
Can Decentralized Control Outperform
Centralized?

The Role of Communication Latency ?

Luca Ballotta ∗ Mihailo R. Jovanović ∗∗ Luca Schenato ∗
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Abstract: In this extended abstract, we examine the influence of communication latency on
performance of networked control systems. Even though decentralized control architectures
offer advantages in terms of communication, maintenance costs, and scalability, it is an open
question how communication latency that varies with network topology influences closed-loop
performance. For networks in which delays increase with the number of links, we establish
the existence of a fundamental performance trade-off that arises from control architecture. In
particular, we utilize consensus dynamics with single- and double-integrator agents to show
that, if delays increase fast enough, a sparse controller with nearest neighbor interactions can
outperform the centralized one with all-to-all communication topology.
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1. INTRODUCTION

It is widely accepted that modern multi-agent systems
cannot rely on centralized control architectures. This con-
clusion stems from issues connected to gathering all de-
cision making to a central node, ranging from lack of
robustness and failure proneness, to maintenance costs,
to communication overhead. Indeed, large-scale networks
have experienced a net shift towards decentralized and
distributed architectures in the literature over the past
years (Jovanović and Dhingra, 2016).

Moreover, the recent deployment of powerful communica-
tion protocols for massive networks, e.g., 5G (Li et al.,
2018), and advances in embedded electronics and software
for micro-controllers (Suleiman et al., 2019; Warden and
Situnayake, 2019), which let computation be spread across
network nodes (Shi et al., 2020), are making networked
systems grow at unprecedented scales, further stressing the
importance of distributed controller architectures.

A challenging issue in large-scale networks is the latency
arising from wireless channel constraints. To address these
issues, research efforts have focused on two main avenues.
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Related work in control theory deals with control de-
sign for distributed architectures, where classical methods,
such as LQG or H2 control, fail as they naturally require
an all-to-all, infeasible communication burden.

A body of works focuses on stability, e.g., Ren et al. (2017)
are concerned with finite-time delay-dependent stability
of discrete-time systems, Berezansky et al. (2015) find
sufficient conditions for uniform stability of linear delay
systems, and de Oliveira Souza et al. (2020) analyze er-
ror compensation for vehicular platoons. Another line of
work deals with maximizing performance for structured
controllers, e.g., Gomez et al. (2019) study H2-norm min-
imization for time-delay systems, and Soudbakhsh et al.
(2017) proposes a delay-aware distributed architecture for
wide-area power systems within the LQR framework.

A more recent trend is designing the controller architec-
ture. For large-scale systems, this leads to sparse network
structures, which can tame communication overhead and
scalability. This is achieved by introducing penalty terms
in the cost function to trade performance for controller
complexity, e.g., Lian et al. (2017); Bahavarnia and Motee
(2017). In particular, Matni and Chandrasekaran (2016)
proposed the framework Regularization for Design, ad-
dressing optimization of communication links.

Related work in optimization theory is concerned
with minimization of distributed cost functions, which are
only partially accessible at each agent and possibly reveal
themselves overtime. A line of work has been concerned
specifically with the design of algorithms in the presence
of communication delays, the main issues being related to
convergence conditions. For example, Zong et al. (2019);



Garcia et al. (2016) study consensus of multi-agent sys-
tems with additive or multiplicative time-delays under
various network topologies and agent dynamics. This ap-
proach usually assumes the communication network be
given, and focuses on the information exchange and pro-
cessing by the agents from an optimization standpoint.

Addressed Problem. Even though both control design
for delay-dependent dynamics and design of controller ar-
chitectures are well-studied topics, it remains unclear how
network connectivity affects the closed-loop performance
in the presence of architecture-dependent communication
latency. When the total available bandwidth does not
increase with the size of the network (Garcia et al., 2016),
or when multi-hop communication is used, e.g., by low-
power devices (Gupta and Shroff, 2009), the number of
active communication links may cause a non-negligible
variation of such a latency. In this case, it is important to
take into account the increase in delays with the number
of links when designing the controller.

Such an approach is conceptually different from the ap-
proaches used in the literature. Indeed, standard archi-
tecture designs proposed in, e.g., Matni (2017) do not
quantify the impact of delays but force sparsity by reg-
ularization of the cost function. We fill this gap by ad-
dressing architecture-dependent delays in the dynamics
of the controlled system, and analyzing how the optimal
performance is affected by variations in such delays.

Preview of Key Results. We utilize single- and
double-integrator agent dynamics to examine fundamental
performance limitations in networks with architecture-
dependent delays. By exploiting convexity of the design
we demonstrate that the choice of controller architecture
has profound impact on network performance in the pres-
ence of delays. In particular, with n nearest neighbor
interactions, we establish convexity of a minimum-variance
control design problem, with respect to the feedback gains,
and examine how network connectivity influences the
closed-loop performance. When the delays increase fast
enough with the number of links, we show that sparse
topologies outperform dense ones.

We show that the steady-state variance of a stochastically-
forced network, Jtot(n), can be represented by a sum of two
monotone functions of the number of neighbors n (Fig. 1),

Jtot(n) = Jnetwork(n) + Jlatency(n). (1.1)

Here, Jnetwork(n) quantifies impact of control architec-
ture and Jlatency(n) determines influence of communica-
tion latency on network performance. While Jnetwork(n)
decreases with n and is minimized by a fully-connected
centralized architecture, Jlatency(n) increases with n. This
demonstrates the presence of a fundamental trade-off:
on the one hand, feedback control takes advantage of
dense topologies that enhance information sharing but,
on the other, many communication links induce long
delays which have negative impact on network perfor-
mance. While (1.1) can be derived analytically for ring
topologies with continuous-time, single-integrator dynam-
ics, our computational experiments show that a similar
centralized-decentralized trade-off is observed for more
general dynamics on undirected topologies and that, in
some cases, decentralized architectures (nearest-neighbor
interactions) provide optimal performance. The full ver-

Fig. 1. Steady-state variance Jtot(n) vs. number of neigh-
bors. The variance is the sum of Jnetwork(n), repre-
senting impact of control architecture, and Jlatency(n),
which is due to delays affecting the dynamics.

sion of this extended abstract, currently under review for
publication, is available online, see Ballotta et al. (2021).

2. SETUP AND PROBLEM FORMULATION

We consider a networked system with N agents which
aim to drive their internal variables to consensus. The
mismatch between the consensus value (the average of all
agents’ variables) and the variable of the ith agent at time
t is given by xi(t) ∈ R, which is the state of the system
with control input ui(t) ∈ R. We aim to design ui(t) for
each agent i so as to drive xi(t) as close as possible to zero.

Communication Model. Data are exchanged over a
shared wireless channel. The communication network (and
architecture of the distributed controller) is built starting
from an initial topology, and induces communication de-
lays as described by the following assumption.

Assumption 1. (Communication latency). Given an ini-
tial undirected graph, each agent establishes a direct com-
munication link with neighbors within maximum distance
(number of hops) n ≥ 1 in the graph. Consequently, all
measurements are received with delay τn

.
= f(n), where

f(·) is a positive increasing sequence.

Feedback Control. Agent i uses the received state from
neighbor ` to compute the state mismatch yi,`(t),

yi,`(t) = xi(t)− x`(t), (2.1)

and the proportional control input is given by

uP,i(t) = −
∑
`∈Ni

ki,`yi,`(t− τn), (2.2)

where Ni gathers agents connected to the ith agent, and
measurements are delayed according to Assumption 1. We
impose symmetric feedback gains, i.e., ki,` = k`,i ∀i, `.
We consider agent dynamics driven by Brownian noise wi.

Continuous-time single integrator (P control):

dxi(t) = uP,i(t)dt+ dwi(t). (2.3)

Continuous-time double integrator (PD control):

d2xi(t)

dt2
= ηuP,i(t)− η

dxi(t)

dt
+
dwi(t)

dt
. (2.4)

Discrete-time single integrator (P control):

xi(k + 1) = xi(k) + uP,i(k) + wi(k). (2.5)



Fig. 2. Typical profiles of the steady-state variance for
decoupled scalar discrete-time single integrators (left)
and double integrators (right).

Discrete-time double integrator (PD control):

xi(k + 1) = xi(k) + zi(k)

zi(k + 1) = (1− η)zi(k) + ηuP,i(k) + wi(k).
(2.6)

Problem 1. Design feedback gains η,K in order to mini-
mize the steady-state variance of the consensus error,

P control: argmin
K

σ2(K), (2.7a)

PD control: argmin
η,K

σ2(η,K), (2.7b)

where matrix gain K gathers all feedback gains ki,`, the
steady-state variance of the aggregate system state x(t) is

σ2 .
= lim
t→+∞

E
[
‖x(t)‖2

]
, (2.8)

and w.l.o.g. E [x(0)] = E [x(·)] = 0 is assumed.

2.1 Overview of the Control Design

Leveraging symmetry of the proportional feedback gain
matrix K, we decouple the system dynamics into indepen-
dent scalar subsystems, for which mean-square stability
conditions and steady-state variance can be computed
analytically as functions of the eigenvalues of K, {λj}Nj=1.
In particular, we build on the theory of Stochastic Delay
Differential Equations (SSDEs) to obtain analytical results
(both stability conditions and variance computation) for
continuous-time models, while we use moment matching
via Yule-Walker equations to compute the steady-state
variance with discrete-time models. Further, a simple ex-
plicit condition for mean-square stability can be derived
for discrete-time single integrators using the root locus.
For example, Fig. 2 shows the steady-state variance of
decoupled discrete-time subsystems.

The abovementioned results allow to suitably rewrite
Problem 1. Convexity can be immediately established for
single-integrator model dynamics. As for continuous-time
double integrators, we use separation of time-scales to ap-
proximate the system dynamics to first-order models and
get back to single-integrators. Finally, the closed form of
the steady-state variance for discrete-time double integra-
tors allows to assess separable convexity via software tools.
We also evaluate an approximation of Problem 1 which
penalizes the quadratic distances between eigenvalues of
K and the optimal one (i.e., yielding the smallest steady-
state variance for a generic decoupled subsystem), in order
to achieve analytical intuition over the solution.

3. COMPUTATIONAL EXPERIMENTS

We first focus on circular formations. that induce a cir-
culant matrix feedback gain K. In this case, the number
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(a) Continuous-time single integrator.
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(b) Continuous-time double integrator.
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(c) Discrete-time single integrator.
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(d) Discrete-time double integrator.

Fig. 3. Steady-state variance for a circular formation where
delays increase linearly with the number of links.

of hops in the original ring topology equals half of the
agents within a certain distance: for example, if an agent
establishes communication links with all agents at distance
two hops or less (n = 2), it will exchange information with
the two immediate neighbors (at one-hop distance) and
with the two agents at two-hop distance. Ring topologies
make the optimization simpler, allows for a closed-form
solution to the quadratic approximation, and makes it
possible to express the steady-state variance of continuous-
time single integrators in the form (1.1). However, while
we leverage such nice properties for analytical purposes, we
show later that the control design can be readily extended
to general undirected topologies. To avoid the combinato-
rial explosion, we apply the same range n to all agents.

Figure 3 shows optimal (minimum) and sub-optimal vari-
ances obtained by solving Problem 1 and its approximation
for a circular formation with N = 50 agents, where each
point on the x-axis corresponds to the amount of hops
allowed for communication: for example, n = 2 means that
each agent can exchange state measurements with imme-
diate neighbors (1 hop) and neighbors’ neighbors (2 hops).
In Fig. 3, communication delays increase linearly with the
number of allowed hops, i.e., f(n) ∝ n. All plots exhibit
the anticipated performance trade-off: in particular, the
all-to-all communication topology is always suboptimal
with this choice of delays. Intuitively, local control loops
benefit from additional feedback data as long as delays in
dynamics are below a certain threshold, beyond which sta-
bilizability constraints make the control too conservative.
Also, computational experiments performed with different
rates f(·) show that the optimal number of hops increases
with slower rates: for example, the optimal number of hops
is larger when f(n) ∝

√
n than when f(n) ∝ n.

The control design can be readily extended to general
networks: in fact, sufficient condition for convexity of
Problem 1 with single-integrator agent model is symmetry
of the matrix feedback gain K. For double integrators,
analogous considerations to ring topologies apply.



Fig. 4. General undirected network topology (left) and the
associated optimal closed-loop variance (right).

Figure 4 shows the optimization results for a random graph
with discrete-time single integrator dynamics and linear
delay increase. In this case, for a control architecture that
utilizes different feedback gains for each communication
link (i.e., we only require K = K>), two communication
hops provide optimal closed-loop performance.

4. CONCLUSION

We study minimum-variance control design for undirected
networked systems with both continuous- and discrete-
time agent dynamics. We demonstrate that a fundamental
trade-off arises when the delay in the dynamics increases
with the number of links. In particular, we show that
distributed control architectures can offer superior per-
formance to centralized ones that utilize all-to-all infor-
mation exchange. Several avenues can be considered for
future work: for example, the investigated trade-off may be
further studied under multiple, stochastic or time-varying
delays, unreliable communication, or heterogeneous agents
with different delay functions.
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