Hz sinusoid with an amplitude of 50 deg/s, which flies can readily stabilize (Fig 4) [21]. As
stated previously, adding any finite switching threshold will bound the response of the system

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011746 December 21, 2023 7/15


https://doi.org/10.1371/journal.pcbi.1011746.g003
https://doi.org/10.1371/journal.pcbi.1011746

PLOS COMPUTATIONAL BIOLOGY The influence of saccades on yaw gaze stabilization in fly flight

o =15deg 5060

8000

7000

@

200 6000

£ s

© 0 %

o 0 32 64 96 128 160 0 32 64 9 128 5000 2

o o

[ = =l = [}

2 0 =30 deg 0 =60 deg 0 =120 deg a000
Qo

c s

3000 &

['4

2000

1000

o
w
N
[+3
B~
©
o
-
N
®
-
[o2]
o
o
[
N
(o2
B
©
o

128
Proportional Gain

Fig 4. Effect of switching threshold on stability bounds of the hybrid system. The black curve is the stability slice for
20 ms—all gain pairs beneath this curve are stable for the continuous system. As the switching threshold is increased,
the hybrid system approaches the continuous system; at o = 120 almost all points outside the stability region have
bounds above 100 rad/s. Introducing a switching threshold bounds the system response, preventing unbounded
instability. This stabilizing aspect of the hybrid system expands the acceptable gain space of the controller beyond what
is allowable under continuous control alone. The red point is at the experimentally determined K}, K; pair.

https://doi.org/10.1371/journal.pchi.1011746.g004

at a finite level. We can see that a purely saccadic system (o = 0) results in a heavily bounded
system response. Increasing the switching threshold reduces the system bounding as o — oo,
at which point the continuous system behavior is recaptured and instability ensues outside the
stable gain region. By introducing the saccadic system of the hybrid controller, the stable gain
space can be expanded outside of the bounds of stability for the continuous system.

Performance

To evaluate the performance of the continuous and hybrid systems at the 20 ms delay level, the
system model was excited with pure sinusoids from 0.5 to 3 Hz with amplitudes of 50 deg/s.
Simulations were run for hybrid systems with o ranging from 0 to 6 degrees, and the continu-
ous system with o = co degrees (Fig 5). Unsurprisingly, as the frequency of the input signal is
increased, the error in the response signal increases. However, there are regions in the

stable gain space where the increase is less extreme. At higher proportional gains, the error is
reduced even at higher frequencies. The optimal region appears to be in high proportional
gain (40 < K3) area. This region maintains good performance across all frequencies. The
experimental gain pair, marked by the red point, is not within this optimal region. It experi-
enced a dramatic performance reduction as the input frequency is increased.

We next studied the performance of the hybrid system by evaluating the optimal switching
threshold for each gain set at each of the sampled frequencies (Fig 6). Shaded regions represent
gain sets where the optimal switching threshold was at a level that resulted in a response identi-
cal to the smooth system. In these regions the hybrid system provided no performance increase
over the smooth system at any switching threshold. At low frequencies, much of the gain space
was dominated by regions where the smooth system outperformed the hybrid system. How-
ever, as the frequency was increased, the regions where hybrid control provide a performance
benefit also increased. The regions with no benefit from hybrid control matched the regions in
the gain space where the smooth system maintained good performance—the solid shaded
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https://doi.org/10.1371/journal.pcbi.1011746.g005

areas in Fig 6 aligned with the regions of best performance in Fig 5, and evolved accordingly
with the frequency.

The experimentally determined gain set of D. melanogaster lies in a region of the gain space
that benefits from hybrid control only at higher frequencies, with an optimal switching thresh-
old around 3 degrees. This roughly aligns with experimental work that determined a median
saccade initiation integrated error of approximately 6 degrees [3].

Next, we more closely examined the performance of the hybrid controller at three points in
the gain space: (K; = 10, K; = 1), the experimentally determined point for D. melanogaster
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Fig 6. Optimal switching thresholds at different frequencies across the gain space. Shaded regions are regions where
the optimal switching threshold is at a level that recaptures the continuous system. In these regions the continuous
system outperforms any hybrid system. The shaded regions shift as frequency is increased. At the lowest frequencies,
only the lowest gain systems benefit from any hybrid control. As the frequency increases, the gain space that is
improved by hybrid control increases. At the experimental data point (marked in red), SAE is minimized at higher
frequencies with some level of hybrid control, but continuous control is preferred at lower frequencies. The black and
yellow points mark the sampling points used in Fig 7b and 7c respectively. Red points: gain pairs where the smooth
system outperforms the hybrid system regardless of the switching threshold.

https:/doi.org/10.1371/journal.pcbi.1011746.g006
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Fig 7. Error as a function of switching threshold and input frequency for three gain sets. a) SAE for

(K; = 10,K; = 1), the experimental data point (red point in Fig 6). As shown in Fig 6, this gain set lies in a region
where hybrid control is preferred at high frequencies. b) SAE for (K; = 18, K; = 500), the black point in Fig 6. This
gain set also lies in a region that benefits from hybrid control only at higher frequencies. c¢) SAE for

(K; = 60,K; = 700), the yellow point in Fig 6. This gain set lies in a region that sees no benefit from hybrid control at
any of the tested frequencies. Continuous control alone provides the optimal performance. Experimental switching
thresholds have been shown to be around 6 degrees [3].

https://doi.org/10.1371/journal.pcbi.1011746.9007

(red point in Fig 6); (K; = 18, K; = 500), the black point in Fig 6; and (K} = 60, K; = 700),
the yellow point in Fig 6. These three gain pairs come from distinct regions of the gain space
with respect to their hybrid performance. For each gain pair we show the surface plot of the
error over frequency and switching threshold in the upper plot, and selected traces in the
lower plot (Fig 7).

The first point (experimentally determined) lies in a region where hybrid control enhances
performance only at higher frequencies (f;,, > 1 Hz). In Fig 7a there is ridge that splits the
hybrid (below o = 6 degrees) and continuous systems. This ridge of improved performance
runs from 3 degrees to 4.5 degrees and from 1.5 to 3 Hz. In this region the performance is
improved by hybrid control, with an optimal switching threshold that varies between 3 and 4.5
degrees. As the switching threshold is increased beyond 4.5 degrees, we can see that the system
realigns with the continuous system. At lower frequencies the continuous system outperforms
the hybrid system regardless of switching threshold.

The second point lies in a region that also only benefits from hybrid control at higher fre-
quencies. At lower frequencies the continuous system provides the best performance, but at
frequencies greater than 2.5 Hz better performance can be achieved with a switching threshold
between 0 and approximately 1.5 degrees. The final point lies in a region that does not benefit
from hybrid control at any of the sampled frequencies. This point lies in the high proportional
and low integral gain region that provides the best performance for the continuous system
alone, as shown in Fig 5.

Discussion
Model predictions for D. melanogaster

Our results show that for the experimentally determined gain set at (K} = 10, K’ = 1), sac-
cades provide a performance benefit at frequencies above approximately 1.5 Hz, albeit at

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011746 December 21, 2023 10/15


https://doi.org/10.1371/journal.pcbi.1011746.g007
https://doi.org/10.1371/journal.pcbi.1011746

PLOS COMPUTATIONAL BIOLOGY The influence of saccades on yaw gaze stabilization in fly flight

20 . ; 20
g 10
- 2
e o - oF = —
= b
2 -10f : '
s 55 60 65 70 75 I
50 : L
100 10° 102
0 0 .
g -90 Bk T T
© -180 Agol- 180 T T T
@
£ 270 270t g 70
-360 -360 :
100 10" 102 100 10° 102

Frequency (rad/s)

Fig 8. Gain and phase margins for a model of D. melanogaster. (K; = 10,K; = 1) (left) and the (K; = 60, K; = 700) system (right). Margins are
denoted by red lines and crossover frequencies are denoted by black dashed lines. The modeled fly system has gain and phase margins of 7.8 dB and
104.1 deg, respectively. The high gain system has gain and phase margins of 1.1 dB and 9.8 degrees. Insets show detail of the gain and phase crossover
points for the high gain system. This figure simulates the linear system according to Eq (5).

https://doi.org/10.1371/journal.pcbi.1011746.9008

varying switching thresholds. In particular, the optimal switching threshold changes from 4.5
degrees at 1.5 Hz to 3 degrees at 3 Hz (Fig 7). This is close to the 6 degree switching threshold
shown in experiments [3]. This implies that D. melanogaster operates near the optimal switch-
ing threshold for its gain set [3]. This does not imply, however, that the fly operates at the opti-
mal (K}, K7, o) point. In the high proportional gain region, the continuous system
outperforms the experimentally determined D. melanogaster system (Fig 7¢).

There are several reasons that may explain why D. melanogaster operates outside of the
optimal gain region. While increasing proportional gain does result in better performance, it
also reduces the stability margins for the closed-loop system. Fig 8 shows Bode plots for the
(K; = 10,K; = 1) system where D. melanogaster operates and the (K = 60, K7 = 700) sys-
tem from Fig 7. The lower gain system has gain and phase margins of 17.7 dB and 103.4 deg,
respectively, while the higher gain system has margins of only 1.1 dB and 9.8 degrees. Having
larger stability margins would be advantageous in situations where damage occurs to the
wings or body of the fly, or aerodynamic conditions change in unexpected ways. The lower
gain system is more robust to these types of unanticipated system changes.

Reducing the priorities of any natural system to a single metric such as SAE is inherently a
simplification. Performance could include robustness considerations, as mentioned, as well as
handling different kinds of input signals, step response performance, and weighing position
control priorities as well (as we have only considered velocity control in this work). Further-
more, even if the performance of the biological system could be reduced to a single metric,
there is no requirement for a natural system to arrive at an optimal point. It may simply be
that there is no evolutionary advantage to improving the compensation system beyond its cur-
rent state.

Our model predicts that saccade rate could be influenced by the frequency or speed of
visual input (and hence visual error). For continuous visual rotation, flies operate with a gain
near unity across a range of stimulus rotation speeds (= 100-500°s""), but at lower gain at
higher speeds [3, 10]. Thus we would expect some influence of stimulus rotation speed on sac-
cade rate, although to our knowledge this not been tested explicitly. Under continuous visual
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rotation, stimulus rotation speed influences head saccade rate (which is linked to wing sac-
cades), but these measurements were made in open-loop (body-fixed preparation) which gen-
erated large retinal slip due to saturation nonlinearities of the head [8]. Thus, saccades may
serve to reset gaze and visual error simultaneously under large accumulated visual error,
which could circumvent instabilities in gaze stabilization (e.g. prevent integrator windup).

Advantages of hybrid control

Though the focus of this paper is on the behavior of D. melanogaster, there are several advan-
tages of hybrid control that could be applied to general engineering control systems. The first
of these advantages is the capability to expand the stable gain space. Incorporating saccades
with a continuous system can allow for stable systems that can run at higher gains than would
normally be supported (Fig 4). This could be advantageous in systems that require fast
response times but must remain stable after movement such as vision-based tracking systems,
machine vision systems, etc. Because saccades create a system that is inherently stable, it could
also be used to ensure robustness of stable systems to unexpected conditions.

Hybrid control also provides an advantage for heavily delayed systems by rebasing the sys-
tem as it drifts away from the setpoint. Though both the saccadic and continuous portions of
the system are delayed, the saccades can react much more quickly to changes in the setpoint,
especially if the continuous controller has low gain, as is the case for D. melanogaster. This pro-
vides some compensation for the phase lag introduced in delayed systems by causing the con-
troller to restart from a zero state. This allows for a more responsive controller in situations
where system propagation time may be higher than usual (Fig 9).

In addition to reducing delay in the system response, adding saccades to a continuous sys-
tem also improves performance near resonant frequencies. While the continuous system expe-
riences a large amplitude gain that can push a system close to instability at resonance, the
hybrid system keeps the amplitude of the output in check (Fig 9). This could be useful for a sys-
tem that has good performance outside of a small resonant band. Implementing a hybrid con-
troller may provide for better performance across a larger frequency bandwidth. In general the
hybrid controller bonds the amplitude gain of the control system frequency response and
decreases the effects of phase lag.
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Fig 9. System input and output for a model of D. melanogaster with an adjusted switching threshold. (K; = 10,K; = 1,0 = 2.8deg, f,, = 3Hz)
(left) and a higher gain system (K; = 10, K; = 500, ¢ = 2.3deg, f,, = 3Hz) (right). The fly model benefits from the addition of saccadic motion from a
decrease in the error due to the phase lag. The high gain system is approaching a resonance at this frequency (3 Hz). Introduction of saccadic motion
puts bounds on this resonance in a similar way that it puts bounds on an unstable system (See Fig 4), reducing the error and increasing the
performance.

https://doi.org/10.1371/journal.pchi.1011746.9009
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Limitations and future work

There are several key limitations to the model and results presented in this paper, the most
important of which is the simplification of the saccadic system. We modeled a saccade as a
simple controller and plant reset. In reality, saccades are highly complex, feedback-based
mechanisms that propagate through the plant [1, 27]. Future work should include a more
detailed model of the saccade dynamics. We also recognize that the (Kp, K}, t4, 0, f;,) system
space was not completely explored in this work. Specifically, we limited the parameter space by
fixing t, at a fly-relevant 20 ms and choosing a subset of frequencies that might be experienced
by D. melanogaster in natural situations. Increasing this space to explore the hybrid system
performance at other delays and frequencies would be useful in applying results to a broader
class of engineering systems and flight regimes. Notably, we used gain parameters in D. mela-
nogaster estimated from the yaw optomotor response, but it is known that flies can increase
visuomotor gains, e.g. in the presence of an attractive odor [28] or with added inertia [25].
Thus the gain set could be modulated based on context. In addition, we focused on the yaw
optomotor response, but in natural flight flies experience complex optic flow that require stabi-
lization across yaw, pitch and roll axes [29]. Lastly, it would be informative to explore perfor-
mance metrics other than SAE. As mentioned, there are certainly other priorities that inform
fly behavior and control. Most notably, incorporating a parallel position controller may pro-
vide further insight into the hybrid behavior of vision systems for object-ground discrimina-
tion [3].

Conclusion

Previous work suggested that one advantage of saccades in vision systems is to reduce stabiliza-
tion error at high frequencies [4]. Here we go substantially further by more fully exploring the
parameter space, including mechanics from an experimentally determined plant of D. melano-
gaster, and modeling the hybrid system as switched rather than simultaneous based on recent
experimental studies [3, 15, 16, 20]. In doing so, we show that hybrid control does not univer-
sally improve performance at high frequencies or speeds. Interestingly, during wide-field, yaw-
based gaze stabilization, our model suggests that Drosophila operates near its optimal switch-
ing threshold for its experimental gain set. However, flies operate at a gain set that does not
provide the lowest compensation error. Instead, our work suggests that Drosophila operates in
a gain region that trades off stability and performance, which could enable robustness to per-
turbations such as wing damage.

Acknowledgments

We thank Benjamin Cellini, Bo Cheng and Herschel Pangborn for valuable feedback on the
manuscript.

Author Contributions

Conceptualization: Brock A. Davis, Jean-Michel Mongeau.
Data curation: Brock A. Davis.

Formal analysis: Brock A. Davis.

Investigation: Brock A. Davis.

Methodology: Brock A. Davis, Jean-Michel Mongeau.

Software: Brock A. Davis.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011746 December 21, 2023 13/15


https://doi.org/10.1371/journal.pcbi.1011746

PLOS COMPUTATIONAL BIOLOGY The influence of saccades on yaw gaze stabilization in fly flight

Supervision: Jean-Michel Mongeau.
Visualization: Brock A. Davis, Jean-Michel Mongeau.
Writing - original draft: Brock A. Davis, Jean-Michel Mongeau.

Writing - review & editing: Brock A. Davis, Jean-Michel Mongeau.

References

1. Cellini B, Mongeau JM. Hybrid visual control in fly flight: insights into gaze shift via saccades. Current
Opinion in Insect Science. 2020; 42:23-31. https://doi.org/10.1016/j.cois.2020.08.009 PMID: 32896628

2. Orban De Xivry JJ, Lefévre P. Saccades and pursuit: Two outcomes of a single sensorimotor process.
Journal of Physiology. 2007; 584(1):11-23. https://doi.org/10.1113/jphysiol.2007.139881 PMID:
17690138

3. Mongeau JM, Frye MA. Drosophila Spatiotemporally Integrates Visual Signals to Control Saccades.
Current biology : CB. 2017; 27(19):2901-2914.e2. https://doi.org/10.1016/j.cub.2017.08.035 PMID:
28943085

4. Land MF. Visual tracking and pursuit: Humans and arthropods compared. Journal of Insect Physiology.
1992; 38(12):939-951. https://doi.org/10.1016/0022-1910(92)90002-U

5. Collett TS, Land MF. Visual control of flight behaviour in the hoverfly Syritta pipiens L. Journal of Com-
parative Physiology A. 1975; 99(1):1-66. https://doi.org/10.1007/BF01464710

6. Land MF. Head Movement of Flies during Visually Guided Flight. Nature. 1973; 243(5405):299-300.
https://doi.org/10.1038/243299a0

7. Erkelens CJ. Coordination of smooth pursuit and saccades. Vision Research. 2006; 46(1-2):163—170.
https://doi.org/10.1016/j.visres.2005.06.027 PMID: 16095654

8. Cellini B, Salem W, Mongeau JM. Mechanisms of punctuated vision in fly flight. Current Biology. 2021;
31(18):4009-4024.€3. https://doi.org/10.1016/j.cub.2021.06.080 PMID: 34329590

9. Egelhaaf M, Kern R, Lindemann JP. Motion as a source of environmental information: a fresh view on
biological motion computation by insect brains. Frontiers in Neural Circuits. 2014; 8. https://doi.org/10.
3389/fncir.2014.00127 PMID: 25389392

10. Mronz M, Lehmann FO. The free-flight response of Drosophila to motion of the visual environment.
Journal of Experimental Biology. 2008; 211(13):2026—2045. https://doi.org/10.1242/jeb.008268 PMID:
18552291

11. Boeddeker N, Egelhaaf M. A single control system for smooth and saccade-like pursuit in blowflies.
Journal of Experimental Biology. 2005; 208(8):1563—1572. https://doi.org/10.1242/jeb.01558 PMID:
15802679

12. Cellini B, Mongeau JM. Active vision shapes and coordinates flight motor responses in flies. Proceed-
ings of the National Academy of Sciences of the United States of America. 2020; 117(37):23085—
23095. https://doi.org/10.1073/pnas. 1920846117 PMID: 32873637

13. Frighetto G, Frye MA. Columnar neurons support saccadic bar tracking in Drosophila. eLife. 2023; 12:
e83656. https://doi.org/10.7554/eLife.83656 PMID: 37014060

14. Goebel R, Hespanha J, Teel AR, Cai C, Sanfelice R. Hybrid systems: Generalized solutions and robust
stability. IFAC Proceedings Volumes (IFAC-PapersOnline). 2004; 37(13):1-12. https://doi.org/10.1016/
S1474-6670(17)31194-1

15. Sanfelice RG, Goebel R, Teel AR. Generalized solutions to hybrid dynamical systems. ESAIM—Con-
trol, Optimisation and Calculus of Variations. 2008; 14(4):699-724. https://doi.org/10.1051/
cocv:2008008

16. Aptekar JW, Shoemaker PA, Frye MA. Figure tracking by flies is supported by parallel visual streams.
Current Biology. 2012; 22:482—-487. https://doi.org/10.1016/j.cub.2012.01.044 PMID: 22386313

17. Egelhaaf M. Dynamic properties of two control systems underlying visually guided turning in house-
flies. Journal of Comparative Physiology A. 1987; 161:777-783. https://doi.org/10.1007/BF00610219

18. Schnell B, Ros IG, Dickinson MH. A Descending Neuron Correlated with the Rapid Steering Maneuvers
of Flying Drosophila. Current Biology. 2017; 27:1200—1205. https://doi.org/10.1016/j.cub.2017.03.004
PMID: 28392112

19. Keles MF, Mongeau JM, Frye MA. Object features and T4/T5 motion detectors modulate the dynamics
of bar tracking by Drosophila. The Journal of Experimental Biology. 2019; 222:jeb190017. hitps://doi.
org/10.1242/jeb.190017 PMID: 30446539

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011746 December 21, 2023 14/15


https://doi.org/10.1016/j.cois.2020.08.009
http://www.ncbi.nlm.nih.gov/pubmed/32896628
https://doi.org/10.1113/jphysiol.2007.139881
http://www.ncbi.nlm.nih.gov/pubmed/17690138
https://doi.org/10.1016/j.cub.2017.08.035
http://www.ncbi.nlm.nih.gov/pubmed/28943085
https://doi.org/10.1016/0022-1910(92)90002-U
https://doi.org/10.1007/BF01464710
https://doi.org/10.1038/243299a0
https://doi.org/10.1016/j.visres.2005.06.027
http://www.ncbi.nlm.nih.gov/pubmed/16095654
https://doi.org/10.1016/j.cub.2021.06.080
http://www.ncbi.nlm.nih.gov/pubmed/34329590
https://doi.org/10.3389/fncir.2014.00127
https://doi.org/10.3389/fncir.2014.00127
http://www.ncbi.nlm.nih.gov/pubmed/25389392
https://doi.org/10.1242/jeb.008268
http://www.ncbi.nlm.nih.gov/pubmed/18552291
https://doi.org/10.1242/jeb.01558
http://www.ncbi.nlm.nih.gov/pubmed/15802679
https://doi.org/10.1073/pnas.1920846117
http://www.ncbi.nlm.nih.gov/pubmed/32873637
https://doi.org/10.7554/eLife.83656
http://www.ncbi.nlm.nih.gov/pubmed/37014060
https://doi.org/10.1016/S1474-6670(17)31194-1
https://doi.org/10.1016/S1474-6670(17)31194-1
https://doi.org/10.1051/cocv:2008008
https://doi.org/10.1051/cocv:2008008
https://doi.org/10.1016/j.cub.2012.01.044
http://www.ncbi.nlm.nih.gov/pubmed/22386313
https://doi.org/10.1007/BF00610219
https://doi.org/10.1016/j.cub.2017.03.004
http://www.ncbi.nlm.nih.gov/pubmed/28392112
https://doi.org/10.1242/jeb.190017
https://doi.org/10.1242/jeb.190017
http://www.ncbi.nlm.nih.gov/pubmed/30446539
https://doi.org/10.1371/journal.pcbi.1011746

PLOS COMPUTATIONAL BIOLOGY The influence of saccades on yaw gaze stabilization in fly flight

20. Salem W, Cellini B, Frye MA, Mongeau JM. Fly eyes are not still: a motion illusion in Drosophila flight
supports parallel visual processing. Journal of Experimental Biology. 2020; 223:jeb212316. https://doi.
org/10.1242/jeb.212316 PMID: 32321749

21. Cellini B, Salem W, Mongeau JM. Complementary feedback control enables effective gaze stabilization
in animals. Proceedings of the National Academy of Sciences. 2022; 119(19):e2121660119. https://doi.
org/10.1073/pnas.2121660119 PMID: 35503912

22. Salem W, Cellini B, Kabutz H, Prasad HKH, Cheng B, Jayaram K, et al. Flies trade off stability and per-
formance via adaptive compensation to wing damage. Science Advances. 2022; 8(46):eabo0719.
https://doi.org/10.1126/sciadv.abo0719 PMID: 36399568

23. Kim AJ, Fitzgerald JK, Maimon G. Cellular evidence for efference copy in Drosophila visuomotor pro-
cessing. Nature Neuroscience. 2015; 18(9):1247-55. https://doi.org/10.1038/nn.4083 PMID: 26237362

24. ChengB, Fry SN, Huang Q, Deng X. Aerodynamic damping during rapid flight maneuvers in the fruit fly
Drosophila. Journal of Experimental Biology. 2010; 213(4):602—612. https://doi.org/10.1242/jeb.
038778 PMID: 20118311

25. Salem W, Cellini B, Jaworski E, Mongeau JM. Flies adaptively control flight to compensate for added
inertia. Proceedings of the Royal Society B: Biological Sciences. 2023; 290:2022.12.15.520540. https://
doi.org/10.1098/rspb.2023.1115 PMID: 37817597

26. Elzinga MJ, Dickson WB, Dickinson MH. The influence of sensory delay on the yaw dynamics of a flap-
ping insect. Journal of the Royal Society Interface. 2012; 9(72):1685-1696. https://doi.org/10.1098/rsif.
2011.0699 PMID: 22188766

27. Muijres FT, Elzinga MJ, lwasaki NA, Dickinson MH. Body saccades of Drosophila consist of stereo-
typed banked turns. Journal of Experimental Biology. 2015; 218(6):864—875. https://doi.org/10.1242/
jeb.114280 PMID: 25657212

28. Chow DM, Theobald JC, Frye MA. An Olfactory Circuit Increases the Fidelity of Visual Behavior. The
Journal of Neuroscience. 2011; 31:15035—15047. https://doi.org/10.1523/JNEUROSCI.1736-11.2011
PMID: 22016537

29. VanHateren JH, Schilstra C. Blowfly flight and optic flow. Il. Head movements during flight. Journal of
Experimental Biology. 1999; 202(11):1491-1500. https://doi.org/10.1242/jeb.202.11.1491

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1011746 December 21, 2023 15/15


https://doi.org/10.1242/jeb.212316
https://doi.org/10.1242/jeb.212316
http://www.ncbi.nlm.nih.gov/pubmed/32321749
https://doi.org/10.1073/pnas.2121660119
https://doi.org/10.1073/pnas.2121660119
http://www.ncbi.nlm.nih.gov/pubmed/35503912
https://doi.org/10.1126/sciadv.abo0719
http://www.ncbi.nlm.nih.gov/pubmed/36399568
https://doi.org/10.1038/nn.4083
http://www.ncbi.nlm.nih.gov/pubmed/26237362
https://doi.org/10.1242/jeb.038778
https://doi.org/10.1242/jeb.038778
http://www.ncbi.nlm.nih.gov/pubmed/20118311
https://doi.org/10.1098/rspb.2023.1115
https://doi.org/10.1098/rspb.2023.1115
http://www.ncbi.nlm.nih.gov/pubmed/37817597
https://doi.org/10.1098/rsif.2011.0699
https://doi.org/10.1098/rsif.2011.0699
http://www.ncbi.nlm.nih.gov/pubmed/22188766
https://doi.org/10.1242/jeb.114280
https://doi.org/10.1242/jeb.114280
http://www.ncbi.nlm.nih.gov/pubmed/25657212
https://doi.org/10.1523/JNEUROSCI.1736-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22016537
https://doi.org/10.1242/jeb.202.11.1491
https://doi.org/10.1371/journal.pcbi.1011746

