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PI: Na Li

Abstract:

Multi-agent networked systems arise in many application domains that are of extreme
importance to the Air Force. Regardless of the specific application domain, the central goal is to
achieve desired collective behavior of the networked system through the design of admissible
local agent control algorithms. Despite the large number of algorithms that have been developed
for various applications, we lack the knowledge and methods required to deliberately and
systematically shape the network collective behavior due to various challenges such as locality,
limited communication, and non-stationary time varying environments. The overarching goal of
this project is to formally advance the systematic design of distributed coordination algorithms to
ensure high-performance and high-confidence operation of the multiagent networked systems
and to investigate fundamental performance limits placed by the various constraints in multi-
agent coordination. The project entails three complementary thrusts: 1) developing distributed
optimization and control algorithms with rigorous performance guarantees; 2) developing
communication efficient schemes; 3) developing online control algorithms to handle both system
intrinsic internal uncertainties and external uncertainties

Activities and Accomplishments, 12/15/2020-12/14/2021
Centered around the three main thrusts, we have made the following progresses:

1) Multi-agent Distributed Zero-order Nonconvex Feedback Optimization: We continued
working on the algorithm design for multiagent feedback optimization. Specifically, we
consider a cooperative multi-agent system comprising a group of n decision-making agents
connected by a communication network. Associated with each agent is a local action x; € R%,
and after the agents take their actions, a local cost f (x4, ..., x,) will be observed by agent i
which reflects the impact of all agents’ actions. The goal for the agents is to cooperatively seek
their local actions that minimize their averaged cost as the global objective characterizing the
system-wise performance. We study the model-free setting, where each agent can only utilize
the observed (zeroth-order) feedback values of the associated local cost, but not (higher-order)
derivatives thereof. We propose a Zeroth-order Feedback Optimization (ZFO) algorithm based
on local computation and communication of the two-point zeroth-order gradient estimators.
More specifically, for each iteration, each agent first takes its own actions and observes the
corresponding zeroth-order values of its own local cost, then collects and updates zeroth-order
information of other agents’ costs by exchanging data with its neighbors in the network, and
finally constructs a two-point zeroth-order partial gradient estimate for updating its own action
vector. The communication network could be subject to potential delays. We conduct
complexity analysis of our ZFO algorithm for both convex and nonconvex objectives, and
derive complexity bounds for both noise-free and noisy zeroth-order evaluations. A summary
of the complexity bounds can be found in Table 1. Here we list the number of iterations needed
for the proposed algorithm to converge with accuracy € > 0. These complexity bounds are
also compared with the centralized counterparts. In addition, apart from the dependence on €,



we also provide the dependence of the complexity bounds on the problem’s dimension d, and
on the communication network’s structure and delays. To the best of our knowledge, this work
is the first to provide explicit complexity bounds for algorithms of multi-agent zeroth-order
feedback optimization with analysis on the impact of problem dimension and network
structure.
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Table 1: Complexity bounds for our Zeroth-order Feedback Optimization algorithm.

Optimal control of partially observable dynamical systems: One challenge in multiagent
control over large-scale systems is that each agent only has a partial observation of the global
system. This partial observability places issues for algorithms to converge, not to mention to
achieve optimality. Motivated by this, in the past year, we have started investigating the
optimization landscape of the optimal control problem with partial observability.
Specifically, we revisit the classical Linear Quadratic Gaussian (LQG) control from a
modern optimization perspective. We analyze two aspects of the optimization landscape of
the LQG problem: 1) connectivity of the set of stabilizing controllers; and 2) structure of
stationary points. It is known that similarity transformations do not change the input-output
behavior of a dynamic controller or LQG cost. This inherent symmetry by similarity
transformations makes the landscape of LQG very rich. We show that 1) the set of stabilizing
controllers has at most two path-connected components and they are diffeomorphic under a
mapping defined by a similarity transformation; 2) there might exist many strictly suboptimal
stationary points of the LQG cost function that are not controllable and not observable; 3) all
controllable and observable stationary points are globally optimal and they are identical up to
a similarity transformation. These results shed some light on the performance analysis of
direct policy gradient methods for solving the LQG problem. We have been working on use
these results to derive policy gradient methods that can learn the optimal controller of LQG
with a focus on how to escape the non-optimal saddle points.

i11) Multiagent reinforcement learning: In the previous years of efforts, we focused on the

cooperative setting for multiagent reinforcement learning where individual agents share a
common global objective. Since in practical systems, agents often have different reward
functions. In the past year, we have been working on multiagent RL under the game setting
where individual agents may share different objectives and aim at designing multiagent RL
algorithms that are scalable with respect to the number of agents. Specifically, we study the
performance of the gradient play algorithm for stochastic games (SGs), where each agent tries
to maximize its own total discounted reward by making decisions independently based on



current state information which is shared between agents. Policies are directly parameterized
by the probability of choosing a certain action at a given state. We show that Nash equilibria
(NEs) and first-order stationary policies are equivalent in this setting, and give a local
convergence rate around strict NEs. Further, for a subclass of SGs called Markov potential
games (which includes the cooperative setting with identical rewards among agents as an
important special case), we design a sample-based reinforcement learning algorithm and give
anon-asymptotic global convergence rate analysis for both exact gradient play and our sample-
based learning algorithm. Our result shows that the number of iterations to reach an e-NE
scales linearly, instead of exponentially, with the number of agents. Local geometry and local
stability are also considered, where we prove that strict NEs are local maxima of the total
potential function and fully-mixed NEs are saddle points.

iv) Limited communication in distributed coordination: In the past year, we have been continuing

to work on the distributed optimization with limited communication bandwidth. Specifically,
we consider large scale distributed optimization over a set of workers connected to a central
server where the limited communication bandwidth between the server and workers imposes
a significant bottleneck for the optimization procedure. We propose a distributed stochastic
gradient descent type algorithm that employs compressed sensing for gradient compression.
At the heart of our proposed algorithm, we use compressed sensing techniques for the
compression of local stochastic gradients at the worker side and the reconstruction of the
aggregated stochastic gradients at the server side. The use of compressed sensing enables the
server to approximately identify the top entries of the aggregated gradient without querying
directly each local gradient. We theoretically prove that our algorithm achieves comparable
convergence with the vanilla SGD even in the presence of additive noise incurred by the
uploading communication channels. Our algorithm is inspired by and goes beyond the
literature that uses sketching schemes for gradient compression. In addition, our methods could
handle transmission error/noise of the uploading links.

Safe online control with time-varying cost functions: Previously, we had been only working
on online optimal control without constraints on the state and controller. However, in many
real-world systems, both system states and controllers have safety constraints, e.g., should stay
in a safe set always. In this report period, we have designed safe online control algorithms with
time-varying cost functions and safe constraints. Specifically, we design safe algorithms for
time-varying environments by considering the following constrained online optimal control
problem x;,.; = f(x;, us, ws) where x; is the state, u; is the control action, and w; is
bounded disturbances. We consider affine constraints D,x; < d, and D,u; < d,. At each
stage, there is also a cost function c;(x;, u;) is adversarially generated and the decision maker
selects a feasible action wu; before c;(x;, u;) is revealed. We aim to achieve two goals
simultaneously, 1) to minimize the sum of the adversarially varying costs with sublinear regrets,
i1) to satisfy the constraints for all ¢ despite the disturbances. To solve this problem, we propose
Online Gradient Descent with Buffer Zones (OGD-BZ). Theoretically, we show that OGDBZ
with proper parameters can guarantee the system to satisfy all the constraints despite any
admissible disturbances. Further, we investigate the policy regret of OGD-BZ, which compares
OGD-BZ’s performance with the performance of the optimal linear policy in hindsight. We
show that OGD-BZ can achieve a policy regret upper bound that is square root of the horizon
length multiplied by some logarithmic terms of the horizon length under proper algorithm



parameters. As far as we know, OGD-BZ is the first algorithm with theoretical guarantees on
both sublinear policy regret and robust constraint satisfaction.

Impacts

Development of the principal discipline(s) of the project

The major results have been illustrated in the previous section. Here we only provide a
brief summary for each line of work with emphasis on the significance of the results to
applications.

)

iii)

vi)

Our safe online optimal control algorithm is among the first that can learn
unknown models, satisfy safety constraints despite random disturbances and
achieves sublinear policy regret with rigorous provable guarantee, indicating a
good online performance.

Our multiagent feedback zero-order nonconvex optimization algorithms
introduces a new multiagent optimization problem framework where agents can
only evaluate the outcomes of joint actions by taking physical actions. It has many
practical DOD applications especially robotic swarms.

Our recent limited communication in distributed coordination reduce large
dimension of communication needs to low dimension through compressive
sensing. This tool can be combined with the quantization scheme we developed
in the early years of this project for realizing a practical communication scheme
which can work under various communication environment.

Our scalable reinforcement learning methods are among the first scalable
reinforcement learning methods for large scale multiagent network systems with
rigorous theoretical guarantees in both sample complexity and stability. It opens
up broad applications for large scale complex dynamical systems.

Our work on characterizing the optimization landscape of the partially observable
systems provide foundations for developing and analyzing policy optimization
methods for the control of partially observable systems, one of the most daunting
challenges in the control of real-world dynamical systems.

Our new work on multi-robot learning and control has directly applications to
many DOD areas including source seeking, rescuing, surveillance, etc.

Other disciplines:

This project itself is very interdisciplinary, drawing tools from and making progress to
the areas of dynamics and control, optimization, reinforcement learning, and robotics.
The rich set of algorithms developed in this project has a broad application to different
areas, including multi-robots, transportation, energy systems, and neuron network.

Describe the impact in this reporting period on the development of human resources
The project has attracted many strong students, both graduate and undergraduate students,
to pursue the interdisciplinary area of control, dynamical systems, optimization,
reinforcement learning, and robotics. Below is a list of where the former group members
are to show the impact of this project.



1. Former Ph.D. student Guannan Qu who contributed to this project is a tenure-track

assistant professor at Carnegie Mellon University.

2. Former postdoc Yang Zheng who contributed to this project starts is a tenure track

assistant professor at University of California, San Diego.

3. Former postdoc Sindri Magnusson who contributed to this project is an associate

professor in Stockholm University.

4. Former Postdoc Yujie tang who contributed to this project is an assistant professor

at Peking University

5. Ph.D. student Yingying Li graduated in July 2021 and will start her tenure track

assistant professor appointment at UIUC in Fall 2023.

6. Former undergraduate student Victor Qin who participated in this project is now a

Ph.D. student at MIT

7. Former undergraduate student Darrell Huang who participated in this project works

at SpaceX starlink.

Describe the impact on teaching and educational experiences

The PI has designed and offered a new graduate student control course which draws
research results from this project and trains the next generation of researchers in the
disciplinary area of area of control, dynamical systems, optimization, reinforcement
learning, and robotics

Describe the impact in this reporting period on physical, institutional, and
information resources that form infrastructure.

Through this project, we have developed robotics lab with a motion capture system using
Optitrack cameras and two types of vehicles, two-wheel-ground vehicles, Turtlebots, and

small quadrotors, crazyflies. The physical lab not only provides a testbed for the PI’s
research group to close the loop between theory and applications, but also draw a
growing interest in the undergraduate students to pursue the career in control and
robotics.



