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1 Introduction

Centralization in animal and robotic locomotors is an
important parameter in the architecture of control, but is
difficult to assess empirically [1]. Here, we consider cen-
tralization as the coupling between neuromechanical mod-
ules (e.g. limbs) that mediate responses to perturbations
and disturbances (Fig. 1A) [2,3]. Centralized systems have
strong coupling which may be neural or mechanical. De-
centralized systems have weaker couplings and rely more
on local feedback. To overcome the challenge of compar-
ing different systems without assuming a specific model,
Neveln et al. (2019) proposed an empirical, model-free
measure of centralization based on information theory [2].
This measure, based on information decomposition, consid-
ers whether variation in the control signals mediating pertur-
bation responses are more informative of local limb states or
global body states. It has been validated on animal, robotic,
and coupled oscillator simulations and provides a way for
comparing the centralization of a system across conditions
[2]. While this allows findings from biological organisms to
be applied generally to robotic systems, the performance ad-
vantages for centralized or decentralized architectures have
not been widely explored, especially under changing condi-
tions such as rough terrain.

Locomotor speed and environmental variability are two
critical variables that shape the performance of organisms
and design of motile robots. Here we challenged agile, run-
ning cockroaches (Blaberus discoidalis) with large pertur-
bations to the environment and at high speeds to test a larger
range of dynamics centralized or decentralized control. Pre-
vious work found no significant change in centralization, but
only considered slight perturbations in the environment and
small increases in speed [2,4]. For highly variable rough
terrains, a centralized architecture might be advantageous
to coordinate controlled responses to perturbations across
many limbs due to the higher inertia and forces experienced.
Alternatively, a decentralized architecture could be better
because faster reaction speeds are possible which may prove
useful when time to react to perturbations at fast speeds is
limited [5]. In addition to centralization, we also analyzed
a second information measure, coinformation, to assess the
net redundancy of the animal’s response [2].
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Figure 1: A) Simplified control architecture block diagram
where green components are stronger than purple for cen-
tralized architectures and weaker for decentralized. B) Con-
trol, local and global signals recorded from the cockroach.
C) Tracking of tarsi. D) Graphical representation of mutual
information estimation calculation using entropy (H)

2 Methods and Quantifying Centralization

Centralization compares the mutual information be-
tween a control signal and each of a local and global state
representation. Following [2], we define the local limb
states as the fore-aft position of the leg tip (tarsus) in body-
centered coordinates (Fig. 1B-C). The global state is defined
as the sum of all of the local states (tarsi within the same
tripod were added to each other then subtracted from the re-
maining tripod). The strides were split up by finding the
instantaneous phase of the global state variable defining the
beginning of the stride as the zero phase crossing approxi-
mately when stance is ending (Fig. 1B). The control signal
was the number and timing of muscle action potentials (or
”spikes”) that occurred in the ventral femoral extensor of the
middle leg (see [2]), an important control muscle [6]. To en-
sure a more stable, unbiased information estimate by reduc-
ing input dimensionality, the first 4 principal components
were taken per stride when estimating the mutual informa-
tion between each state and the control signals.

The degree of centralization and redundancy is calcu-
lated from the mutual information between the control sig-
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nal and local state (1), control signal and global state (I;)
as well as the control signal and the joint of the local and
global state which is the total amount of mutual informa-
tion (Iror). We estimated mutual information values using
k-nearest neighbors distance methods [2,7]. All estimates
were stable to various values of k and subsampling. Cen-
tralization, Icgy7 and coinformation, Icp are calculated as
differences in these partial informations (Egs. (1) to (2), Fig.
1D). Positive values indicate centralization and redundancy,
respectively [2].

Icent =1l — 1L 1

Ico =1+ 1, — Itor = Ig — Isyn (2)

3 Results and Discussion

We ran cockroaches over flat and rough terrain (Fig. 2A)
which is known to cause large perturbations in the system
and over a large range of speeds (Fig. 2B) [6]. Increasing
speed on the flat terrain caused a slight decrease in central-
ization in absolute terms (Fig. 2C), but overall the control
signals were less informative of the kinematics (lower I7or)
and the system was slightly more centralized relative to Iror
(Fig. 2D). This is reflected in a reduced redundancy between
how the muscle controls the local and global states (lower
Ico). Centralization relative to total information increased
even further on the rough terrain, consistent with an increase
in neuromechanical coupling between limbs. In this, when
the cockroach changed the activation to an individual limb
it was more than twice as informative about the coordinate
response of the body than of the kinematics of the individual
leg in which the muscle resides (I > Ir.). In both faster and
rougher conditions the control of local and global states was
much less redundant than at slower speeds.
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Figure 2: A) The rough terrain quantified by the standard
deviation of a Gaussian distribution of surface heights. B)
Variation in individual stride frequency. C) Absolute mu-
tual information estimates. D) Normalized information es-
timates by dividing the total information of each respective
system, represented in control architecture space.

The data supports the hypothesis that centralized control
is beneficial to maintaining dynamic stability in faster and
more uncertain conditions. The potential issue of this cen-
tralization requiring longer delay times, especially in organ-
isms, may be mitigated if the animal uses more mechanical
coupling rather than neural coupling. Mechanical coupling
does not necessarily suffer from the same time delays as
neural coupling. It is important to note that this measure
for centralization only quantifies the strength of the cou-
plings and does not identify the degree to which the cou-
pling is neural or mechanical. Regardless, the system may
compensate somewhat for potential drawbacks of central-
ization by decreasing the degree of coinformation thus in-
ducing a less redundant control architecture where separate
information is conveyed by the individual limb and coordi-
nated response of the body. Such a threshold appears to arise
only at large perturbations, as for the rough terrain while
the coinformation is reduced significantly, centralization in-
creases substantially. This strategy could be used when ap-
plying varying architectures found in biological organisms
to robotic systems to improve their performance. Introduc-
tion of mechanical coupling to maintain centralization could
help to minimize computational requirements and simplify
the control system [2].

Our results support that cockroaches have the ability to
vary their control architecture either through neural feed-
back or through interactions with their environment. We
observed the control architecture to change with the empiri-
cal centralization metric gaining more insight to how cock-
roaches are able to navigate complex environments effec-
tively. A centralized architecture may be beneficial on com-
plex terrain to maintain dynamics stability. For sudden per-
turbations due to the limited time available for the feedback
to be properly accounted for by a central global controller,
the system becomes less redundant and could be exploiting
the reaction speeds of global mechanical coupling [5].
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